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Ergot Alkaloid Synthesis Capacity of Penicillium camemberti
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ABSTRACT Ergot alkaloids are specialized fungal metabolites with potent biological
activities. They are encoded by well-characterized gene clusters in the genomes of
producing fungi. Penicillium camemberti plays a major role in the ripening of Brie
and Camembert cheeses. The P. camemberti genome contains a cluster of five genes
shown in other fungi to be required for synthesis of the important ergot alkaloid in-
termediate chanoclavine-lI aldehyde and two additional genes (easH and easQ) that
may control modification of chanoclavine-l aldehyde into other ergot alkaloids. We
analyzed samples of Brie and Camembert cheeses, as well as cultures of P. camem-
berti, and did not detect chanoclavine-l aldehyde or its derivatives. To create a func-
tioning facsimile of the P. camemberti eas cluster, we expressed P. camemberti easH
and easQ in a chanoclavine-l aldehyde-accumulating easA knockout mutant of Neo-
sartorya fumigata. The easH-easQ-engineered N. fumigata strain accumulated a pair
of compounds of m/z 269.1288 in positive-mode liquid chromatography-mass spec-
trometry (LC-MS). The analytes fragmented in a manner typical of the stereoisomeric
ergot alkaloids rugulovasine A and B, and the related rugulovasine producer Penicil-
lium biforme accumulated the same isomeric pair of analytes. The P. camemberti eas
genes were transcribed in culture, but comparison of the P. camemberti eas cluster
with the functional cluster from P. biforme indicated 11 polymorphisms. Whereas
other P. camemberti eas genes functioned when expressed in N. fumigata, P. camem-
berti easC did not restore ergot alkaloids when expressed in an easC mutant. The
data indicate that P. camemberti formerly had the capacity to produce the ergot al-
kaloids rugulovasine A and B.

IMPORTANCE The presence of ergot alkaloid synthesis genes in the genome of Penicil-
lium camemberti is significant, because the fungus is widely consumed in Brie and Cam-
embert cheeses. Our results show that, although the fungus has several functional genes
from the ergot alkaloid pathway, it produces only an early pathway intermediate in cul-
ture and does not produce ergot alkaloids in cheese. Penicillium biforme, a close relative
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FIG 1 Pathway steps to festuclavine in N. fumigata. Genes controlling relevant steps are indicated.
DMAPP, dimethylallylpyrosphosphate; DMAT, dimethylallyltryptophan.

of the Eurotiales have not been characterized as thoroughly from an activity perspec-
tive, although recent evidence indicates that the clavine alkaloids of the animal
pathogen Neosartorya fumigata (Aspergillus fumigatus) contribute to virulence (7).

All ergot alkaloids are derived from 4-prenylated tryptophan via a pathway that
starts with several steps carried out by homologous enzymes (Fig. 1). The ergot alkaloid
pathway has been reviewed in detail recently (e.g., see references 1, 2, 8,9, and 10), and
the early steps will be summarized briefly here. After the addition of a single prenyl
group at position 4 of tryptophan by the enzyme dimethylallyltryptophan synthase
(encoded by dmaW) (11), the amino group of the prenylated tryptophan is methylated
(12) before closure of the third ring to form chanoclavine-l by a decarboxylative
mechanism involving the products of easC and easE (13, 14). The primary alcohol of
chanoclavine-l may then be oxidized to the aldehyde form by the product of easD (the
allele for which is called fgaDH in A. fumigatus [15]). The resulting product,
chanoclavine-l aldehyde, serves as a branch point intermediate that may be acted on
by the products of different alleles of ergot alkaloid synthesis genes in different
lineages to yield lysergic acid and its derivatives in the Clavicipitaceae or various
clavine-type ergot alkaloids in the Eurotiales (including Neosartorya and Penicillium
species).

The ergot alkaloid synthesis (eas) genes are found clustered in the genomes of ergot
alkaloid-producing fungi (Fig. 2) (e.g., see references 16, 17, 18, and 19). The five genes
required to synthesize chanoclavine-l aldehyde are conserved among ergot alkaloid-
producing fungi (whose pathways extend to that point) and have predictable activities.
Genes for enzymes downstream from chanoclavine-I aldehyde are in some cases
unique and lineage specific, such as the genes for the lysergyl peptide synthetase
complex of the Clavicipitaceae (20) or those for fumigaclavine production in N. fumi-
gata (21). In other cases, downstream genes are represented by alleles of homologous
genes encoding enzymes with differing activities; examples include the reductase
versus isomerase alleles of easA (22-25) and alleles of easH encoding enzymes that act
at different steps in pathways in the Clavicipitaceae (26) versus those in the Eurotiales
(27).

Penicillium camemberti is a domesticated fungus that contributes to the unique
flavor and texture of Brie and Camembert cheeses and is not known outside cheese-
making environments (28, 29). Publicly available DNA sequence data revealed that the
P. camemberti genome (30, 31) contains a cluster of genes containing homologs to
several eas genes. The presence of these genes was recently noted in a review article
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FIG 2 Ergot alkaloid synthesis (eas) gene clusters of P. camemberti (A) and N. fumigata (B). Genes drawn
in black are shared between the two clusters. Genes shown in green are unique to the P. camemberti
cluster, whereas those in blue are unique to the N. fumigata cluster. The related fungus Penicillium
biforme has an eas cluster identical to that of P. camemberti with respect to gene presence, order, and
orientation. The N. fumigata cluster is redrawn from Coyle and Panaccione (17) and Unsold and Li (18).
(C) Construct for coexpressing P. camemberti (P.c.) easH and easQ under the control of the bidirectional
easA-easG promoter of N. fumigata (N.f.).

by Martin et al. (32). Moreover, Gerhards and Li (33) showed that the product of the P.
camemberti homolog of easD was functional when expressed in vitro. We thus hypoth-
esize that P. camemberti has or had (at one time in its evolutionary past) the ability to
produce ergot alkaloids. Considering the role of P. camemberti in cheese ripening and
its direct consumption by people in Brie and Camembert cheese rind, we used a
heterologous expression strategy to investigate the capacity of P. camemberti to
produce ergot alkaloids and the theoretical product(s) of its ergot alkaloid synthesis
gene cluster.

