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Abstract PR toxin is a well-known isoprenoid mycotoxin
almost solely produced by Penicillium roqueforti after growth
on food or animal feed. This mycotoxin has been described
as the most toxic produced by this species. In this study, an in
silico analysis allowed identifying for the first time a 22.4-kb
biosynthetic gene cluster involved in PR toxin biosynthesis in
P. roqueforti. The pathway contains 11 open reading frames
encoding for ten putative proteins including the major fungal
terpene cyclase, aristolochene synthase, involved in the first
farnesyl-diphosphate cyclization step as well as an oxidore-
ductase, an oxidase, two P450monooxygenases, a transferase,
and two dehydrogenase enzymes. Gene silencing was used to
study three genes (ORF5, ORF6, and ORF8 encoding for an
acetyltransferase and two P450 monooxygenases, respective-
ly) and resulted in 20 to 40% PR toxin production reductions
in all transformants proving the involvement of these genes
and the corresponding enzyme activities in PR toxin biosyn-
thesis. According to the considered silenced gene target,
eremofortin A and B productions were also affected suggest-
ing their involvement as biosynthetic intermediates in this
pathway. A PR toxin biosynthesis pathway is proposed based
on the most recent and available data.
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Introduction

Filamentous fungi are important microorganisms in both the
agriculture and food sectors. In this context, they can be di-
vided into two main categories: filamentous fungi with a neg-
ative impact, associated with feed or food spoilage (e.g., si-
lage, cereals, bakery products, cheese,…) (Fink-Gremmels
2008; Hymery et al. 2014; Rasmussen et al. 2010; Storm
et al. 2014), and those with a positive impact used for raw
material (of vegetal or animal origin) transformation (e.g.,
tempeh, Starzynska-Janiszewska et al. 2012; miso, Okado
et al. 2015; shoyu, Abe et al. 2006; dry sausages, Castellari
et al. 2010; or mold-ripened cheeses, Gripon 1999).

Penicillium roqueforti is of particular interest in this con-
text, as this species can belong to either category according to
the considered food or feed matrix. Indeed, this species plays
an important technological role during the well-known blue-
veined cheese production via intense enzymatic activities in-
volved in texture modification, aroma and flavor production
as well as contributing to the typical cheese vein color due
to conidial pigmentation. However, this species can also be a
contaminant in other cheese types such as grated cheeses or
hard pressed cheeses (Cantor et al. 2004; Dumay and Jalain
1982; Gripon 1999; Scott 1986). It is a widely spread bakery
product contaminant (Lavermicocca et al. 2003; Lund et al.
1996) and is also the main fungal spoiler of silage used for
animal feed (Boysen et al. 2000; Storm et al. 2010).
Furthermore, this species is also known for its potential to
produce secondary metabolites including mycotoxins (Hymery
et al. 1996; Martin and Coton 2017) that may have a toxicolog-
ical effect on animals or consumers (Hymery et al. 2014). In
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particular, P. roqueforti can produce three well-known myco-
toxins, namely PR toxin, mycophenolic acid (MPA), and
roquefortine C (ROQ C) (Nielsen et al. 2006; O’Brien et al.
2006; Rasmussen et al. 2010; Gillot et al. 2016; Martin and
Coton 2017). Noteworthy, P. roqueforti mycotoxin-related out-
breaks have not been reported except for PR toxin contamination
in animal feed (Le Bars and Le Bars 1989; Scudamore and
Livesey 1998; Still et al. 1972; Veselý et al. 1981), and to the
best of our knowledge, thesemycotoxin levels in food or feed are
not regulated.

Among the three main P. roqueforti mycotoxins, PR toxin
is of particular interest, as it is only produced by a reduced
number of Penicillia, mainly P. roqueforti, but it was also
listed to be produced by Penicillium chrysogenum by
Frisvad and Samson (2004), while other mycotoxins can often
be produced by several members of the same genus or some-
times by different genera. This mycotoxin was isolated and
partially characterized by Chang et al. in 1993, and 2 years
later, its chemical structure was fully elucidated (Wei et al.
1975). It corresponds to a bicyclic sesquiterpene derived from
farnesyl pyrophosphate (FPP) and aristolochene belonging to
the eremophilane class. PR toxin is considered to be the most
toxic metabolite produced by P. roqueforti in regard to human
health (Polonelli et al. 1978; Storm et al. 2014; Wei et al.
1979), and its toxicity was also confirmed by experimental
studies showing its lethal effect in rats, mice, and cats (Chen
et al. 1982).

This mycotoxin has been described to be unstable during
cheese manufacture due to microaerophilic conditions and
amino compounds present (Chang et al. 1993; Scott and
Kanhere 1979) and to be degraded into the less toxic PR-
imine, PR acid, and/or PR-amide compounds (Chang et al.
1993, 1996). However, P. roqueforti contamination in silage,
maize, or other food and feed products can pose a safety risk
and potentially have both health and economic impacts.

From a genetic point of view, while biosynthetic pathways
for RoqC (Kosalková et al. 2015) and MPA (Del-Cid et al.
2016; Gillot et al. 2016) have been fully elucidated in
P. roqueforti, this is not the case for PR toxin. Hidalgo et al.
(2014) partially characterized the PR toxin cluster by RNA
interference gene silencing. In the latter study, silencing of
four genes including the ari1 gene coding for an aristolochene
synthase (sesquiterpene cyclase) and three genes encoding for
a putative quinone oxidase and two dehydrogenases,
respectively, produced a drastic reduction in PR toxin
production. The aristolochene synthase is a monomeric
sesquiterpene cyclase. Noteworthy, the crystal structure
determined by Caruthers et al. (2000) was the first fungal
terpenoid cyclase structure described. In addition to the al-
ready known aristolochene synthase (encoded by ari1) iden-
tified as responsible for FPP to aristolochene cyclization,
Hidalgo et al. (2014) proposed that the quinone oxidase would
be one of the enzymes responsible for the transformation of

non-oxygenated aristolochene to the trioxygenated EreB. The
two dehydrogenases were shown to be responsible for the last
two steps of the biosynthetic route involved in PR toxin: the
conversion of EreA to EreC (oxidation of the side chain of C-
12 to form an alcohol group) and the oxidation of this alcohol
group to an aldehyde group to form PR toxin. Considering the
obtained results by Hidalgo et al. (2014) and previous results
(Chang et al. 1991; Moreau et al. 1980; Brock and Dickschat
2013), a biosynthetic pathway for PR toxin production was
proposed. More recently, Riclea and Dickschat (2015)
showed, via multiple 13C-labeling feeding experiments, that
7-epi-neopetasone is a newly identified pathway intermediate
and also proposed a hypothetical biosynthesis pathway.

