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The fungal spores of Penicillium expansum, P. chrysogenum, P. citrinum, P. digitatum, P. italicum,
and P. pinophilum were characterized by using matrix-assisted laser desorption/ionization with
time-of-flight mass spectrometry (MALDI-TOFMS). These fungal spores are frequently found in
grain and fruit. The mass spectra of these six species were directly obtained from the intact spores
without any pretreatment. The results obtained indicate that 2,5-dihydroxybenzoic acid and sina-
pinic acid are suitable matrices for the analysis of Penicillium spores. Characteristic ions represent-
ing the different species were obtained with sufficiently high reproducibility that these ions can be
employed to identify the different fungal species. On the basis of these characteristic ions obtained
from these authentic Penicillium spores, the approach was applied to characterize the fungal
species contaminating the surfaces of fruit. It was demonstrated that the fungal spores directly
scratched from the surfaces of fruit contaminated by unknown fungi can be rapidly identified
using MALDI-TOFMS analysis without any tedious pretreatment. Copyright © 2005 John Wiley

& Sons, Ltd.

Matrix-assisted laser desorption/ionization with time-of-
flight mass spectrometry (MALDI-TOFMS) has been widely
used to characterize microorganism species.' 2! Most studies
are focused on the analysis of bacteria that are pathogenic to
human beings.'™'® Only a few reports have discussed the
effectiveness of employing the technique to characterize fun-
gal spores.'”"! Unlike the MALDI mass spectra obtained
from bacteria, the mass spectral profiles of intact fungal
spores obtained by direct analysis are less complicated.
Nevertheless, they are sufficient to differentiate different fun-
gal species on the base of the limited ions. Welham and co-
workers presented the first paper describing use of MALDI-
TOFMS to characterize different fungal spores;'® the mass
spectral profiles obtained from Penicillium spp., Scytalidium
dimidiatum, and Trichophyton rubrum indicated the potential
to identify the fungal species by simply using MALDI mass
spectra. In a previous study® we demonstrated that the
MALDI-TOFMS results obtained for aflatoxigenic and non-
aflatoxigenic Aspergillus spores have different mass spectral
profiles.

Penicillium species such as P. citrinum, P. italicum, and P.

digitatum frequently contaminate citrus fruits;”>>* these
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fungal spores are frequently found on the surfaces of these
fruits. Additionally, P. expansum®® and P. pinophilum® are
commonly found on apples. This work is focused on the
analysis of fungal spores from six Penicillium spp., i.e. P.
expansum, P. chrysogenum, P. citrinum, P. italicum, P. digitatum,
and P. pinophilum, by using MALDI-TOFMS. The fungal
spores from different strains within each of these six species
were also compared.

EXPERIMENTAL

Sinapinic acid (SA), 2,5-dihydroxybenzoic acid (DHB), bra-
dykinin, and ubiquitin were purchased from Sigma (St.
Louis, MO, USA), while a-cyano-4-hydroxycinnamic acid
(CHCA) was purchased from Aldrich (Milwaukee, WI,
USA). Acetonitrile (ACN) and trifluoroacetic acid (TFA)
were obtained from Merck (Darmstadt, Germany). Melittin
was purchased from Fluka (Buchs, Switzerland). Potato dex-
trose agar (PDA) was purchased from Difco (MD, USA).
Fungal spores were purchased from the Culture Collection
and Research Center (CCRC) in Taiwan, and cultured in this
laboratory. The medium for growing fungal spores was
composed of PDA (24g/L) mixed with granulated agar
(15g/L, Becton Dickinson, MD, USA). Cultivation on agar
plates was performed with this medium at ca. 30°C for 5-10
days. A pipette tip was employed to scratch the spores
cultured on a medium plate. A volume of 3 pL of MALDI
matrix solution was used to wash off the spores from the tip.
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The matrix was dissolved (30 mg/mL) in different solvents
such as ACN/(0.1% TFA/H,0) (2:1, v/v), ACN/(1% TFA/
H,0), and methanol/ (1% TFA /H,0) (2:1, v/v). A volume of
0.5 pL of the mixture containing spores and matrix solution
was deposited on a sample target. After the volatile solvent
had evaporated, the sample was ready for MALDI-TOFMS
analysis.

Bradykinin, melittin, and ubiquitin were used for internal
mass calibration. Since internal standards can affect the
intensities of the ion peaks from the samples, two identical
samples were analyzed in parallel by MALDI-TOFMS but
only one of these samples had the internal standards added.