RESULTS AND DISCUSSION

Structural and functional analysis of the Penicillium camemberti eas gene
cluster. Since the ergot alkaloid synthesis (eas) cluster of P. camemberti contained
homologs of five genes previously established to yield chanoclavine-l aldehyde in N.
fumigata (dmaW, easF, easC, easE, and easD) (Fig. 1 and 2), we investigated the
possibility that P. camemberti had the capacity to produce chanoclavine-l aldehyde or
a derivative thereof. Four samples of commercial cheese and cultures of P. camemberti
strains NRRL 874 and NRRL 875 grown on malt extract agar failed to yield
chanoclavine-l aldehyde or known derivatives upon analysis by high-performance
liquid chromatography (HPLC) with fluorescence detection and liquid chromatography-
mass spectrometry (LC-MS).

The P. camemoberti cluster also contains an allele of easH, homologs of which encode
products that catalyze different steps in the ergot alkaloid pathways of divergent fungi.
The version of EasH from Aspergillus japonicus catalyzes an oxidation step required for
formation of a cyclopropane ring in cycloclavine (27), whereas the version of EasH
found in Claviceps purpurea catalyzes an oxidation step required for cyclolization of the
amino acid side chain of ergopeptines (26). The allele of easH from P. camemberti
encoded a product that was more similar to EasH of A. japonicus (52% amino acid
sequence identity) than it was to the version of EasH from C. purpurea (35% amino acid
sequence identity).

Adjacent to the previously annotated eas genes in the P. camemberti cluster was an
aldehyde dehydrogenase-encoding gene which we named easQ (Fig. 2). Homologs of
this gene had not been associated with eas clusters previously. Considering the location
of easQ and its predicted activity, we expressed easQ along with easH of P. camemberti
in the N. fumigata easA knockout (22). This strain was chosen as an expression host
because it has a functional eas genetic background that simulates the remainder of the
P. camemberti eas gene cluster (dmaW, easF, easC, easE, and easD) and terminates its
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FIG 3 Extracted ion chromatogram (m/z 269.1) showing accumulation of a pair of novel compounds in
easH- and easQ-transformed N. fumigata easA knockout (A) compared to the results for the nonmodified
recipient strain (B). Retention times of m/z 269.1 analytes are indicated above peaks. Data were collected
on a Thermo LCQ Deca XP mass spectrometer operated in positive mode. Retention times of major
analytes are indicated.

pathway at chanoclavine-I aldehyde (22). Eight colonies were obtained from cotrans-
formation of the easH-easQ expression plasmid and the separate, phleomycin
resistance-conferring plasmid. One colony was found to express both easH and easQ of
P. camemberti, as evidenced by accumulation of mRNA from the introduced genes (see
Fig. S1 in the supplemental material). Chemical analyses revealed that the easH-easQ
transformant cultured on malt extract agar accumulated a pair of analytes of m/z 269.1
in positive-mode LC-MS (Fig. 3). High-resolution mass spectrometry of these analytes
yielded an m/z of 269.1288, indicating a molecular formula of C;¢H;¢N,O, (calculated
m/z of 269.1285). There was no evidence of these analytes in the nontransformed
recipient N. fumigata easA knockout strain (Fig. 3).

Two previously characterized classes of ergot alkaloids share the indicated molec-
ular formula: lysergic acid (and its diastereoisomer isolysergic acid) and the diastereoi-
someric alkaloids rugulovasine A and B. The easH-easQ-engineered strain of N. fumigata
lacked two genes (easA and cloA) previously demonstrated to be required for lysergic
acid synthesis (34, 35), eliminating lysergic acid/isolysergic acid as candidates for the
analytes. Because rugulovasine A and B are produced by the closely related fungus
Penicillium biforme (36), P. biforme strain NRRL 885 was cultured on malt extract agar
and found to produce a pair of analytes with the same m/z value and retention times
as the analytes produced in the easH-easQ-engineered N. fumigata strain. The m/z 269.1
analytes of the easH- and easQ-transformed N. fumigata easA knockout strain and P.
biforme NRRL 885 fragmented similarly (Fig. 4) and in a manner consistent with the
high-resolution-fragment ions obtained from rugulovasine A and B in previous work
(37). Whereas rugulovasines were easily detected by LC-MS, they were not detected by
HPLC with fluorescence detection (monitoring at excitation/emission wavelengths of
272 nm/372 nm or 310 nm/410 nm, respectively), which contrasts with other ergot
alkaloids. The fluorophore in rugulovasines may require different excitation and/or
emission wavelengths, or the conjugated double-bond structure outside the indole
ring of rugulovasines may quench fluorescence.