In this study, the recently sequenced and annotated
P. roqueforti FM164 genome sequence was used to search
for supplementary genes putatively involved in the PR toxin
biosynthetic cluster. Characterization of the P. roqueforti PR
toxin biosynthetic cluster was extended by studying three oth-
er genes using RNA interference to determine their potential
involvement in PR toxin production.

Materials and methods

Strains and culture conditions

The P. roqueforti ATCC 48936 (CECT 20485) strain used in
this study was originally isolated in the USA, in 1930, from
Roquefort cheese (Modler et al. 1974; Shetty and Gaertner
1975) and has the ability to produce PR toxin (Chang et al.
1991). It was routinely grown in solid Power sporulation me-
dium (Casqueiro et al. 1999) for 5 days at 28 °C.

The parental strain and transformants were grown in yeast
extract sucrose -corn extract medium (YESC) buffered at
pH 4.0 with phosphate-citrate buffer, as this medium was
shown to stimulate PR toxin production (Chang et al. 1998).
YESC contained 1% yeast extract, 7.5% sucrose, and 20% (v/
v) of corn extract. Corn extract was prepared by boiling 1 kg of
fresh corn grains in 1.5 l of distilled water for 60 min. The
extract was filtered through a cotton layer. The filtrate (corn
extract) was then adjusted to a total volume of 1 l with distilled
water. Fifty milliliters of YESCmedium were then placed in a
250-ml flask, inoculated with 1 ml of a P. roqueforti spore
suspension (108 spores ml−1), and incubated under static con-
ditions for 7 days at 24 °C.

In silico study

Genes putatively involved in the PR toxin biosynthetic cluster
were identified on the recently annotated genome P. roqueforti
FM164 provided by Pr. Joëlle Dupont from the French
National Museum of Natural History (MNHN). To do so, an
in silico study was performed by searching for ORFs in the
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upstream and downstream flanking regions of the ari1 se-
quence published by Proctor and Hohn (1993). The ORF
Finder tool from NCBI (Altschul et al. 1990) was also used
to analyze putative intron and exon regions in each identified
ORF. Different blasts (tblastn, blastn, blastp, blastx) were also
performed to search for homologies in GenBank and deter-
mine putative protein functions.

PR toxin biosynthetic cluster gene mapping in two
P. roqueforti strains

Gene mapping in P. roqueforti FM164 and P. roqueforti
ATCC 48936 was performed to confirm if no differences in
gene organization and synteny occurred between strains. Six
primer pairs were designed to amplify intergenic regions be-
tween ORFs (orf4–orf5, orf5–orf6, orf6–orf8, orf8–orf9,
orf9–orf10, orf10–orf11) and are listed in Supplementary
Table S1. PCR amplifications were carried out in molecular
biology-grade water, 1× buffer, 0.2 mM dNTPs, 2 mM
MgCl2, 0.2 mM of each primer, 0.5 U of GoTaq DNA poly-
merase (Promega, Madison, USA), and 50–100 ng genomic
DNA as template. PCR amplifications were performed using a
peqSTAR 2X Gradient Thermocycler (PEQLAB
Biotechnologie GMBH, Erlangen, Germany) with the follow-
ing program: 95 °C for 5 min, then 35 cycles of 95 °C for 30 s,
55 °C for 30 s, and 72 °C for 2 min followed by a final
extension at 72 °C for 10 min. The obtained PCR products
were then run on a 0.8% (w/v) agarose gel in 1X Tris Borate
EDTA (TBE) and sequenced (Eurofins, Germany).

Plasmid constructions for ORF5, ORF6, and ORF8 gene
silencing

Cloning constructions were all performed by integration of an
amplified partial sequence of a target gene of P. roqueforti
ATCC 48936 in the NcoI site of pJL43RNAi vector (Ullán
et al. 2008). The primer pairs F-SORF5/R-SORF5, F-SORF6/
R-SORF6, and F-SORF8/R-SORF8 (Supplementary
Table S1) were used to amplify exonic fragments of 350 bp
(nucleotides 201 to 350), 380 bp (nucleotides 214 to 593), and
402 bp (nucleotides 200 to 601) from the ORF5, ORF6, and
ORF8, respectively. The PCR reactions contained molecular
biology-grade water, 1× buffer, 0.2 mM dNTPs, 2 mMMgCl2
(ORF5 and ORF8) and 2.5 mM MgCl2 (ORF6), 0.2 mM of
each primer, 0.5 U of GoTaq DNA polymerase (Promega,
Madison, USA), and 50–100 ng genomic DNA as template.
PCR amplifications were performed using a peqSTAR 2×
Gradient Thermocycler (PEQLAB Biotechnologie GMBH,
Erlangen, Germany) with the following program: 95 °C for
5 min, then 35 cycles of 95 °C for 30 s, 57 °C (ORF5) and
66 °C (ORF6 and ORF8) for 30 s, and 72 °C for 30 s followed
by a final extension at 72 °C for 10 min. The obtained PCR
products were then digested with the NcoI enzyme and cloned

into pJL43RNAi to obtain the pSORF5-RNAi, pSORF6-
RNAi, and pSORF8-RNAi plasmids, respectively.