All the mass spectra were obtained using a Biflex III time-
of-flight mass spectrometer (Bruker Daltonics, Germany).
The mass spectrometer was equipped with a 337-nm nitrogen
laser, a 1.25-m flight tube, and a sample target with the
capacity to load 384 samples simultaneously. The accelerat-
ing voltage was set to 19kV.

RESULTS AND DISCUSSION

The selection of matrix and the solvent for dissolving the
matrix can affect the MALDI mass spectra of intact bacterial
cells, as shown previously by Musser and co-workers.”®
Thus, as a first step, several matrices were tested for the ana-
lysis of fungal spores by MALDI-TOFMS. Figures 1(a)-1(c)
present the MALDI mass spectra of fungal spores from P.
expansum (CCRC 32045), which had been directly scratched
from agar plates and then mixed with solutions of 2,5-DHB,
SA, and CHCA, respectively. Figure 1(a) displays more ions
in the mass spectrum than those in Figs. 1(b) and 1(c). The
peaks at m/z 2662, 2880, 4823, and 5676 reproducibly appear
in Figs. 1(a)-1(c). These results indicate that both 2,5-DHB
and SA are suitable matrices for such MALDI-TOFMS ana-
lyses; all the mass spectra displayed in the following were
obtained using 2,5-DHB as MALDI matrix. Additionally, sev-
eral solvents such as ACN /(1% TFA/H,0) (2:1,v/v), ACN/
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Figure 1. MALDI mass spectra of fungal spores from P.
expansum (CCRC 32045) directly mixed with matrices (a)
2,5-DHB, (b) SA, and (c) CHCA.
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(0.1% TFA /H,0), and methanol/(1% TFA /H,0) were used
to dissolve the matrix. When ACN /(1% TFA /H,0) (2:1,v/v)
was used, more ions appeared in the MALDI mass spectra of
intact spores than those when using matrix dissolved in the
other two solvents. Thus, 2,5-DHB dissolved in ACN/(1%
TFA/H;0) (2:1, v/v) was used for MALDI-TOFMS analysis
of intact spores in this study.

In order to investigate whether the age of the spores would
affect the MALDI mass spectral patterns, the spores of P.
expansum obtained on different days following initiation of
the culture were analyzed by MALDI-TOFMS. Figures 2(a)-
2(c) present the MALDI mass spectra of fungal spores from P.
expansum (CCRC 32045) cultured for 5, 10, and 15 days,
respectively. The ions at m/z 2662, 2880, 3267, 4823, 5676, and
7242 repeatedly appear in all the MALDI mass spectra. Since
these three mass spectral profiles are similar to one another,
the fungal spores obtained in the remainder of the work were
cultured for 5 days before performing MALDI-TOFMS
analyses.

In order to compare the spectra of different strains within
the same fungal species, several strains of P. chrysogenum
were analyzed using MALDI-TOFMS. Figures 3(a)-3(d)
present the MALDI mass spectra of fungal spores from four
strains of P. chrysogenum, i.e. CCRC 30298, ATCC 10002,
ATCC 7813, and ATCC 11625. The ion peaks at m/z 3140 and
5173 appear in each mass spectrum with very good
reproducibility, which indicates that these two ions can be
used as biomarker ions for P. chrysogenum.

In addition to P. expansum and P. chrysogenum, fruit is
frequently contaminated by P. italicum, P. digitatum, P.
citrinum, and P. pinophilum. Figures 4(a)-4(d) present the
MALDI mass spectra of fungal spores from four strains of P.
italicum, i.e. ATCC 48814, CCRC 32575, CCRC 32630, and
CCRC 35176, respectively. The peak at m/z 2994 dominates
the mass spectra. Furthermore, this peak is the only one that
appears in each mass spectrum, indicating that this ion can be
used as the biomarker ion to represent P. italicum.
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Figure 2. MALDI mass spectra of fungal spores from P. ex-
pansum (CCRC 32045) culturedfor (a) 5, (b) 10,and (c) 15days.
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Figure 3. MALDI mass spectra of fungal spores from four
different strains of P. chrysogenum: (a) CCRC 30298, (b)
ATCC 10002, (c) ATCC 7813, and (d) ATCC 11625.
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Figure 4. MALDI mass spectra of fungal spores from four
different strains of P. italicum: (a) ATCC 48814, (b) CCRC
32575, (c) CCRC 32630, and (d) CCRC 35176.