Separate functional analyses of easH and easQ. The expression of P. camemberti
easH alone in the N. fumigata easA knockout did not result in the formation of any
metabolites downstream from chanoclavine-l aldehyde, indicating that chanoclavine-|
aldehyde is not a substrate for the product of this gene. PCR analyses of genomic DNA
and cDNA templates demonstrated that the easH gene was present and transcribed in
transformants (Fig. S2).
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FIG 4 High-resolution MS spectra of ions resulting from fragmentation of the parent ion of m/z 269.13 in malt extract medium
cultures of easH- and easQ-transformed N. fumigata easA knockout (A) and P. biforme (B). Data were collected in positive mode.
No precursor ion for this compound was isolated from extracts of nontransformed N. fumigata easA knockout (Fig. 3), and thus,

no spectrum is provided for the nontransformed recipient strain.

The expression of easQ alone in the N. fumigata easA knockout strain resulted in the
accumulation of an ion at m/z 271.2 in positive-mode LC-MS analyses but not in the
accumulation of rugulovasine A and B. In addition to the accumulation of the m/z 271.2
ion, the relative concentration of chanoclavine-l aldehyde decreased in the easQ
transformants. These changes were evident in the ratio of relative peak areas of the m/z
271.2 ion (presumed oxidized chanoclavine-l aldehyde) compared to that of
chanoclavine-l aldehyde (m/z 255.2). The ratio was significantly increased in the easQ
transformants compared to that of the nontransformed N. fumigata easA knockout
(P = 0.002) or the easH-transformed N. fumigata easA knockout (P = 0.007) (Fig. 5). The
change in mass and shifting proportions of these two analytes indicate that the product
of easQ adds an oxygen to chanoclavine-l aldehyde. Considering the structural simi-
larity of EasQ to aldehyde dehydrogenases, a likely activity for the enzyme is the
oxidation of chanoclavine-l aldehyde to the corresponding carboxylic acid. Consider-
ably more research will be required to demonstrate this activity.

Phylogenetic analysis of easQ indicated that the alleles in the P. camemberti and P.
biforme eas clusters diverged from a gene family shared among the two Penicillium
species and N. fumigata (Fig. 6). In total, P. camemberti and P. biforme have four
easQ-like aldehyde dehydrogenase-encoding homologs, whereas N. fumigata has al-
leles of two of the four aldehyde dehydrogenase-encoding genes (but no allele of easQ)
(Fig. 6). In addition to close sequence identities, the homology of the four aldehyde
dehydrogenase-encoding genes of P. camemberti/P. biforme and the two aldehyde
dehydrogenase-encoding genes of N. fumigata is supported by the presence of introns
in similar positions (43rd codon and 110th codon) in each of the genes. Limited
activity from the products of the N. fumigata aldehyde dehydrogenase paralogs
may account for low levels of m/z 271.2 ion detected in the N. fumigata easA
knockout (Fig. 5). Additional aldehyde dehydrogenase-encoding homologs with
lesser amino acid sequence identities were detected in the genomes of P. camem-
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FIG 5 Ratios of areas corresponding to presumed oxidized chanoclavine-l aldehyde (m/z 271) and
chanoclavine-l aldehyde (m/z 255) based on relative peak areas observed in the LC-MS data of N.
fumigata easA knockout (easA ko; n = 3), N. fumigata easA knockout transformed with easH (easA ko +
easH; n = 4), and N. fumigata easA knockout transformed with easQ (easA ko + easQ; n = 4). Mean values
labeled with different capital letters differ significantly (P < 0.05) in a Tukey-Kramer honestly significant
difference test. Error bars represent standard errors.

berti, P. biforme, and N. fumigata, but the genes encoding these additional enzymes did
not have the same exon/intron structure as easQ and its paralogs.

Hypothesized roles for EasH and EasQ in synthesis of rugulovasines. The
analyses of the ergot alkaloid gene clusters of P. camemberti and P. biforme provide the first
genetic explanation for the biosynthesis of rugulovasine A and B. The mass spectral data
indicate that EasQ hydroxylates chanoclavine-l aldehyde, and based on the DNA sequence
data, we hypothesize that oxidation occurs at the aldehyde carbon. Our data
demonstrate that the product of easH, a predicted dioxygenase, is also required to
convert chanoclavine-l aldehyde to rugulovasine A and B. We hypothesize that the
product of easH oxidizes the aromatic carbon customarily labeled carbon 10 in

100 Penicillium camemberti CRL18645.1
100 Penicillium biforme CBVV010000067.1

71 L MNeosartorya fumigata XP746975.1

| Penicillium camemberti CRL18920.1

| 100 | penicillium biforme CBVV010000042.1

Neosartorya fumigata XP751967.1
99 Penicillium camemberti CRL17976.1
1001 Penicillium biforme CBVV010000059.1

| Penicillium camemberti easQ

100 | Penicillium biforme easQ

0.050

FIG 6 Maximume-likelihood tree indicating relatedness of easQ-like aldehyde dehydrogenase genes from
the indicated fungi. Sequences were aligned by MUSCLE, and tree was drawn with the maximume-likelihood
method in MEGA7 (52) based on the LG model (53). Bootstrap values (percentages, obtained from 1,000
pseudoreplicates) are listed at nodes. Tree is unrooted. Scale bar indicates number of substitutions per site.
GenBank or Swiss-Prot accession numbers are shown for paralogs. The accession number for EasQ of P.
camemberti is CRL19771.1; EasQ of P. biforme is identical to that of P. camemberti and derived from the

sequence with GenBank accession number CBXO010000115.1.
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FIG 7 Hypothesized biosynthesis of rugulovasines from chanoclavine-l aldehyde. EasQ, predicted to be an aldehyde
dehydrogenase, is proposed to oxidize the aldehyde to a carboxylic acid. EasH, a predicted dioxygenase, is predicted to
oxidize the carbon customarily labeled carbon 10 (indicated by the asterisk). Rugulovasine A and B spontaneously
isomerize by a previously documented mechanism (38, 39).