P. roqueforti protoplast preparation

P. roqueforti protoplasts were obtained using the protocol de-
scribed by Hidalgo et al. (2014) with some minor modifica-
tions. Conidia were collected by scraping the P. roqueforti
culture grown in the solid Power sporulation medium into
physiologic solution (NaCl 0.9% w/v). Approximately 1 ml
of conidia suspension was added to 100 ml of YESmedium in
a 500-ml flask to reach a final concentration of 107 conidia/ml
culture medium. The flask was incubated at 28 °C with agita-
tion at 200 rpm for 20 to 24 h until the size of the mycelia was
about ten times the diameter of the spore. The mycelium was
then collected by filtration using a sterile nylon filter and
washed two times with 0.9% NaCl to eliminate the remaining
culture medium and ungerminated spores. The mycelium was
suspended in 50 ml of 50 mM TPP buffer (potassium phos-
phate buffer with 0.7 M KCl at pH 5.8). One milliliter of
MgSO4 1 M and 0.5 ml of DL-dithiothreitol (DTT) 1 M
(Sigma) were then added. The DTT treatment was performed
at 25 mM at 28 °C for 1 h with constant stirring at 150 rpm in
order to reduce the disulfide bridges in and between proteins
helping the hyphal separation and subsequent enzymatic treat-
ment. The mycelium was then collected by filtration and
washed with TPP buffer to eliminate the remaining DTT.
Ten milliliters of a sterile lytic enzyme solution (Sigma-
Aldrich) diluted in TPP at a concentration of 40 mg ml−1

was prepared in a 10-ml tube. The washed mycelium was
suspended in 10 ml TPP buffer to homogeneity and trans-
ferred to a 250-ml flask and then 10 ml of lytic enzymes
were added (final concentration 20 mg ml−1). The mixture
was incubated at 28 °C for 2 to 4 h in an orbital shaker at
40 rpm. Protoplast release was monitored by observation of
samples by optical microscopy every 30 min after 1.5-h incu-
bation. After protoplast release, the suspension was filtered
through a cloth filter (Miracloth, Millipore) with a 22–
25-μm pore size; the recovered eluent was then centrifuged
at 2500 rpm for 5 min at 4 °C. The pellet was washed two
times with KCM buffer (0.7 M KCl, 50 mM CaCl2, 10 mM
2-(N-morpholino)ethanesulfonic acid at pH 5.8). Protoplasts
were finally suspended in KCM buffer with 10% (v/v) PCM
(50% polyethylene glycol 6000, 50 mMCaCl2, 10 mM 2-(N-
morpholino)ethanesulfonic acid at pH 5.8) solution to a final
concentration of 2.5 × 108 protoplasts/ml (counted in a
Malassez chamber).

P. roqueforti transformation

The transformation of P. roqueforti protoplasts was performed
as previously described by Ullán et al. (2007) using up to
10-μl plasmid DNA solution (1 μg μl−1). Transformants were
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selected in solid Czapek minimal medium supplemented with
sorbitol (1 M) and phleomycin (5 μg ml−1) as osmotic stabi-
lizer and selection agent, respectively. Control conditions
were included in these experiments by not adding DNA to
determine protoplast regeneration, by checking the appear-
ance of reverting colonies, and by adding the plasmid alone
to ensure that no modifications to growth or metabolism oc-
curred due to plasmid integration.

Metabolite extraction from P. roqueforti cultures

The secondary metabolites produced in liquid medium by the
different P. roqueforti strains (ATCC 48936 used as a control
and the obtained transformants) were extracted by liquid-
liquid extraction as follows. Twenty milliliters of the fermen-
tation broth were separated from the mycelium by filtration
and placed in a 50-ml tube. Then, 20 ml of ethyl acetate were
added and the suspension was mixed vigorously for 1 min.
The two phases were separated by centrifugation at 6000 rpm
for 5 min at 4 °C, and the organic phase was collected in a new
tube. A second extraction was performed with 20 ml of ethyl
acetate, and the two organic extracts were pooled together and
then dried using a rotary evaporator (IKA-Werke RV-10). The
dried samples were redissolved in 5 ml of H2O + 0.1% formic
acid/acetonitrile (50/50%) and analyzed by liquid
chromatography-mass spectrometry/quadrupole time-of-
flight (LC-MS/Q-TOF).

PR toxin identification and chromatographic analysis

The extracted metabolites were separated and identified by
LC-MS/Q-TOF analysis. An Agilent 1290 Series HPLC sys-
tem with binary pump and degasser, well plate autosampler
with thermostat, and a thermostated column compartment
were used for the separation. Dry extracts were resuspended
in 1 ml of H2O + 0.1% formic acid/acetonitrile (50:50%) and
filtered using 0.2-μm filters before injection. Two microliters
of each sample was injected in the system, and the separation
was performed using a ZORBAX Extend C18 column
(2.1 × 50 mm and 1.8 μm, maximum pressure 600 bar)
(Agilent, France). The column was maintained at 35 °C
throughout the entire chromatographic run. The flow rate
was set to 0.3 ml min−1 using as mobile phase: solvent A
(Milli-Q water + 0.1% formic acid + 10 mM ammonium for-
mate) and solvent B (100% acetonitrile). Solvent B was main-
tained at 10% for the first 4 min, followed by a gradient of 10–
100% of B during 18 min. Finally, solvent B was maintained
at 100% for 5 min. Compound detection was performed using
an Agilent 6530 Series Accurate-Mass Quadrupole Time-of-
Flight (Q-TOF) mass spectrometer with an electrospray ioni-
zation (ESI) source operated in positive and negative ion
modes. Mass spectrometer conditions were as follows: capil-
lary voltage, 4 kV; source temperature, 325 °C; nebulizer

pressure, 50 psig; drying gas, 12 l min−1, and ion range, 100
to 1000 m/z. PR toxin standard (provided by Dr. Olivier Puel,
INRA Toulouse) was used as reference compound to ensure
accurate quantification (m/z 321.13 in ESI+ mode, not detect-
ed in ESI−mode) and stored at −20 °C in acetonitrile. LC-MS/
Q-TOF calibrations were performed before each run follow-
ing the mass spectrometer manufacturer’s instructions.

