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Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI–TOF MS) was used
to generate highly reproducible mass spectral fingerprints for 12 species of fungi of the genus Aspergillus
and 5 different strains of Aspergillus flavus. Prior to MALDI–TOF MS analysis, the fungi were subjected to
three 1-min bead beating cycles in an acetonitrile/trifluoroacetic acid solvent. The mass spectra contain
abundant peaks in the range of 5 to 20 kDa and may be used to discriminate between species unambig-
uously. A discriminant analysis using all peaks from the MALDI–TOF MS data yielded error rates for clas-
sification of 0 and 18.75% for resubstitution and cross-validation methods, respectively. If a subset of 28
significant peaks is chosen, resubstitution and cross-validation error rates are 0%. Discriminant analysis of
the MALDI–TOF MS data for 5 strains of A. flavus using all peaks yielded error rates for classification of 0
and 5% for resubstitution and cross-validation methods, respectively. These data indicate that MALDI–
TOF MS data may be used for unambiguous identification of members of the genus Aspergillus at both
the species and strain levels.

Published by Elsevier Inc.
There are approximately 180 recognized species of the genus
Aspergillus, making it one of the most common and widely distrib-
uted genera of fungi in the world. More than 40 species of Aspergil-
lus have been isolated from humans [1], and these fungi are
important in industry, agriculture, and public health. Some species
of Aspergillus (notably A. oryzae and A. niger) are used in brewing,
food production, and the production of important industrial en-
zymes [1,2]. Others (including A. flavus, A. parasiticus) are responsi-
ble for aflatoxin production in crops (e.g., corn, peanuts, cotton)
and feed that can cause injury to livestock, pets, and humans
[1,3,4]. As many as 40 species of Aspergillus have been identified
as causative agents of opportunistic infections in humans. Of these,
A. fumigatus, A. flavus, and A. niger are the most common [1,3,5,6]
and can cause allergy and/or infection in humans. Invasive asper-
gillosis may occur in immunocompromised hosts, and the inci-
dence of these infections is on the rise [6].

Fungal identification is still based largely on micro- and macro-
scopic examination of morphological and culture characteristics
[1] that require subjective evaluation and are potentially biased.
Because of the large number of species in the genus Aspergillus,
the subjective nature of current identification protocols, and the
Inc.
significant health and economic impact of Aspergillus, new molec-
ular technologies for the identification of fungi are of significant
interest. New applications, such as DNA barcoding [7] and mass
spectrometry fingerprinting, may prove to be of great utility for
fungal identification.

Mass spectrometry fingerprinting using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI–
TOF MS)1 [8–10] has proven to be a powerful tool for the analysis
of microbiological samples such as bacteria [11–16]. Previous stud-
ies in our laboratory have demonstrated the ability to discriminate
between medically relevant mycobacteria such as Mycobacterium
tuberculosis at both the species and strain levels on the basis of MAL-
DI–TOF MS analysis [17,18].

Although mass spectrometry-based identification has been ap-
plied extensively to bacteria, comparatively little has been pub-
lished on mass spectrometry-based strategies for fungal
identification [19–23]. Li and coworkers have presented the MAL-
DI–TOF mass spectra of 4 species of Aspergillus (A. flavus, A. oryzae,
A. parasiticus, and A. sojae) [23] and demonstrated that different
1 Abbreviations used: MALDI–TOF MS, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry; CHCA, a-cyano-4-hydroxycinnamic acid; TFA,
trifluoroacetic acid; HPLC, high-performance liquid chromatography; NIOSH, National
Institute for Occupational Safety and Health; ATCC, American Type Culture Collection.
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Table 2
Strains of the species A. flavus used in this study