chanoclavine-l aldehyde or, perhaps, that same carbon in the corresponding carbox-
ylic acid, isochanoclavine-l acid (Fig. 7). Dehydration of the 10-hydroxylated
isochanoclavine-l acid would result in the formation of rugulovasine A. This hypothesis
is supported by a previously proposed mechanism for the homolog of EasH from A.
japonicus (27). Jakubczyk et al. (27) proposed three mechanisms by which EasH might
oxidize the very same carbon in a different ergot alkaloid intermediate to result in the
formation of cycloclavine. One of the proposed mechanisms involved hydroxylation of
carbon 10. Such an activity on isochanoclavine-l acid would set the stage for ring
closure to rugulovasine A via dehydration (Fig. 7). Once rugulovasine A is formed, it
readily interconverts with rugulovasine B in polar solvents (38, 39). The lack of any
observed product when easH was introduced alone into the chanoclavine-l aldehyde-
producing N. fumigata easA knockout suggests that EasH does not act directly on
chanoclavine-l aldehyde but, rather, on the product resulting from oxidation of
chanoclavine-l aldehyde by EasQ.

In order for the hypothesized oxidation and dehydration steps to yield rugulovasine
A and B, chanoclavine-l aldehyde must first isomerize around the carbon adjacent to
the aldehyde group (Fig. 7). An isomerization appears necessary to bring the oxidized
side chain into close proximity to carbon 10. It is likely that isomerization occurs prior
to oxidation of the aldehyde to a carboxylic acid. Isomerization may occur spontane-
ously via keto-enol tautomerization (22). Additionally, nonenzymatic isomerization of
chanoclavine-l aldehyde via a glutathione-promoted, temporary bond reduction has
also been described (40). Alternatively, if the isomerization is enzyme catalyzed, it
would have to rely on the product of easH, easQ, or an enzyme already encoded in the
N. fumigata background, because it occurred readily in the easH- and easQ-transformed
N. fumigata easA knockout strain.

Genetic basis for lack of accumulation of rugulovasines in P. camemberti.
Possible reasons for the lack of accumulation of rugulovasines in P. camemberti include
lack of expression of eas genes, misprocessing of eas gene transcripts, or null mutations
in individual eas genes. Whether the eas genes of P. camemberti were transcriptionally
active in vitro was investigated in qualitative reverse transcriptase PCR analyses. mRNAs
from dmaW, easF, easC, easE, easD, easH, and easQ were detected in P. camemberti
strain NRRL 874 grown in malt extract broth (Fig. 8). Sequencing of the cDNA products
indicated that the mRNAs were processed properly, as the cDNAs contained open
reading frames corresponding to those for functional eas genes from N. fumigata.

The possibility that individual eas genes of P. camemberti were mutated was
investigated by comparing the P. camemberti eas gene cluster to the functional eas
gene cluster of P. biforme. The two eas clusters were nearly identical, with the exception
of four polymorphisms in the coding regions of eas genes and seven intergenic
polymorphisms (Fig. 9). Each of the four polymorphisms that occurred within coding
sequences resulted in changes in amino acids in the respective enzymes (Fig. 9). One
amino acid substitution was encoded in dmaW, two in easE, and one in easC. Since the
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FIG 8 PCR products amplified from cDNA prepared from P. camemberti NRRL 874 grown in malt extract
broth for 3 days. Lanes labeled dmaW, easF, easC, easE, easD, easH, and easQ contain products amplified
with gene-specific primer combinations 13 to 19 (Table 1), respectively. Relative migrations of BstEll-
digested bacteriophage lambda fragments (sizes listed in bp) are indicated at left of gel.

alleles of easD, easF, easH, and easQ from P. camemberti were identical to those of P.
biforme, which produced rugulovasine in culture, they were presumed to be functional.
Moreover, the heterologous expression studies with N. fumigata showed that the P.
camemberti alleles of easH and easQ were functional. The functionality of the three
polymorphic alleles of P. camemberti (dmaW, easE, and easC) was tested by transform-
ing them into previously constructed N. fumigata knockout strains (14, 17) in comple-
mentation studies. Transformed strains that contained the dmaW or easE constructs
each accumulated fumigaclavine C (Table S1), the pathway end product and typically
most abundant ergot alkaloid in wild-type N. fumigata (41, 42), indicating that the P.
camemberti alleles restored the N. fumigata ergot alkaloid pathway. Attempts to
complement an easC knockout mutant of N. fumigata (14) with the P. camemberti allele
of easC did not result in the accumulation of fumigaclavine C (Table S1). Analysis of a
P. camemberti easC-transformed N. fumigata easC knockout by reverse transcriptase
PCR and DNA sequencing of the easC cDNA product indicated that the P. camemberti
gene was present, transcribed, and properly processed (Fig. S3).