RNA extraction and gene expression studies

RNA extractions were performed on 4-day fresh mycelium
cultures from the P. roqueforti parental strain and one represen-
tative transformant for each gene target using the NucleoSpin
RNA Plant Kit (Macherey Nagel, France) according to the
manufacturer’s instructions. Extracted RNA samples then
underwent a second DNase treatment using the RapidOut
DNA Removal Kit (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) according to the manufacturer’s instructions to en-
sure that no genomic DNA was left. RNA samples were mi-
grated on 0.8% w/v agarose gels to ensure their integrity and
also quantified using a Nanodrop ND 1000 spectrophotometer
(Thermo Fisher Scientific, Inc., Waltham,MA, USA). All sam-
ples were conserved at −80 °C. RT-qPCR experiments were
performed using the iTaq Universal SYBR Green One-Step
Kit (Bio-Rad, Hercules, CA, USA) in 10-μl final volumes as
recommended by the manufacturer. PCRmixtures were carried
out inmolecular biology-grade water in the presence of 1× iTaq
Universal SYBR Green reaction mix, 200 nM of each primer,
1× iScript reverse transcriptase, and 15 ng of RNA template.
Amplifications were performed using a Bio-Rad CFX96 Real-
Time PCR Thermocycler (Bio-Rad, Hercules, CA, USA) with
the following thermal cycling protocol: 50 °C for 10min, 95 °C
for 1min, [95 °C for 10 s; 60 °C for 30 s] × 40 cycles, following
by a melt curve analysis 65–95 °C (0.5 °C increment with 5 s/
step). Phosphofructokinase (pfkA) was selected as the most
adequate reference gene based on recent study on
P. roqueforti involving RT-qPCR experiments (Gillot et al.
2016), and the primers used were pfkA-F/pfkA-R
(Supplementary Table S1). RT-qPCR primer couples for each
gene target were also designed to study changes in P. roqueforti
gene expression (Supplementary Table S1). All experiments
were performed using three biological replicates and in tripli-
cate. Control experiments excluding iScript reverse transcrip-
tase were also performed on each RNA sample to ensure that
no contaminating DNA could be detected. Gene expression
data were then analyzed using the Livak method (Livak and
Schmittgen 2001) and confidence intervals (95%) were deter-
mined for all experiments. Different mean value groups were
compared to control values according to the least significant
difference (LSD) test of multifactor ANOVA analysis using
Statgraphics Plus for Windows (version 1.4 StatPoint
Technologies, Inc., Warrenton).
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Results

Identification of the PR toxin biosynthetic cluster
in P. roqueforti FM164

The aristolochene synthase (ARI1) protein sequence (Proctor
andHohn 1993a) was used to perform an in silico search for the
putative biosynthetic gene cluster involved in PR toxin produc-
tion using the P. roqueforti FM164 annotated genome
(GenBank assembly accession no. GCA_000513255.1). After
identification of the corresponding ari1 gene, the upstream and
downstream flanking regions were analyzed using ORF Finder
(NCBI). An approximately 25-kb region containing 11 ORFs,
one of which (ORF2) coincidedwith the ari1 gene (Fig. 1), was
identified in this species for the first time. The characteristics
and putative function of the proteins encoded by these 11 ORFs
are presented in Table 1. All coding sequences could be
assigned to a putative protein function (between 91 to 100%
protein sequence identities with known protein sequences in
GenBank), except for ORF7, and included the known sesqui-
terpene cyclase and aristolochene synthase (ORF2), as well as
dehydrogenase, oxidoreductase, oxidase, transferase, and mul-
tiple P450 monooxygenase-type enzymes. Noteworthy, com-
parison to genome databanks showed similarities in terms of
gene synteny and protein homologies with two other techno-
logically important Penicillium species, namely Penicillium
rubens (penicillin producer) Wisconsin 54-1255 and
Penicillium camemberti (soft ripened cheese production)
FM013 (Table 1). Interestingly, P. rubens has been described
as a PR toxin-producing species contrary to P. camemberti.
One notable difference among the three species was observed
for P. roqueforti ORF7 gene orientation (opposite 5′ to 3′ ori-
entation in P. rubens and P. camemberti) coding for a 186 aa
protein of unknown function in P. rubens and described to
potentially correspond to an outer membrane protein in
P. roqueforti. However, further studies will be required to

elucidate whether this putative protein is indeed functional.
Another notable difference was also observed for
P. roqueforti ORF11 that contained a stop codon upstream of
the one found in the other two species, thereby truncating this
protein in the 3′ region in P. roqueforti (Fig. 1). Finally, accord-
ing to Cheeseman et al. (2014) genome annotations, ORF9 in
P. camemberti would encode an N-terminal truncated version
of a P450 cytochrome monooxygenase (357 aa versus 509 aa
in the two other species) that may explain the non-PR toxin
production by P. camemberti. However, this and the involve-
ment of ORF9 in this biosynthetic pathway should be further
studied.

