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Byssochlamys species are responsible for spoilage and degradation of fruits and silages and can also produce
the mycotoxin patulin. We analyzed secondary metabolite production by Byssochlamys nivea. Mycophenolic acid
and its precursors, 5-methylorsellinic acid and 5,7-dihydroxy-4-methylphthalide, were identified in all of the B.
nivea strains that we examined.

Mycotoxins are secondary metabolites of fungi that may
contaminate animal and human feeds and that constitute a risk
factor for human and animal health. Maize and grass silage are
frequently contaminated by fungal toxins, such as patulin (7),
roquefortine C (14, 19), and mycophenolic acid (MPA) (20). In
addition to its antimicrobial and antitumoral activities (1, 21),
MPA also has immunosuppressive properties due to its inhib-
itory effect on IMP dehydrogenase (2, 3, 15). Although its
acute toxicity appears to be low (the oral 50% lethal dose in
rats is 700 mg/kg of body weight) (5), MPA may be a predis-
posing factor for infectious diseases.

One of the most common molds isolated from silage, Peni-
cillium roqueforti, can produce MPA. However, in a recent
study of the natural occurrence of MPA contamination in
silage, only 42% of the MPA-positive samples were contami-
nated by P. roqueforti (18), suggesting that one or more other
fungal species could also synthesize this mycotoxin. Monascus
purpureus, Trichoderma viride, Geotrichum candidum, Paecilo-
myces variotii, and Byssochlamys nivea are fungal species com-
monly recovered from ensiled maize (8, 16). B. nivea can syn-
thesize two other toxins, patulin (17) and byssochlamic acid
(8).

The objectives of this study were to determine if B. nivea
produced mycophenolic acid and whether this production
could explain discrepancies observed in previous analyses of
silage samples.

Fungal strains and culture conditions. We used B. nivea
strain NRRL 2615 (USDA-ARS National Center for Agricul-
tural Utilization Research, Peoria, Ill.). Ascospore suspensions
were used to inoculate three 1-liter Roux flasks with 100 ml of
sterile Czapek-dextrose broth (7). These cultures were incu-
bated at 25°C, in the dark, without shaking, for 1 to 42 days.
Other B. nivea strains used for these studies were NRRL 5253,
NRRL 1678, and NRRL 5254 from Northern Region Re-
search Laboratory, Peoria, Ill.; MUCL 39714 from Myco-
thèque de l’Université Catholique de Louvain, Louvain, Bel-
gium; and IHEM 3076 from Collection mycologique de
l’Institut d’Hygiene et d’Epidémiologie, Brussels, Belgium.

Contamination control. Purity of the B. nivea NRRL 2615
culture on the eighth day of incubation was verified by macro-
scopic and microscopic examination and by internal tran-
scribed spacer (ITS) rRNA and 5.8S rRNA gene amplification
and sequencing. Genomic DNA was isolated as previously
described (13); primer pairs (ITS-5 and ITS-4) and PCR con-
ditions were those described by White et al. (20). Amplified
fragments were cloned into the pCR 2.1-TOPO cloning vector.
Amplification products were sequenced once, and cloned frag-
ments were sequenced twice. The amplified ITS DNA coding
sequences from these cultures differed from those already de-
posited in GenBank (accession number U18361) at three sites,
two of which were gaps.

Dry weight determinations. Culture samples were filtered
through tared Whatman no. 1 filter paper. The washed cells
were dried overnight in an oven at 70°C and cooled to room
temperature before weighing.

Chemical standards used for mycotoxin analysis. Patulin
and mycophenolic acid were purchased from Sigma (St. Louis,
Mo.) and used without further purification. The sources of the
other secondary metabolites were P. M. Shoolingin-Jordan,
University of Southampton, Southampton, United Kingdom,
and Y. Ebizuka, Graduate School of Pharmaceutical Sciences,
University of Tokyo, Tokyo, Japan (6-methylsalicylic acid); H.
Fujimoto, Graduate School of Pharmaceutical Sciences, Chiba
University, Chiba, Japan (5,7-dihydroxy-4-methylphthalide);
J. D. White, Oregon State University, Corvallis (byssochlamic
acid); and T. Anke, University of Kaiserslautern, Kaiserslaut-
ern, Germany (orsellinic acid).