Because blocking the N. fumigata pathway by knocking out easC in previous studies
(14) resulted in the accumulation of the early pathway intermediate N-methyl-
dimethylallyltryptophan (N-Me-DMAT) (Fig. 1), we tested whether N-Me-DMAT would
accumulate in cultures of P. camemberti NRRL 874 cultured in malt extract medium,
which was conducive to rugulovasine accumulation in P. biforme. An analyte with an
m/z value of 287.1758, which is consistent with the m/z value of 287.1754 calculated for
[N-Me-DMAT + H]*, was observed in positive-mode LC-MS (Fig. S4). The analyte of m/z
287.1758 fragmented similarly to an N-Me-DMAT standard (Fig. S5). The same analyte
was produced when P. camemberti NRRL 874 was cultured in a variant of Czapek’s

easD dmaW easE easF easC easH easQ
123 4 56 7 8910 11

Polymorphisms in P. camemberti relative to P. biforme
1, 3, 8-11: substitutions in non-coding regions
2: deletion of AGAGA in non-coding region
4: G361! (G in P. biforme > | in P. camemberti)
5: L401S
6: W302S
7: G13V

FIG 9 Positions and consequences of polymorphisms in the P. camemberti eas cluster relative to the
sequences of the functional P. biforme eas cluster. Genes drawn in green were shown to function when
heterologously expressed in N. fumigata strains. Genes drawn in black were not functionally tested but
have sequences identical to those of functional alleles in P. biforme. The allele of easC, drawn in red, failed
to complement the easC mutant of N. fumigata. Numerals 1 through 11 indicate the positions of
polymorphisms in P. camemberti compared to the sequences observed in P. biforme. The table describes
the polymorphisms based on the assumption that the P. biforme sequence is ancestral and the P.
camemberti sequence is derived.
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medium in which succinic acid was the only carbon source. These data indicate that
under conditions conducive to ergot alkaloid production, P. camemberti expresses the
limited part of the pathway it possesses. Cheese samples also were checked for
N-Me-DMAT, and no evidence of accumulation of this compound was detected.

Lack of ergot alkaloid accumulation in cheese. To test for accumulation of ergot
alkaloids in cheese ripened with the same isolates used in this present study, four
different wheels of Camembert cheese were cultured and ripened for 8 weeks with P.
biforme NRRL 885 and P. camemberti NRRL 874. Samples were analyzed by LC-MS, and
no ergot alkaloids (including rugulovasine A or B, chanoclavine-l, chanoclavine-l alde-
hyde, or N-Me-DMAT) were detected in any cheese sample. Four samples of commercial
cheese rind containing P. camemberti also were investigated and found to be free of
ergot alkaloids. Since P. biforme accumulated ergot alkaloids in vitro (and P. camemberti
produced the precursor N-Me-DMAT in vitro), these observations indicate that nutri-
tionally driven gene regulation prevents the accumulation of ergot alkaloids in Cam-
embert cheese. This hypothesis was supported by our lack of detection of transcripts
for any of the seven P. camemberti eas cluster genes in the cheese rind metatranscrip-
tome data of Lessard et al. (43), which includes seven samples of Camembert cheese
rind collected between 7 and 77 days postinoculation. The potential presence of
transcripts of P. biforme eas genes in cheese rind was not investigated. The lack of
accumulation of ergot alkaloids in P. biforme-ripened cheese (in spite of a functioning
eas pathway in vitro) and the lack of transcripts of P. camemberti eas genes in cheese
rind (43) indicate that the lack of ergot alkaloids in P. biforme cheese rind is due to gene
regulation.

Conclusions and implications. Our data indicate that P. camemberti previously had
the genetic capacity to produce ergot alkaloids, including rugulovasine A and B and
precursors to these compounds, such as chanoclavine-l and chanoclavine-| aldehyde.
While the health effects of the rugulovasines are largely understudied, the available
data indicate that they induce negative health consequences. Ingestion of rugulo-
vasines by day-old poultry caused acute toxicity leading to death (36); in fact, chick
death was used as a bioassay to purify the rugulovasines. Rugulovasines also decreased
blood pressure when administered to cats (44). Chlorinated and brominated forms of
rugulovasines have been reported in some rugulovasine producers (37); however,
chlorinated and brominated forms were not detected in P. biforme extracts, based on
the absence of analytes of the calculated m/z values.

Through our heterologous expression studies, we have identified a new ergot
alkaloid biosynthesis gene, easQ, which appears to encode an aldehyde dehydrogenase
involved in synthesis of rugulovasines. We also provided indirect evidence for the
function of the product of an allele of the gene easH and have proposed a
biosynthetic pathway for the rugulovasine class of ergot alkaloids. We have used
similar heterologous expression and analytical approaches to study other genes in
the ergot alkaloid pathway; for example, easA from Claviceps purpurea (22) and cloA
from Epichloé festucae X Epichloé typhina (35).

Finally, our data indicate that the lack of accumulation of rugulovasines in P.
camemberti in vitro results from a mutation in easC and that the lack of production of
precursors in cheese is due to substrate-specific control of the pathway. Phylogenetic
analyses indicate that P. biforme is ancestral to P. camemberti and that Penicillium
commune may be ancestral to both (31, 45). The close phylogenetic relationship
between P. biforme, P. fuscoglaucum, and P. camemberti was demonstrated by data
from 17 different microsatellite markers (28). There are two chemotypes of P. commune,
with chemotype | being a producer of cyclopenoxoic acid and rugulovasines and
chemotype Il producing fumigaclavines (46). Penicillium camemberti is hypothesized to
have descended from P. commune chemotype |. These phylogenetic and mycotoxin
data suggest that the ancestor to P. camemberti had the genetic capacity to produce
rugulovasines, but at some point in the evolution of domesticated P. camemberti,
nonproducing strains evolved. It is possible that P. biforme may conditionally produce

October 2018 Volume 84 Issue 19 e01583-18

Applied and Environmental Microbiology

aem.asm.org 9


http://aem.asm.org

Fabian et al.

rugulovasines as a means of defense of resources. Since domesticated P. camemberti
occurs only in hygienic environments with defined microflora, pressure to maintain this
pathway may have been lost.