Silencing of ORF5, ORF6, and ORF8

As the involvement of ORF2 (ari1) and three other ORFs
(ORF1, ORF3, and ORF4) (Fig. 1) in PR toxin biosynthesis
was recently confirmed (Hidalgo et al. 2014). In this study,
three other genes (ORF5, ORF6, and ORF8) putatively coding
for two P450 monooxygenases (ORF5, ORF6) and an acetyl-
transferase (ORF8) identified in this biosynthetic gene cluster
were selected for gene silencing based on their putative func-
tional assignation (Table 1) and their position in the cluster. As
the high PR toxin producer P. roqueforti ATCC 48936 strain
was selected for gene silencing, the first step consisted in
confirming that no organizational differences existed with
the biosynthetic gene cluster identified in the P. roqueforti
FM164 genome. To do so, gene mapping was first performed
using primers which amplify the intergenic regions between
the different ORFs (orf4–orf5, orf5–orf6, orf6–orf8, orf8–
orf9, orf9–orf10, orf10–orf11) (Supplementary Table S1,
Supplementary Fig. S1). The sizes of the amplification prod-
ucts of intergenic segments spanning from gene to gene coin-
cided between both strains (Supplementary Fig. S1). These
results confirmed the identical cluster organization between

P. roqueforti
FM164

1000 bp

ORF1      ORF2         ORF3       ORF4       ORF5          ORF6       ORF7    ORF8     ORF9       ORF10    ORF11

Short-chain 
dehydrogenase/

reductase

Aristolechene
synthase

FAD 
binding 
super 
family

Short-chain 
alcohol 

dehydrogenase

Cytochrome 
P450

Cytochrome 
P450

DUF3237 
super family

Transferase Cytochrome 
P450

Fungal 
transcriptional 

regulator

Cytochrome 
P450

P. rubens
Wisconsin 54-1255

Pc12g06300     Pc12g06310     Pc12g06320    Pc12g06330   Pc12g06340         Pc12g06350   Pc12g06360 Pc12g06370  Pc12g06380   Pc12g06390    Pc12g0640

P. camemberti
FM013

Fig. 1 Physical map of 11 genes identified in the P. roqueforti FM164 genome putatively involved in PR toxin biosynthesis compared to those identified
in P. rubensWisconsin 54-1255 and P. camemberti FM013 annotated genome sequences

Appl Microbiol Biotechnol



the two P. roqueforti strains; therefore, the PR toxin-
producing ATCC 48936 strain was used for all experiments.

Concerning the gene silencing strategy, the pSORF5-
RNAi, pSORF6-RNAi, and pSORF8-RNAi silencing vectors
were constructed by inserting an exonic fragment of each
target gene between the convergent promoters (gpdA and
pcbC) of the pJL43RNAi plasmid (Ullán et al. 2008). The
three silencing plasmids and the vector pJL43RNAi (as nega-
tive control) were used to transform freshly prepared proto-
plasts of P. roqueforti ATCC 48936. Positive transformants
were selected by resistance to phleomycin (5 μg ml−1), as this
concentration fully inhibits growth of the untransformed
P. roqueforti protoplasts as determined in preliminary tests.
Several transformants for each of the silencing vectors were
analyzed to confirm the correct integration, without rearrange-
ment, of the silencing cassette in the P. roqueforti genome.
Confirmation of transformants was performed by two ap-
proaches: specific PCR and Southern blotting. Total DNAs

from spores of the phleomycin-resistant transformants were
first analyzed by PCR using the FPpcbC and RPgpdA primers
(Supplementary Table S1), which amplify the exonic frag-
ment inserted between the two convergent PpcbC and
PgpdA promoters. These two promoters are absent in
P. roqueforti. Silencing vectors and the P. roqueforti ATCC
48936 parental strain were used as positive and negative con-
trols, respectively. All amplifications were in accordance with
the expected results for pSORF5-RNAi, pSORF6-RNAi, and
pSORF8-RNAi as well as control conditions (data not
shown). Selected positive transformants were then confirmed
by Southern hybridization using an internal region of each of
the exonic fragments as probes (Fig. 2). A 772-bp fragment of
PpcbC was also used as a probe for the strains transformed
with pJL43RNAi alone. Total DNA of each transformant was
digested with SalI (for ORF5, ORF6 and pJL43RNAi) or with
PvuI and EcoRI (for ORF8). These enzymes allowed releasing
the endogenous gene and silencing cassette integrated in the

Table 1 Characteristics of the proteins encoded by the PR toxin production pathway gene cluster P. roqueforti FM164

Location in
nucleotide
sequence

G+C
(%)

Predicted protein
(aa/kDaa/pIa)

Conserved domainb Proposed function %
Identityc

Accession no.. Organism

ORF1 CDM31314
(Proq02g040180)

54.38 340/36,558.43/5.45 Retinol-DH_like_
SDR_c-like

Short-chain
dehydrogenase/
reductase SDR

96 XP_002557572 P. rubens

ORF2 CDM31315
(Proq02g040190)

52.17 342/39,191.57/5.21 Terpene cyclase
non-plant C1

Aristolochene
synthase

100 Q03471 P. roqueforti

ORF3 CDM31316
(Proq02g040200)

51.63 512/54,663.32/4.85 FAD binding 4
superfamily

Quinone oxidase
domain

96 XP_002557474 P. rubens

ORF4 CDM31317
(Proq02g040210)

53.63 329/35,588.84/6.33 ADH_SDR_c-like Short-chain alcohol
dehydrogenase

98 XP_002557475 P. rubens

ORF5 CDM31318
(Proq02g040220)

49.75 540/61,388.70/7.32 p450 superfamily Oxidation of
non-activated
hydrocarbons

96 XP_002557476 P. rubens

ORF6 CDM31319
(Proq02g040230)

51.67 579/65,685.86/8.95 p450 superfamily Oxidation of
non-activated
hydrocarbons

97 XP_002557477 P. rubens
97 CRL18801 P. camemberti

ORF7 CDM31320
(Proq02g040240)

186/20,807.81/5.17 DUF3237
superfamily

Outer membrane
protein,
beta-barrel

100 CDM31320 P. roqueforti

ORF8 CDM31322
(Proq02g040260)

50.42 471/53,129.56/5.98 Condensation
superfamily

Transferase 96 CRL18798 P. camemberti

ORF9 CDM31323
(Proq02g040270)

48.38 509/57,736.64/8.41 p450 superfamily Oxidation of non-
activated
hydrocarbons

97 XP_002557480 P. rubens

ORF10 CDM31324
(Proq02g040280)