Extraction procedures. Filtered medium (100 ml) was ad-
justed to pH 2.0 with 2 M H2SO4 and extracted with 70 ml of
ethyl acetate. The organic phase was evaporated in vacuo at
50°C. The residue was dissolved in 200 �l of methanol, filtered
through a 0.45-�m-pore-size filter, and injected (20 �l) into a
chromatographic column.

HPLC and LC-MS analysis. Mycotoxin analysis was per-
formed by high-performance liquid chromatography (HPLC)
with diode array detection by using a 150- by 4-mm Zorbax
octyldecyl silane 5-�m column. For the detection and identi-
fication of secondary metabolites, HPLC analysis was per-
formed with a linear elution gradient by using 33 mM acetic
acid (solvent A) and acetonitrile (solvent B) according to the
method described by Frisvad (10). For MPA quantification,
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the gradient program was: at time zero, 100% solvent A; linear
gradient to 10% solvent B within 20 min, to 20% solvent B in
10 min, and to 90% solvent B in 4 min; a plateau for 4 min;
and, finally, a decrease within 7 min to 10% solvent B. Liquid
chromatography-mass spectrometry (LC-MS) analysis was per-
formed with a Thermo Finnigan HPLC-LCQ DUO Ion Trap
(San Jose, Calif.) equipped with an electrospray ionization
(ESI) source. HPLC was performed with a 150- by 2.1-mm
Kromasil 5C18 column. Twenty microliters of the methanol
suspension was injected directly into the LC system. Gradient
chromatography (33-min run) was performed with 17 mM ace-
tic acid acetonitrile as the mobile phase at a flow rate of 0.2
ml/min. The gradient started with 90% solvent A (17 mM
acetic acid) for 2 min, and then solvent B (acetonitrile) was
increased to 75% within 25 min; that percentage remained
constant for 3 min before a return to 90% solvent A within 1
min and stabilization for 5 min. ESI was performed at room
temperature in a negative mode, and the spray voltage was
maintained at 4.5 kV with the capillary temperature at 250°C

by using a nitrogen sheath (70 ml/min) and gas flows (20
ml/min). MS and MS2 tuning of the MS instrument were made
with authentic 20 �M MPA at 2.5 �l/min in a 50/50 ratio of 17
mM acetic acid to acetonitrile. The collision energy was set at
30%.

Six metabolites were detected and identified by HPLC and
LC-MS analysis from the culture supernatants (Fig. 1), and the
bracketed retention indices (RI) were calculated for all iden-
tified metabolites as described by Frisvad (11, 12). Major me-
tabolite I (RI � 660) had the retention index and UV spectrum
of patulin. Other metabolites were identified on the basis of
their UV, MS, and MS2 spectra after comparison with refer-
ence standards. Metabolites II (RI � 710), IV (RI � 783), and
V (RI � 957) showed, respectively, a base peak at m/z 179, 151,
and 319, and were identified as 5-7-dihydroxy-4-methylphtha-
lide, 6-methylsalicylic acid, and MPA. The MS2 fragments of
these three acidic compounds had an important M-44 peak
resulting from carboxyl group cleavage. The MS2 peaks of
metabolite V were observed at m/z 287 (100%; M � CH3OH),