MATERIALS AND METHODS

Characterization of P. camemberti and P. biforme ergot alkaloid gene clusters. The ergot alkaloid
gene clusters of P. camemberti and P. biforme were identified by comparing individual eas genes from N.
fumigata (17) to genomes of P. camemberti strain FM 013 (GenBank accession number CBVV000000000.1)
and P. biforme strain FM 169 (GenBank accession number CBXO000000000.1). Contigs containing eas
gene clusters of P. camemberti (GenBank accession number CBVV010000119.1) and P. biforme (GenBank
accession number CBXO010000115.1) were downloaded, and additional genes were annotated by blastx,
searching individual, contiguous 5-kb fragments. Polymorphisms between P. camemberti and P. biforme
eas gene clusters were identified by blastn analysis of the aligned sequences of the two fungi. The
potential presence of transcripts originating from P. camemberti eas cluster genes in the metatranscrip-
tome of Camembert cheese rind (43) was assessed by megablast searching the data available under
GenBank Sequence Read Archive accession number SRX360429.

Sample preparation for alkaloid analysis. Cultures of P. camemberti NRRL 874, P. camemberti NRRL
875, P. biforme NRRL 885, and N. fumigata strains were grown on malt extract agar (6 g malt extract,
6 g dextrose, 1.8 g maltose, 1.2 g yeast extract, 15 g agar per liter) at 22°C for 7 days prior to alkaloid
analysis. These same isolates were also cultured in a variant of Czapek’s medium in which succinic acid
was the sole carbon source (1.2 g succinic acid, 2 g sodium nitrate, 1 g dipotassium phosphate, 0.5 g
magnesium sulfate, 0.5 g potassium chloride, 0.01 g ferrous sulfate per liter). For HPLC with fluorescence
detection, samples of 50-mm? surface area malt extract agar or 400 ul modified Czapek’s medium were
extracted with 400 ul HPLC-grade methanol for 1 h and then clarified by centrifugation before injecting
20 ul. For LC-MS analyses, an entire petri dish culture was extracted by repeated washing with 4 ml of
methanol, and then 2 ml of the extract was concentrated to 100 ul in a vacuum concentrator prior to
injecting 10 wl. Samples of Brie and Camembert cheese bought commercially and those made in the
laboratory were also analyzed by HPLC and LC-MS by extracting 200-mg portions of cheese rind in 1 ml
of HPLC-grade methanol. Laboratory-generated cheese wheels (approximately 300 ml) were made with
mesophilic cheese culture and animal rennet (both from New England Cheesemaking Supply Co., South
Deerfield, MA) and approximately 1 X 107 conidia of either P. camemberti NRRL 874 or P. biforme NRRL
885 as the ripening fungi. Curds were allowed to mature for 8 weeks at 4°C prior to sampling.

HPLC and LC-MS analyses. Fluorescence HPLC was performed essentially as described previously
(47). Briefly, analytes were separated by reverse-phase chromatography on a C,; column (Prodigy 5-um
0ODS3, 150 mm by 4.6 mm; Phenomenex, Torrance, CA) with a multilinear, binary gradient from 5%
acetonitrile plus 95% 50 mM ammonium acetate to 75% acetonitrile plus 25% 50 mM ammonium
acetate. Ergot alkaloids were detected by two fluorescence detectors connected in series. One was set
with excitation at 272 nm and emission at 372 nm, whereas the other had excitation and emission
wavelengths of 310 nm and 410 nm, respectively.

Most LC-MS analyses were conducted on a Thermo LCQ Deca XP plus mass spectrometer connected
to a Thermo Surveyor HPLC system (Thermo Scientific, Waltham, MA). Analyses were essentially as
described by Ryan et al. (48, 49), except that the linear, binary gradient was as follows: mobile phases A
(5% acetonitrile, 0.1% formic acid) and B (75% acetonitrile, 0.1% formic acid) were initially combined at
86% A plus 14% B and linearly ramped up to 100% B over 20 min. The column was a Phenomenex 4-um
polar-RP (150 mm by 2 mm) maintained at 30°C, and the flow rate 200 wl/min.

High-resolution mass spectra were collected on a Thermo Scientific Q Exactive mass spectrometer
coupled to a Thermo Accela 1250 ultra-high-performance liquid chromatography (UHPLC) system. The
mass spectrometer was operated in positive ion mode and programmed with data-dependent acquisi-
tion settings. Precursor scans were acquired at 70,000 resolution (at m/z = 200) over an m/z range of 80
to 1,200. The 10 most abundant ions from each precursor scan were selected for higher-energy
collisional-dissociation (HCD) fragmentation (normalized collisional energy [NCE] = 30) and were ana-
lyzed at 35,000 resolution. Separations were performed on a 2.1-mm by 100-mm Zorbax Eclipse XDB-C,,
column (Agilent, Santa Clara, CA) subjected to a gradient prepared by combining mobile phase A (0.1%
formic acid) and mobile phase B (acetonitrile, 0.1% formic acid). The sample was loaded at 95% A plus
5% B and held for 1 min before ramping linearly to 40% A plus 60% B at 20 min at a flow rate of 300
ul/min.