50.59 458/49,794.63/5.34 GAL4 Fungal
transcriptional
regulatory protein,
N-terminal

91 CRL18795 P. camemberti

ORF11 CDM31325
(Proq02g040290)

48.94 480/53,912.52/5.86 p450 superfamily Oxidation of
non-activated
hydrocarbons

98 XP_0022557482 P. rubens

a Theoretical molecular weight and isoelectrical point as estimated by the BCompute pI/Mw tool^ (http://www.expasy.ch/tools/pi_tool.html)
b Identified by the BNCBI Conserved Domain Search^ tool (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
c Identical amino acid (aa) percentage between the predicted sequence and the closest sequence in GenBank using BlastP
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genome for each plasmid construction without internal cuts.
As for PCR confirmation test, silencing vectors and the
P. roqueforti ATCC 48936 parental strain were included in
each experiment as positive and negative controls, respective-
ly. A size correspondence was observed between the bands
observed in each positive transformant and those correspond-
ing to silencing plasmids. No exogenous band was observed
in the untransformed control strain (Fig. 2). As expected, these
hybridizations also revealed the presence of the endogenous
ORF5, ORF6, and ORF8 copies (bands of 8154, 8154, and
6766 bp, respectively) in each strain including the untrans-
formed control. The pJL43RNAi transformants (Fig. 2) pre-
sented a band corresponding to the integration of the PpcbC
and PgpdA fragments (1116 bp). No band was observed in the
parental strain, as the pcbC promoter is absent in P. roqueforti.

Growth study

As mycotoxin production can be linked to fungal biomass
production and therefore to avoid any bias, we studied if the
positive transformant growth was affected by integration of
the silencing cassettes. To do so, a growth study was per-
formed using two solid media, Czapek yeast autolysate
(CYA) and YES agar, for the different transformants in com-
parison to the untransformed parental strain, P. roqueforti
ATCC 48936. Radial growth (by measuring growth in at least

two directions) was followed every 24 h until the mycelium
reached the border of the plate. All growth experiments were
performed in triplicate.

No changes in growth were observed between the
transformants and control strains except for one transformant,
torf5-10, for both media (Supplementary Figs. S2 and S3).
Although transformants tSorf5-01, tSorf5-13, and tSorf8-04
showed slightly lower but non-significant radial growth on
CYA medium, no differences in radial growth were observed
in YES medium (Supplementary Figs. S2 and S3). As no
significant differences were observed for the tested media,
these transformants were included in the metabolic studies.
Transformants tSorf5-01, tSorf5-03, tSorf5-06, tSorf5-14,
tSorf6-04, tsorf6-05, tSorf6-07, tSorf6-09, tSorf6-10, tSorf8-
03, tSorf8-04, tSorf8-13, tSorf8-14, tSorf8-15, and tSorf8-18
were all selected to evaluate secondary metabolite production.

Impact of ORF5, ORF6, and ORF8 silencing on PR toxin
production and gene expression

PR toxin production by the selected transformants, plasmid
control transformant, and parental strain was evaluated in
YESC medium after 7-day incubation at 25 °C. Each strain
was grown in three biological replicates, and two repetitions
were performed. Relative quantification for PR toxin was de-
termined by LC-MS/Q-TOF (Fig. 3) and correlated to the

Fig. 2 Southern hybridization of
control pJL43RNAi (a), silenced
ORF5 (b), ORF6 (c), and ORF8
(d). Line 1: tSpJL-04, 2: tSpJL-
05, 3: tSpJL-07, 4: tSpJL-08, 5:
tSpJL-09, 6: tSpJL-10, 7: tSpJL-
11, 8: tSpJL-13, 9: tSpJL-14, 10:
tSorf5-01, 11: tSorf5-03, 12:
tSorf5-06, 13: tSorf5-10, 14:
tSorf5-13, 15: tSorf5-14, 16:
tSorf5-15, 17: tSorf6-04, 18:
tSorf6-05, 19: tSorf6-07, 20:
tSorf6-08, 21: tSorf6-09, 22:
tSorf6-10, 23: tSorf6-11, 24:
tSorf8-03, 25: tSorf8-04, 26:
tSorf8-11, 27: tSorf8-12, 28:
tSorf8-13, 29: tSorf8-14, 30:
tSorf8-15, 31: tSorf8-18, 32:
tSorf8-19. WT: P. roqueforti
ATCC 48936, M: lambda DNA/
HindIII marker. Arrows indicate
the endogenous gene (upper
arrow) and/or the integrated
silencing cassette containing the
target gene fragment (lower
arrow). Numbers are in base pairs
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mycelium dry masses (no significant differences were ob-
served among the dry mass mean values). The results of PR
toxin analysis for each strain and the standard deviations are
shown in Fig. 4. No significant differences were observed
between the parental strain and control plasmid transformants
in the different experiments (all <4%) (data not shown).

Concerning ORF5, four transformants were analyzed and
they all showed significant reductions in PR toxin pro-
duction ranging from 20 to 32%. For the six ORF6
transformants, PR toxin reductions ranged from 23 to 41%,
while PR toxin reductions were from 33 to 41% for the six
ORF8 transformants. The fact that silencing of the targeted
ORF5, ORF6, and ORF8 led to a significant and reproducible
decrease in PR toxin production in comparison to the parental
strain strongly suggests the involvement of the corresponding
genes in PR toxin biosynthesis. To further confirm this find-
ing, RT-qPCR experiments were directly carried out on 4-day-