Species NIOSH or ATCC catalog number Label

A. flavus 15224 a
A. flavus 15417 b
A. flavus (16883) c
A. flavus 34689 d
A. flavus PRC86N e

Note. ATCC catalog number is in parentheses.
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mass spectra were obtained from aflatoxigenic and nonaflatoxi-
genic strains and that closely related species produced similar
mass spectra. In a previous article, we described a novel MALDI–
TOF MS-based strategy for the identification of fungi of the genus
Penicillium (J. M. Hettick et al., manuscript in preparation). A bead
disruption step prior to MALDI matrix/sample deposition resulted
in a significant improvement in number and relative abundance
of observed mass-to-charge (m/z) ratios. Here we apply a similar
methodology to an extensive analysis of 16 fungal isolates of the
genus Aspergillus, including 12 species and 5 different isolates of
A. flavus.

Materials and methods

Reagents

Angiotensin II (human), insulin oxidized B chain (bovine), cyto-
chrome c (equine), albumin (bovine serum), a-cyano-4-hydroxy-
cinnamic acid (CHCA), and trifluoroacetic acid (TFA) were
purchased from Sigma–Aldrich (St. Louis, MO, USA). Acetonitrile
(high-performance liquid chromatography [HPLC] grade) was pur-
chased from Fisher Scientific (Fairlawn, NJ, USA). Malt extract agar
was purchased from Difco (Sparks, MD, USA). Distilled deionized
water was produced by a Millipore Synthesis A-10 (Billerica, MA,
USA).

Fungal culture

A total of 12 species of Aspergillus (Table 1) and 5 isolates of A.
flavus (Table 2) were subcultured from National Institute for Occu-
pational Safety and Health (NIOSH) or American Type Culture Col-
lection (ATCC) stock sources and grown for 14 days on malt extract
agar. To ensure reproducibility, 8 independent cultures were per-
formed for each isolate for a total of 128 individual fungal cultures.
Conidia and hyphae from one culture plate (�108 cells) were trans-
ferred to 100 ll of 0.1-mm zirconium beads (Biospec, Bartlesville,
OK, USA) and 1 ml of acetonitrile/4% TFA (50:50). The samples
were subjected to three 1-min bead beating cycles. The resulting
solution was centrifuged at 14,500 rpm for 10 min, and the super-
natant was taken for MALDI–TOF MS analysis.

Mass spectrometry

MALDI–TOF MS samples were prepared by mixing supernatant
1:1 with 10 mg/ml CHCA. Then 1 ll of the resulting solution was
deposited on a gold sample stage (Bio-Rad, Hercules, CA, USA)
and allowed to air dry. Each sample was analyzed in duplicate
for a total of 16 composite MALDI–TOF mass spectra per isolate.
MALDI–TOF mass spectra were acquired using a Ciphergen PBS-
IIc linear TOF mass spectrometer (Bio-Rad) with a flight path of
Table 1
Species of the genus Aspergillus used in this study

Species NIOSH or ATCC catalog number Label

A. candidus 172824 A
A. chevalieri 198601 B
A. flavus (16883) C
A. fumigatus 173037 D
A. nidulans 152208 E
A. niger 172804 F
A. parasiticus (26691) G
A. repens 198603 H
A. sydowii 324605 I
A. terreus 173031 J
A. ustus 198608 K
A. versicolor 324606 L

Note. ATCC catalog numbers are in parentheses.
0.8 m, capable of mass resolution (m/Dm) of 500 to 1000 and mass
accuracy of ±1000 ppm. Spectra were acquired over the m/z range
of 0 to 100 kDa, with the delayed extraction parameters set to opti-
mally focus the 10- to 20-kDa range. Composite mass spectra are
the average of 100 laser shots taken from 20 distinct positions
across the sample deposit. These positions were held constant for
all samples used in this study, and 337-nm N2 laser intensity
was maintained just above the threshold for ion production. Mass
spectra were externally calibrated using a set of peptide and pro-
tein calibrants that covered the range of 1 to 66 kDa.