Figures 5(a)-5(d) display the MALDI mass spectra of fungal
spores from four strains of P. digitatum, i.e. CCRC 30820,
CCRC 32028, CCRC 32577, and CCRC 32578, respectively. All
the mass spectra resemble one another, and the peaks at m/z
2600, 5211, and 7378 appear in all the mass spectra; thus these
ions can represent P. digitatum. Figures 6(a)—6(c) display the
MALDI mass spectra of fungal spores from different strains
of P. citrinum, i.e. NRRL 24977, ATCC 14994, and CCRC
32029. The peak at m/z 2981 dominates all the mass spectra,
while the peak at m/z 4988 also appears in each mass
spectrum; this indicates that these ions are the characteristic
ions for P. citrinum. Additionally, P. pinophilum is frequently
found on the surfaces of apples. Figures 7(a)-7(c) display the
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Figure 5. MALDI mass spectra of fungal spores from four
different strains of P. digitatum: (a) CCRC 30820, (b) CCRC
32028, (c) CCRC 32577, and (d) CCRC 32578.
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Figure 6. MALDI mass spectra of fungal spores from three
different strains of P. citrinum: (a) NRRL 24977, (b) ATCC
14994, and (c) CCRC 32029.

MALDI mass spectra of different strains of P. pinophilium
including ATCC 9644, CCRC 32376, and CCRC 32622. The
peak appearing at mm/z 4495 dominates the mass spectra, while
the less intense peak at m/z 6069 appears in each mass
spectrum, so these ions can be used as biomarker ions for P.
pinophilium.

The biomarker ions recommended as biomarkers for these
six Penicillium species are listed in Table 1; the mass spectral
profiles are similar for different strains within the same
species, while the biomarker ions for different Penicillium
species are different from one another. Note that the majority
of the biomarker ions are below 5kDa. This mass region is
similar to that found in the previous studies of biomarkers for
fungal spores,'”® and is significantly lower than that
generally reported in most bacteria studies that generally
find the biomarker ions in the mass region above 5kDa. The
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Figure 7. MALDI mass spectra of fungal spores from three
different strains of P. pinophilium: (a) ATCC 9644, (b) CCRC
32376, and (c) CCRC 32622.

differences may arise from the different compositions of the
cell walls.

Based on theses results, this approach was applied to
characterize the fungal spores contaminating fruit. We used
the fruit samples purchased from a supermarket, that were
obviously contaminated by fungi, as the realistic test
samples. Figure 8(a) presents the MALDI mass spectrum of
the sample obtained by scratching the fungal spores from the
surface of a rotted cumquat. The peaks appearing at m/z 2981
and 4988 imply that the fruit was contaminated by P. citrinum
(cf. Fig. 6). Figure 8(b) displays the MALDI mass spectrum of
the sample obtained by scratching the fungal spores from the
surface of a rotted orange contaminated by fungi. The peak at
mfz 2600 dominates the MALDI mass spectrum, and the
smaller peak at m/z 5211 belonging to one of the biomarker
ions of P. digitatum also appears in the MALDI mass
spectrum, indicating that the fungal species contaminating
this orange was P. digitatum.

These results suggest that, on the basis of the characteristic
ions of Penicillium spp., the spores directly scratched from the
surface of rotted fruit can be rapidly identified. The
interference ions (other than those assigned to fungal spores)
are very sparse. It has been reported previously that both P.
citrinum and P. digitatum are the fungi commonly found in
citrus fruit?*>=* The present approach provides a rapid
method to characterize the fungal species.

Table 1. List of biomarker ions of Penicillium spores
appearing in MALDI mass spectra

Species Biomarker ions (m/z)

P. expansum 2662, 2880, 3267, 5676, 7242
P. chrysogenum 3140, 5173

P. italicum 2994

P. digitatum 2600, 5211, 7378

P. citrinum 2981, 4988

P. pinophilum 4495, 6069
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Figure 8. MALDI mass spectra of the samples of fungal
spores scratched directly from the surfaces of rotted fruit: (a)
cumquat and (b) orange.

CONCLUSIONS

This work reports the biomarker ions, observed using MALDI-
TOFMS analysis, that represent six Penicillium species.
Based on these biomarker ions, rapid screening of fruit for
contamination by fungal spores, without any tedious sample
pretreatment, was demonstrated. Simply scratching of the
sample from the rotted surface and mixing this sample with
MALDI matrix solution are the only two steps required
before performing the MALDI-TOFMS analysis. Note that
the fungal spores tested in this work are the most common
species found on citrus fruit and apples. The biomarker
ions obtained in this study provide information for a reliable
and rapid identification of the species of fungal spores that
contaminate the surfaces of these fruit when using MALDI-
MS. This approach provides a much more rapid screening
than the traditional methods such as immunoassay.
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