old P. roqueforti cultures as RNAi gene silencing is known to
have short-term transient effects (one representative
transformant was selected per gene target). Gene expression
data were analyzed based on the 2−ΔΔCT method (Livak meth-
od) using pfkA as reference gene, and fold differences were
determined. Melt curve analyses were also carried out to en-
sure amplification product specificity for all experiments (melt
curve temperatures were determined to be 84.5, 84.0, 83.0,
and 83.5 ± 0.5 °C for pfkA, ORF5, ORF6, and ORF8, respec-
tively). RT-qPCR for each gene target confirmed that the re-
duced PR toxin biosynthesis observed for the CI01 (ORF5),
CII04 (ORF6), and TR03 (ORF8) transformants in compari-
son to the parental strain was directly correlated to reduced
target gene expression (Fig. 5). The highest fold reduction in
gene expression was observed for the CII04 transformant
targeting a P450 cytochrome monooxygenase that was almost
6-fold lower, while the CI01 and TR03 transformants showed

d e

a

b c

Fig. 3 a HPLC separation of all solvent extracted compounds from a
culture of P. roqueforti ATCC 48936 (upper); extracted ion
chromatogram (EIC) of the m/z value corresponding to PR toxin and
mycophenolic acid (321.133 and 343.115) (lower). b Mass spectrum of

the peak with retention time of 12.75 min. c Mass spectrum of the peak
with retention time of 13.00min. d Total ion current (TIC) chromatogram
of crude extract from a culture of P. roqueforti ATCC 48936. e TIC
chromatogram of the sample injected in d spiked with mycophenolic acid
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1.6- and 2.6-fold reductions in P450 cytochrome
monooxygenase and transferase gene expression, respective-
ly. Finally, results showed reduced expression for all three
gene targets, clearly implying their implication in PR toxin
biosynthesis.

Production of two proposed intermediate compounds
(eremofortin A (ErmA) and eremofortin B (ErmB)) in PR toxin
synthesis by silenced transformants and control strains was also
evaluated based on available standards. ErmA production by
ORF5, ORF6, andORF8 transformants is shown in Fig. 6a, c, e
and ErmB production in Fig. 6b, d, f. There were no differences
in the production of ErmA and ErmB between parental strain
and control transformants (tSpJLs) in the different experiments.

Noteworthy, ErmA and ErmB productions were both reduced
in strains transformed with the pSORF6-RNAi plasmid in the
range of 30–40 and 35–43%, respectively. This suggests the
involvement of the P450 monooxygenase upstream of ErmB
and A formations in the proposed biosynthesis pathway by
Hidalgo et al. (2014). Silenced transformants in ORF5 and
ORF8 exhibited similar behavior with ErmA reduction (25–
30 and 40–45%) but increasing ErmB production (13–33 and
13–23%). This suggested that the corresponding enzymes (a
P450 monooxygenase and an acetyltransferase, respectively)
intervene after ErmB production and impact ErmA production.
One exceptionwas observed for tSorf8-03, as a drastic decrease
in production of both intermediary metabolites by 75 and 90%,
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Fig. 4 Production of PR toxin by the silenced transformants in
comparison with the wild-type strain (P. roqueforti ATCC 48936) and a
transformant with pJL43RNAi plasmid alone (pJL control). a ORF5 for
wild type; pJL control; and four transformants tSorf5-01, tSorf5-03,
tSorf5-06, and tSorf5-14. c ORF6 for wild type; pJL control; and five
transformants tSorf6-04, tSorf6-05, tSorf6-07, tSorf6-09, and tSorf6-10. e
ORF8 for wild type; pJL control; and six transformants tSorf8-03, tSorf8-

04, tSorf8-13, tSorf8-14, tSorf8-15, and tSorf8-18. b, d, f Total ion cur-
rent (TIC) chromatograms in ESI+ of all solvent extracted
compounds from the P. roqueforti ATCC 48936 parental strain (wild
type), pJL control, and two representative transformants for ORF5,
ORF6 and ORF8, respectively. PR toxin and mycophenolic acid peaks
were identified at retention times of approximately 12.60 and 12.85 min,
respectively
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respectively, was observed and can likely be explained by the
RNA interference methodology used. Indeed, this method is

known to create in some cases off-target responses, and there-
fore, it is of utmost importance to systematically analyze mul-
tiple transformants for a given gene to ensure reproducible and
robust results.

Based on these results and those recently obtained in
previous studies (Hidalgo et al. 2014; Riclea and
Dickschat 2015), the possible involvement of the so
far studied ORFs in the PR toxin biosynthetic pathway
is presented in Fig. 7.

Discussion

Through an in silico analysis of the recently sequenced
P. roqueforti FM164 genome, this study describes for the first
time the gene cluster putatively involved in PR toxin biosyn-
thesis in P. roqueforti. The PR toxin biosynthetic cluster spans
an approximately 24-kb region in the P. roqueforti FM164
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Fig. 5 Relative gene expression for ORF5 (cytochrome P450 gene),
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CI01, CII04, and TR03 silenced transformants, respectively, compared
to the P. roqueforti control strain (ATCC 48936) based on the pfkA
reference gene. Error bars show standard deviations. Significantly
different means (*P < 0.05) different from the control are represented
by an asterisk
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Fig. 6 Production of eremofortins A and B by the silenced transformants
in comparisonwith the wild-type strain (P. roquefortiATCC 48936) and a
transformant with pJL43RNAi plasmid alone (pJL control). a ErmA

production in tSorf5s, b ErmB in tSorf5s, c ErmA in tSorf6s, d ErmB
in tSorf6s, e ErmA in tSorf8s, and f ErmB in tSorf8
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genome and contains 11 putative open reading frames.
Beyond the well-known ari1 gene encoding the aristolochene
synthase, the cluster analysis allowed for the confirmation of
the presence of three other genes recently identified by
Hidalgo et al. (2014). These genes corresponded to a quinone
oxidase (ORF3) and two dehydrogenases (ORF1 and ORF4).
Seven other ORFs were identified, and while ORF7 was as-
sociated with a protein family of unknown function
(DUF3237 superfamily), all others could be assigned to a
known function. Significantly, four of the remaining ORFs
corresponded to P450 monooxygenases (ORF5, ORF6,
ORF9, and ORF11), one to a transferase (ORF8) and one to
a transcriptional regulatory gene (ORF10), the latter probably
being involved in regulation of the gene cluster transcription
and, therefore, PR toxin production. In this context, it would
be of particular interest to look into why P. camemberti does
not produce this mycotoxin as a similar cluster was identified.