Data analysis

Initial data analysis was performed using the Biomarker Wizard
(Bio-Rad) software suite. Spectra were baseline corrected and nor-
malized to total ion current. ‘‘Clusters” of peaks common to a given
isolate were generated by selecting all peaks with signal-to-noise
(S/N) ratios greater than 5 that occurred in each spectrum from
that isolate. The mass tolerance for each cluster was set to 0.3%
of the m/z. Linear discriminant functions were analyzed using
SAS/STAT software (version 9.1 of the SAS system for Windows,
SAS Institute, Cary, NC, USA). The intensity values were first tested
for their distribution and found to be log normal, so a natural log
transformation was used on the intensity values. A stepwise vari-
able selection method using the ‘‘PROC STEPDISC” procedure,
which selects a subset of the variables of interest using a stepwise
discriminant analysis (keeping the most significant variables from
iterative F tests), was then performed to select a subset of variables
that could serve as predictor variables for class membership. Using
this new subset of significant peaks, ‘‘PROC DISCRIM” was used to
determine the classification error rate between species and strains
of Aspergillus. This is done by calculating a discriminant function
that allows each data point to be compared with all other data
points for cross-validation classification. This process is done iter-
atively for each data point individually. This procedure was fol-
lowed by the ‘‘PROC CANDISC” procedure, which reduces the
number of dimensions to find linear combinations of the variable
set that also summarizes between-class variation, to perform a
canonical discriminant analysis on that subset of variables. This
creates new variables by taking linear combinations of the original
variables and aids in determining the true underlying dimension of
the data space. The canonical functions generated allow the calcu-
lation of canonical scores, which can be used to discriminate be-
tween the various strains. Using the same subsets of variables,
cluster analysis was then performed using the ‘‘PROC CLUSTER”
procedure, which uses distances between data points to form hier-
archical clusters, and a dendrogram was generated using the
‘‘PROC TREE” procedure, which uses the data set from ‘‘PROC CLUS-
TER” to produce a dendrogram.

Results and discussion

The MALDI–TOF fingerprint mass spectra for 12 species of
Aspergillus are presented in Figs. 1–3. In general, the fingerprint
mass spectra contain abundant peaks covering the m/z range of
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Fig. 2. MALDI–TOF MS fingerprint spectra of A. nidulans (E), A. niger (F),
A. parasiticus (G), and A. repens (H).
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Fig. 1. MALDI–TOF MS fingerprint spectra of A. candidus (A), A. chevalieri (B),
A. flavus (C), and A. fumigatus (D).
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Fig. 3. MALDI–TOF MS fingerprint spectra of A. sydowii (I), A. terreus (J), A. ustus (K),
and A. versicolor (L).
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1 to 20 kDa with the exception of A. chevalieri and A. niger (Figs. 1B
and 2F, respectively). The fingerprint mass spectrum of A. chevalieri
has only a few low-abundance peaks in the m/z range of 5 to
15 kDa. The fingerprint mass spectrum of A. niger has only two
low-abundance peaks at approximately m/z 7 kDa. These observa-
tions are consistent with previous studies in our laboratory and
others demonstrating that melanized (dark-spored) fungi, such as
A. niger and many species of Stachybotrys and Epicoccum, produce
poor fingerprint mass spectra. In 2002, Valentine and coworkers
[21] reported difficulty in observing biomarkers in the MALDI–
TOF mass spectra of A. niger even with sample pretreatment. These
researchers did not report a mass spectrum for A. niger, making it
difficult to compare with the current results. It is important to note
that in spite of the poor relative abundance and paucity of peaks
observed in the fingerprint mass spectra of A. chevalieri and A. ni-
ger, the spectra are reproducible and can be used to discriminate
the 2 species from each of the others in this study.