Preparation of gene constructs for fungal transformation. Constructs for heterologous expres-
sion were assembled by a combination of PCR, fusion PCR, and cloning into plasmids by restriction
enzyme-mediated strategies. A typical PCR mixture was comprised of 11 ul distilled/deionized water,
5 pl 5X Phusion high-fidelity (HF) buffer (100 mM KCl, 20 mM Tris-HCl, pH 7.4, 1.5 mM MgCl,;
Thermo Scientific, Waltham, MA), 4 ul 1.25 mM deoxynucleoside triphosphates [dNTPs], 1.25 ul 20
uM forward primer, 1.25 pl 20 uM reverse primer, 2 pul template DNA, and 0.5 ul Phusion HF
polymerase (Thermo Scientific). The various reaction mixtures underwent the same general
temperature-cycling regimen, with an initial denaturation at 98°C for 30 s, followed by 35 cycles of
98°C (15 s), annealing temperature (as defined by primer pair in Table 1) (15 s), and extension at 72°C
for the extension time defined in Table 1, followed by a final extension at 72°C for 60 s. The primers,
annealing temperatures, and extension times are listed in Table 1. PCR products were cleaned with
the Zymogen DNA Clean & Concentrator kit (Zymo Research Corp., Irvine, CA) prior to a subsequent
PCR, restriction digestion, or ligation.
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TABLE 1 Primers and PCR protocol information?
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Annealing temp

Primer (°C), extension

pair Primer sequence (5’ to 3’) Product(s) (length in bp)® time (s)

1 GAGTAGGCACTCCGCACCATGACGATTTCCAATTGCGCCAAC + easH with promoter extension (1,428) 64, 45
CCACCGCGGTGGCGGCCGCTATTTCGTCACTTTGGCTTGCATG

2 GTACTTGGTGGATTAGAAGCAATGTGTGAGACATCAATTGATCTGAC +  easQ with promoter extension (1,927) 64, 60
GGGGATCCGGTCTATGTGAAGCATGCGGGAATG

3 GTTGGCGCAATTGGAAATCGTCATGGTGCGGAGTGCCTACTC + N. fumigata promoter with easH and easQ 64, 45
GTCAGATCAATTGATGTCTCACACATTGCTTCTAATCCACCAAGTAC extensions (837)

4 CCACCGCGGTGGCGGCCGCTATTTCGTCACTTTGGCTTGCATG + easH-N. fumigata promoter-easQ fusion (4,111) 64, 120
GGGGATCCGGTCTATGTGAAGCATGCGGGAATG

5 GTATACTAGTGCAATCCGCAATGAATCTGCAGG + easQ with native promoter (2,967) 62, 90
CAGAGCGGCCGCTCTATGTGAAGCATGCGGGAATG

6 ACCGGATCCGTGCCGTAGTCCTATACTAAG + easH with native promoter (2,213) 62, 90
CCACCGCGGGTGGCGGCCGCTATTTCGTCACTTTGGCTTGCATG

7 CATCGGATCCGGCCAACATGACTCCCACGGC + dmaW with native promoter (2,686) 67, 90
CTACGCGGCCGCGTGTAACTATGGAGGATGACAAGC

8 CTCAGAATTCGAGCTGGTCCGCGTTCAGG + easC with native promoter (3,070) 67, 90
CTACGGATCCGTCGCTTGATGGCTGTGATGTAACG

9 CAACGCGGCCGCAAGAGGATAGAGCTTTCAGCTGG + easE with native promoter (3,642) 67, 90
CAGAACTAGTGGTGATTCAACGGAGCCCATGG

10 GAGTAGGCACTCCGCACCATGATCTCAATAGATCATATTCC + easC with promoter extension (2,098) 59, 40
GTGGCCTTGAGTTAATCTGAAGC

11 GGAATATGATCTATTGAGATCATGGTGCGGAGTGCCTACTC + N. fumigata promoter with easC extension 59, 40
GCTTCTAATCCACCAAGTACTTGG (809)

12 CTCGGAATTCGCTTCTAATCCACCAAGTACTTGG + N. fumigata promoter-easC fusion (2,886) 59, 90
GAGTACTAGTGTGGCCTTGAGTTAATCTGAAGC

13 GGACTTCCCCAACCATGATCAG + dmaW cDNA (1,282) 62, 45
CGAAGGAGGTAGGATGGCCAC

14 GGAATCCGGCACTGGATTGAAC + easF cDNA (853) 62, 45
CTCTCAATCCCGCCGACCC

15 GCCTGGAGCAAGTCAAGTTCTCA + easC cDNA (1,323), easC genomic DNA (1,391) 62, 45
TGATTCGACGATTCTCTCCACC

16 GGAGTCATGTTGGCCATCTCGC + easE cDNA (1,570) 62, 45
GTCCCACTGCCGCTTCAGC

17 CGCATCGGGTATTGGTGCCG + easD cDNA (670) 62, 45
CTAGCCACATCCTCGGGCTC

18 GTACTTGGTGGATTAGAAGCAATGTGTGAGACATCAATTGATCTGAC +  easQ cDNA (1,659) 62, 45
GACTAGGTCAAGCATGACTGGC

19 GAGTAGGCACTCCGCACCATGACGATTTCCAATTGCGCCAAC + easH cDNA (951) 62, 45

CCTTGTAGGGATACACAGTTGG

aUnderlining indicates unique restriction sites for cloning PCR products: ACTAGT, Spel; GCGGCCGC, Notl; GGATCC, BamRlI; and, GAATTC, EcoRl.

b“Extension” refers to incorporation of an additional 17 to 23 nt at the 5’ end of a primer to add sequences that will facilitate a later fusion PCR.