To better understand the P. roqueforti PR toxin biosynthesis
pathway, the previously described RNA interference strategy
used to study mycotoxin biosynthesis pathways (including PR
toxin) in P. rubens (Ullán et al. 2008) and P. roqueforti (Hidalgo
et al. 2014; Kosalková et al. 2015) was used. The ORF 5 (P450
monooxygenase), ORF6 (P450 monooxygenase), and ORF8
(transferase) were targeted in this study. Relative quantitative
analyses from replicate fermentations all showed significant
and consistent decreases in PR toxin production for all
transformants in comparison to the parental strain, thereby
confirming the involvement of all three genes in PR toxin bio-
synthesis in this species. Noteworthy, among P. roqueforti my-
cotoxins, PR toxin andMPA are peculiar. Indeed, although these

two compounds are structurally very different and have a slightly
different polarity, they have the same molecular formula
(C17H20O6) and molecular mass (320.3371 g mol−1) (O’Brien
et al. 2006). These features coupled with the fact that no PR toxin
standard is currently commercially available make it very diffi-
cult to identify and quantify this mycotoxin. However, MPA
being commercially available, comparison of the LC-MS/Q-
TOF chromatograms obtained in ESI+ for a crude extract from
a culture ofP. roqueforti (Fig. 3) and the same extract spikedwith
the MPA standard (Fig. 3e) allowed for unequivocal identifica-
tion of the PR toxin andMPA-associated peaks, thereby allowing
us to selectively quantify this metabolite. Moreover, PR toxin is
not detected in ESI− ionization conditions, while the MPA [M-
H]− (m/z 319) ion was detected (data not shown). Finally, in the
context of this study, a PR toxin sample prepared by Dr. O. Puel
(Toxalim, INRA, France) allowed for final assignation.

Two intermediates, ErmA and ErmB (for which standards
are commercially available), were also monitored in fermenta-
tion samples. Reduced production of both intermediates was
detected in strains transformed with the plasmid pSORF6-
RNAi; this silencing cassette targeted the first gene coding for
a putative P450 monooxygenase in this pathway (as described
by Hidalgo et al. 2014) and that is likely to be directly involved
in ErmB production, thus confirming our RNAi results. On the
other hand, RNAi silencing cassettes used to target ORF5 (cod-
ing for the second P450 monooxygenase in the pathway) and
ORF8 (coding for a putative acetyltransferase) showed consis-
tently reduced ErmA levels and, on the contrary, ErmB accu-
mulation among transformants in comparison to the parental
strain. These results are again consistent with our RNAi

Fig. 7 Proposed PR toxin biosynthetic pathway in P. roqueforti. Gray arrows represent the three genes (ORF5, ORF6, and ORF8) targeted for gene
silencing experiments in this study
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experimental data and the two pathway gene targets recently
described in the proposed biosynthesis pathway by Hidalgo
et al. (2014). This also suggests the involvement of both
eremofortins as intermediates in PR toxin biosynthesis. The
implication of ErmA as a PR toxin pathway intermediate was
recently questioned in a study by Riclea and Dickschat (2015)
involving feeding experiments with 13C-labeled precursors. In
the latter study, they suggested that ErmA was likely a shunt
product; in this case, ErmAwould accumulate during PR toxin
production. However, in our study, ErmA production was con-
sistently lower in the studied transformants (regardless of the
target gene), which rather favors the hypothesis that this com-
pound is indeed a pathway intermediate and likely involved in
the last steps of PR toxin production. Further studies will be
required to fully elucidate this pathway. Noteworthily, PR toxin
reduction levels as well as those obtained for ErmA and B
slightly varied among transformants. This finding has already
been shown in other RNAi knockdown studies (Janus et al.
2007; Ullán et al. 2008; Hidalgo et al. 2014). Moreover,
RNAi results are considered to be transient (Salame et al.
2010) and this approach is not site directed, which can lead in
some cases to contrasted off-target effects. These facts highlight
the interest for easy-to-use knockout strategies for fungi for the
future.

As previously stated, a biosynthesis pathway for PR toxin
production was recently proposed by Hidalgo et al. (2014).
The latter study described putative pathway intermediates in-
cluding the eremofortins A, B, and C as well as the potential
functions of the potential genes and enzymes likely to be
involved in PR toxin biosynthesis although not all intercon-
versions are fully clear. To further understand PR toxin bio-
synthesis in this species, Riclea and Dickschat (2015), via (11,
12, 13-13C3)-7-epi-neopetasone feeding experiments, pro-
posed an updated biosynthesis pathway as a potential working
hypothesis. In particular, their results revealed that 7-epi-
neopetasone is a new pathway intermediate and this com-
pound would be converted from aristolochene via an allylic
oxidation. Moreover, its instability may play a role in the
corresponding spontaneous double-bond migration during
PR toxin biosynthesis (Riclea and Dickschat 2015).
Again, these authors also stipulate that eremofortins B and C
would be pathway intermediates, while eremofortin A may
rather be a shunt product that likely arises from premature
epoxidation of one of the other pathway intermediates. Our
data are also in agreement with eremofortin B as a pathway
intermediate, but questions can still arise as to whether
eremofortin A is a shunt product or an intermediate as sug-
gested by our results. Further studies are clearly required to
fully elucidate all the steps involved in PR toxin biosynthesis
and determine if the other determined ORFs are indeed impli-
cated and at which step.

In conclusion, the results obtained on the PR toxin biosyn-
thesis pathway allowed gaining knowledge on the role of the

different genes in the identified 11 gene clusters. These data
combined with biochemical production data could also be
used for future strain selection. Indeed, recent findings in
our laboratory have shown highly strain-dependent PR toxin
production abilities among 55 P. roqueforti strains of different
genetic and/or environmental origins.
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