Li and coworkers presented the MALDI–TOF MS fingerprint
mass spectra of 4 species of Aspergillus (A. flavus, A. parasiticus, A.
oryzae, and A. sojae) [23]. Of these species, we examined A. flavus
(Fig. 1C) and A. parasiticus (Fig. 2G). Although the fingerprint mass
spectra from the two reports are similar, there are some significant
differences. The spectra reported by Li and coworkers contain few-
er m/z peaks than do those presented here. This is most likely due
to the bead disruption sample pretreatment step employed in our
laboratory. Early experiments in our laboratory yielded much less
complex fingerprint mass spectra for fungi than for bacteria. Thus,
we have incorporated bead disruption in an effort to increase the
information content of our MALDI–TOF MS data (J. M. Hettick
et al., manuscript in preparation). Other factors that may influence
the appearance of MALDI–TOF fingerprint data include culture con-
ditions, MALDI sample preparation, and mass spectrometry instru-
mentation. The MALDI fingerprint mass spectra of microorganisms
have been demonstrated to vary with the choice of growth media
[24,25]. For this reason, it is important to keep culture conditions
constant when developing a database of fingerprint mass spectra.

The error rates for species prediction based on the MALDI–TOF
MS dataset were calculated using both resubstitution and cross-
validation methods. In resubstitution, the discriminant function is
fitted to the dataset and then applied to each observation. In con-
trast, cross-validation deletes the observation, fits the discriminant
function to the remaining dataset, and then applies the function to
the deleted observation. Resubstitution tends to underestimate clas-
sification error, whereas cross-validation is unbiased and preferred
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Fig. 4. Two-dimensional canonical discriminant plot for MALDI–TOF MS data from
12 species of Aspergillus: (A) A. candidus; (B) A. chevalieri; (C) A. flavus; (D) A.
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Discrimination of Aspergillus isolates / J.M. Hettick et al. / Anal. Biochem. 380 (2008) 276–281 279
for large datasets [26]. A discriminant analysis using all peaks from
the MALDI–TOF MS data yielded error rates for classification of 0
and 18.75% for resubstitution and cross-validation methods, respec-
tively. If a subset of 28 significant peaks is chosen, resubstitution and
cross-validation error rates are 0%. The m/z values of these peaks (in
order of decreasing significance) are 9192.55, 8648.68, 8410.89,
7703.10, 6881.57, 10029.54, 2563.83, 4036.72, 8328.31, 4298.99,
9878.48, 46559.12, 9593.48, 13475.39, 12262.94, 4349.47,
8862.55, 6585.83, 3040.53, 7412.16, 11870.63, 6517.06, 21821.91,
3557.38, 2126.38, 5859.69, 4131.42, and 8575.93.

The results of a canonical discriminant analysis of the MALDI–
TOF MS fingerprint data are presented in Fig. 4. In this figure, the
results of the canonical discriminant analysis are plotted for each
of 8 replicate cultures of each species. Each culture is represented
by a capital letter corresponding to that species. All 8 spectra from
Fig. 5. Cluster analysis dendrogram for MALDI–TOF MS data from 12 species of Aspergillu
niger; (G) A. parasiticus; (H) A. repens; (I) A. sydowii; (J) A. terreus; (K) A. ustus; (L) A. vers
each species cluster together and are spatially resolved from those
of other species. This is a useful tool for reducing the complex set of
m/z and relative abundance values into an easily understandable
two-dimensional scatterplot highlighting the differences between
species.