FIG. 1. HPLC traces of CHCl3 extracts of B. nivea culture filtrate (day 5) and UV spectra of metabolites detected in these cultures. UV
absorption readings (in nm) were 276 (100%) for patulin (metabolite I); 216 (100%), 257, and 296 for 5,7-dihydroxy-4-methylphthalide (II); 216
(100%), 260, and 298 for 5-methylorsellinic acid (III); 205 (100%), 240, and 302 for 6-methylsalicylic acid (IV); 214 (100%), 252, and 303 for
mycophenolic acid (V); and 204 (100%) and 250 for byssochlamic acid (VI). Inset, sample of chromatogram of B. nivea culture filtrate (day 13);
metabolite VI (byssochlamic acid) is first detected on day 11. mAbs, milli-absorbance units.
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275 (77%; M � CO2), 269 (14%; M � H2O, � CH3OH) and
243 (20%; M � CO2, � CH3OH), 191 (49%), 179 (45%;
metabolite II). Metabolite III (RI � 763) had a base peak at
m/z 181, and its collision fragmentation led to fragments at m/z
137 and 121. These ions correspond to a decarboxylation and
to the loss of a fragment of 60 atomic mass units and are
consistent with the decarboxylated fragments observed in the
tandem MS spectra of the orsellinic acid and the 6-methylsali-
cylic acid standards, respectively. Metabolite III has one more
methyl group (� MS � 14) than orsellinic acid. On the basis of
these data, metabolite III was identified as 5-methylorsellinic
acid. Metabolite VI (RI � 1103) was identified as byssochlamic
acid after comparisons with UV and MS data of a reference
compound. Indeed, this metabolite displayed a pseudomolecu-
lar weight at m/z 331. The MS2 peaks were observed at m/z 287
(100%; M � CO2), 243 (3%; M � 2 CO2), 259 (2%; M � CO2,
� C2H5) and 215 (4%; M � 2 CO2, � C2H5). These six
metabolites can be placed into three biosynthetic pathways:
patulin (patulin, 6-methylsalicylic acid), mycophenolic acid
(MPA and its two precursors, 5-methylorsellinic acid and 5,7-
dihydroxy-4-methylphthalide), and byssochlamic acid (bysso-
chlamic acid).

The first stable precursor of mycophenolic acid, 5-methylo-
rsellinic acid, was detected from days 3 to 14, and 5,7-dihy-
droxy-4-methylphthalide was identified from days 2 to 42.
MPA was first detected on day 2 and increased gradually until
day 42. MPA concentration increases with fungal mass (Fig. 2).
A Pearson correlation coefficient was calculated between MPA
and the biomass (� � 0.763) and was found significant with a
two-sided Gaussian test (P � 0.001) as implemented by S-plus
software (Insightful, Seattle, Wash.). Unlike most secondary
metabolites, which are formed in the idiophase after primary
growth is complete, MPA was produced continuously by B.
nivea and was proportional to the fungal biomass. MPA is
produced in a similar manner by both batch and continuous-
flow cultures of Penicillium brevicompactum (6).

We tested several strains of B. nivea for MPA production.
All of the B. nivea strains produced MPA and its two precur-
sors.

This report is the first of mycophenolic acid production by a
Byssochlamys species. Until now, this compound was known
only from cultures of a few Penicillium species. Thus, B. nivea
should be added to the list of fungi, including P. brevicompac-
tum, P. roqueforti, Penicillium carneum, and Penicillium raci-
borskii, that are known to synthesize this toxin (4, 12). The
origin of MPA in silage has previously been attributed exclu-
sively to P. roqueforti, the most common fungal contaminant of
silage. Like P. roqueforti, B. nivea can grow at very low oxygen
concentration and is often isolated from 3- to 4-month-old
silage (9), but further work is needed to document the produc-
tion of MPA by B. nivea in naturally contaminated silage.

The consumption of patulin or mycophenolic acid or a com-
bination of both by domesticated animals may substantially
increase their susceptibility to infectious diseases. The simul-
taneous exposure to additional toxins, e.g., roquefortine C, PR
toxin, and byssochlamic acid, would increase the animal health
risk even further, and the concomitant isolation of B. nivea and
P. roqueforti from a silage sample should serve as an indicator
of potentially increased toxin exposure.

Nucleotide sequence accession number. Sequences of the B.
nivea stain NRRL 2615 were deposited in GenBank under
accession number AF486189.
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