Constructs were prepared in general by cloning PCR products containing genes of interest into
pBCphleo (50), which was obtained from the Fungal Genetics Stock Center (Kansas State University,
Manhattan, KS). Most cloning strategies were based on restriction sites engineered into PCR primers
and also contained within pBCphleo. In some cases (described individually below), genes were
connected to the N. fumigata bidirectional easA-easG promoter (35) by fusion PCR. In other cases
(particularly after reverse transcriptase PCR analyses indicated that P. camemberti eas genes were
transcribed under routine culture conditions), P. camemberti genes were expressed from their native
promoters. Ligations were conducted with T4 DNA ligase (New England BioLabs, Ipswich, MA) and
transformed into Escherichia coli. Plasmids were purified with the Zyppy plasmid miniprep kit (Zymo
Research Corp., Irvine, CA).

For coexpression of P. camemberti easH and easQ genes, the individual genes were PCR amplified with
primer pairs 1 and 2 (Table 1). The cleaned PCR products were then attached to an N. fumigata easA-easG
bidirectional promoter, which was amplified with primer pair 3 (Table 1). A fusion PCR with primer pair 4
(Table 1) assembled the final construct (Fig. 2C), which was cotransformed along with pBCphleo in an equal
molar concentration into a previously created chanoclavine-l aldehyde-accumulating easA knockout strain of
N. fumigata (22) by the transformation protocol described below.

To assess the individual functions of P. camemberti easQ and easH, gene fragments under the control
of their native promoters were PCR amplified using primer pairs 5 and 6, respectively (Table 1), digested
with their corresponding restriction enzymes (sites included in PCR primers), cleaned, and then ligated
with similarly digested pBCphleo. The resulting plasmids were transformed into the N. fumigata easA
knockout strain (22).

The functionality of P. camemberti dmaW, easC, and easE was tested by using those genes in
attempted complementation of previously characterized N. fumigata knockout mutants. The P. camem-
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berti gene fragments were PCR amplified from primer pairs 7, 8, and 9 (Table 1), restriction digested, and
cloned into pBCphleo. The resulting plasmids were transformed into dmaW, easC, and easE knockout
strains of N. fumigata (14, 17). To further test easC, the coding sequences of P. camemberti easC were
amplified with primer combination 10 (Table 1) and joined by fusion PCR to the easA-easG promoter of
N. fumigata (which had been amplified with primer pair 11 [Table 1]) in a fusion PCR primed with
combination 12 (Table 1).

Fungal transformation. Transformation of N. fumigata strains was as described previously (35,
51). Each of the recipient strains was a previously prepared mutant with knockout of an individual
eas gene and already resistant to hygromycin. For this reason, phleomycin resistance as conferred
by pBCphleo was the selectable marker employed. The easA knockout of N. fumigata (22), which
stops its pathway after easD (Fig. 1) and, thus, mimics the core eas gene cluster of P. camemberti (Fig.
2), was the recipient for transformations involving the easH-promoter-easQ construct, as well as for
individual easH and easQ constructs. Strains with knockouts of dmaW (17), easC (14), and easE (14)
served as recipients of constructs containing individual alleles of homologs from P. camemberti in
genetic complementation tests. Transformants were checked for the presence of the introduced
construct by PCR. Colonies from transformation experiments that did not yield a change in
phenotype were checked by qualitative reverse transcriptase PCR for accumulation of transcript
from the introduced construct (as described below). Fragments amplified from ¢cDNA were se-
quenced by Sanger technology (Eurofins Genomics, Louisville, KY) to demonstrate the lack of
introns, confirming the absence of genomic DNA in the template.

Extraction of mRNA and preparation of cDNA. Cultures of P. camemberti NRRL 874 or N. fumigata
transformants were grown as surface cultures on malt extract broth for 3 days at room temperature. A
100-mg sample of the fungal mat was then frozen with liquid nitrogen and ground into a powder with
a mortar and pestle. RNA was extracted by following the instructions of the Qiagen RNeasy plant kit
(Qiagen, Germantown, MD) with the on-column DNase | treatment. cDNA was obtained by reverse
transcribing the mRNA from an oligo(dT) primer with SuperScript IV reverse transcriptase (Thermo
Scientific, Waltham, MA). The ¢cDNA was then used as the template in individual reaction mixtures with
primer pairs 13 through 19 (Table 1). PCR products were sequenced by Sanger technology at Eurofins
Genomics (Louisville, KY).

Statistical analysis. To compare relative proportions of m/z 271 ion (presumed oxidized
chanoclavine-l aldehyde) and m/z 255 ion (chanoclavine-l aldehyde), the mean ratio of peak areas
was calculated from analyses of three independent cultures of nontransformed N. fumigata easA
knockout and four independent cultures each of N. fumigata easA knockout transformed with P.
camemberti easH or P. camemberti easQ. Data were log,, transformed so that variances approxi-
mated equality in a Brown-Forsythe test (P = 0.80). A single-factor analysis of variance (ANOVA)
showed that fungal strain had a significant effect on the m/z 271-to-m/z 255 ratio (P = 0.002).
Individual-treatment mean values were then compared in a Tukey-Kramer honestly significant
difference test. Analyses were performed with JMP (SAS, Cary, NC).
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