In a similar fashion, Fig. 5 presents the cluster analysis dendro-
gram derived from this same dataset. Here each spectrum for the 8
replicate cultures is represented by a point on the x axis and is
grouped by lateral brackets with the next most similar MALDI–
TOF mass spectrum or group of spectra. In most cases, each MAL-
DI–TOF mass spectrum for a species clusters with the other 7 spec-
tra from that species. For example, the mass spectrum for each
individual culture of A. repens is clustered most closely with spec-
tra from other A. repens cultures (Fig. 5, H1–H8); similarly, each
culture of A. versicolor clusters with other cultures of A. versicolor
(Fig. 5, L1–L8). Fig. 5 may be examined in a hierarchical manner.
For example, the MALDI–TOF mass spectra of A. repens and A. ver-
sicolor (Figs. 5H and 5L, respectively) are more similar to one an-
other than to other species. Continuing ‘‘up” the cluster chart,
the mass spectra of A. repens and A. versicolor are more similar to
A. candidus and so on. Examination of the MALDI–TOF fingerprint
mass spectra of these species in Figs. 1–3 suggests that these spe-
cies share many m/z in common and with similar relative abun-
dances. As the MALDI–TOF fingerprint mass spectra become
more dissimilar, the species move apart from one another along
the x axis of Fig. 5. It should be noted that 2 species, A. chevalieri
and A. niger, are not completely resolved by the cluster analysis.
These are the 2 melanized species with relatively poor MALDI–
TOF fingerprint mass spectra. Because these 2 species have com-
paratively little data on which to base the clustering, it is perhaps
not surprising that the algorithm does not resolve them.

Previous studies in our laboratory with mycobacteria have
demonstrated the ability to discriminate between bacteria at
the strain level [18]. Fig. 6 presents the MALDI–TOF fingerprint
mass spectra of 5 strains of the invasive pathogenic and afla-
toxin-producing fungus A. flavus (4 from geographically distinct
s: (A) A. candidus; (B) A. chevalieri; (C) A. flavus; (D) A. fumigatus; (E) A. nidulans; (F) A.
icolor.
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areas and 1 ATCC-type strain). Although the MALDI–TOF finger-
print mass spectra are very similar, some differences are ob-
served, most notably in the region of 7 to 10 kDa. In spite of
the high degree of similarity between strains, a canonical discrim-
inant analysis was able to resolve the 8 spectra from each strain
(Fig. 7). The spectra for A. flavus strain D (NIOSH isolate no.
34689) are particularly well resolved due to the contribution of
the strong peak at m/z 9158. Discriminant analysis of the MAL-
DI–TOF MS data for 5 strains of A. flavus using all peaks yielded
error rates for classification of 0 and 5% for resubstitution and
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Fig. 7. Two-dimensional canonical discriminant plot for MALDI–TOF MS data from
5 strains of A. flavus: (a) NIOSH no. 15224; (b) NIOSH no. 15417; (c) ATCC no. 16883;
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cross-validation methods, respectively. Although using a subset
of significant peaks for identification was preferred for the larger
dataset of 12 species, in this smaller dataset that method gives
100% error for strain identification. This is because the subset of
7 peaks selected is shared in common between all strains of A.
flavus. These common m/z values are 9158.80, 5303.71, 4041.14,
4084.56, 4200.13, 8191.02, and 4421.21. In this case, all peaks
in the fingerprint spectra must be considered to correctly identify
the individual A. flavus strains.

Conclusions

MALDI–TOF MS was used to generate highly reproducible
mass spectral fingerprints for 12 species of fungi of the genus
Aspergillus and 5 different strains of A. flavus. Discriminant analy-
sis of the MALDI–TOF MS data was able to correctly classify each
Aspergillus species with 100% accuracy and was able to correctly
classify strains of A. flavus with 95 to 100% accuracy. These data
indicate that MALDI–TOF MS data may be used for unambiguous
objective identification of members of the genus Aspergillus at
both the species and strain levels. For large datasets with signif-
icant differences in MALDI–TOF mass spectra between species, a
subset of ‘‘most significant” peaks allows 100% identification
accuracy; however, all of the peaks in the dataset must be in-
cluded to accurately identify highly similar fingerprint mass spec-
tra such as those from different strains of the same species. To
correctly identify unknown species and strains, a comprehensive
database of fungal fingerprint mass spectra of the approximately
180 species of Aspergillus will need to be established. However,
the current study clearly demonstrates the utility of the method-
ology for discrimination between species and strains of Aspergil-
lus. MALDI–TOF MS-based fingerprinting is an objective
analytical methodology that will complement current subjective
identification techniques, which are based on observation of col-
ony morphology.
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