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Abstract

Background: Surface-enhanced laser desorption ionization time-of-flight mass spectrometry (SELDI-TOF-MS) was
applied to analyze the protein profiles in both somatic and metabolic extracts of Aspergillus species. The study was
carried out on some Aspergillus species within the Fumigati section (Aspergillus fumigatus wild-types and natural
abnormally pigmented mutants, and Aspergillus lentulus). The aim was to validate whether mass spectrometry
protein profiles can be used as specific signatures to discriminate different Aspergillus species or even mutants
within the same species.

Results: The growth conditions and the SELDI-TOF parameters were determined to generate characteristic
protein profiles of somatic and metabolic extracts of Aspergillus fumigatus strains using five different
ProteinChips®, eight growth conditions combining two temperatures, two media and two oxygenation
conditions. Nine strains were investigated: three wild-types and four natural abnormally pigmented mutant
strains of A. fumigatus and two strains of A. lentulus. A total of 242 fungal extracts were prepared. The
spectra obtained are protein signatures linked to the physiological states of fungal strains depending on
culture conditions. The best resolutions were obtained using the chromatographic surfaces CM10, NP20 and
H50 with fractions of fungi grown on modified Sabouraud medium at 37°C in static condition. Under these
conditions, the SELDI-TOF analysis allowed A. fumigatus and A. lentulus strains to be grouped into distinct
clusters.

Conclusions: SELDI-TOF analysis distinguishes A. fumigatus from A. lentulus strains and moreover, permits separate
clusters of natural abnormally pigmented A. fumigatus strains to be obtained. In addition, this methodology
allowed us to point out fungal components specifically produced by a wild-type strain or natural mutants. It offers
attractive potential for further studies of the Aspergillus biology or pathogenesis.
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Background
Aspergillus species comprise strains of medical and
industrial importance. Only twenty out of the 250 spe-
cies of the Aspergillus genus were isolated from patients
with fungal diseases. Among them, A. fumigatus is the
most important airborne fungal pathogen involved in
various forms of aspergillosis in humans and animals
[1-3]. Infections caused by this opportunistic and ubi-
quitous fungus can lead to fatal invasive aspergillosis in
immunocompromised hosts with neutrophil deficiencies
[4]. Its potential virulence is still poorly understood but
it is probably associated with multiple and specific fun-
gal factors, (among which its thermotolerance), in com-
bination with host factors [5]. Recently, A. lentulus a
species closely related to A. fumigatus within the Fumi-
gati section, has been described by Balajee et al. [6].
This species has been associated with the same patholo-
gies [7]. Moreover, it is naturally resistant to several
antifungal drugs [8,9].
The availability of a sequenced and annoted genome

of A. fumigatus provided a new starting point to under-
stand the biology of this medically important fungus
[10]. So far, few studies have been published about the
proteomics and modification of protein expression
under different environmental conditions. The techni-
ques used are essentially based on two-dimensional elec-
trophoresis (2DE) which allows the detection and then
the purification of fungal compounds for further identi-
fication. However, even after optimization, this method
is time-and sample-consuming [11,12]. More recently
matrix-assisted laser desorption ionization time of flight
mass spectrometry (MALDI-TOF-MS) which associates
sensitivity and efficacy, has been applied to analyze the
protein composition of fungal proteome [13-18]. This
methodology proved useful for unambiguous identifica-
tion of Aspergillus and Penicillium species [15,16].
Another mass spectrometry approach, the surface-
enhanced laser desorption ionization time-of-flight mass
spectrometry (SELDI-TOF-MS) has not yet been applied
to detect fungal markers. This method provides specific
advantages over conventional MALDI-TOF approaches
as it combines chromatography on plane surfaces and
mass spectrometry. SELDI-TOF-MS is specifically useful
for comparative studies of selected components. The
selective protein retention on the different target sur-
faces of the ProteinChips® arrays allows the rapid analy-
sis of complex mixtures. Since its first description [19],
the SELDI-TOF-MS method has been widely used to
find specific markers in cancerous, cardiovascular, neu-
rological and infectious diseases [20-27]. The SELDI-
TOF technology also proved successful to allow the
identification of a post translational modified form of
vimentin that discriminates infiltrative and non infiltra-
tive meningiomas [28]. In microbiology, SELDI-TOF-

MS was applied on Acidithiobacillus ferrooxidans [29] in
order to better understand the physiological responses
and biological adaptation of this pathogen to environ-
mental conditions. In parasitological research, it was
also applied to study the biological disturbances and
detection of diagnostic markers in African trypanoso-
miasis [30,31].
The strategy of protein expression profiling allows the

selection of proteins of interest or specific biomarkers
and gives information on the best way to purify and
further characterize them. Indeed, the best suited chro-
matographic material and the proper elution conditions
to use for purification of the proteins of interest can be
predicted from the binding behavior of the protein
detected on the ProteinChip® arrays. This technique like
MALDI-TOF requires a minimal amount of proteins
and is really appropriate for high throughput screening,
particularly to distinguish up and down regulated
proteins.
The aim of the present study, after selection of the

culture conditions, was to assess the reliability of
SELDI-TOF-MS method to analyze and discriminate
crude fungal extracts (both somatic and metabolic frac-
tions) of A. fumigatus and A. lentulus. It was also
applied to discriminate natural abnormally pigmented
mutant strains from a reference strain of A. fumigatus
(strain used for annotation of the genome).

Results and discussion
Optimization of the SELDI-TOF parameters
(ProteinChips®, amount of protein, storage of extracts,
reproducibility)
Among the different ProteinChips® tested: CM10, NP20,
H50, Q10, IMAC30-Zn2 and IMAC30-Cu2, only CM10,
NP20 and H50 chips were suitable. Binding of fungal
components to the other ProteinChips® was too weak
to allow efficient profile analysis.
The total amount of proteins spotted on the different

ProteinChips® giving the best peaks resolution was 5 μg
on CM10 and H50 surfaces and 2 μg on NP20 chip.
Each preparation was analysed in duplicate on the Pro-
teinChips®. The spectra obtained from the culture
media alone used as negative controls (concentrated
modified Sabouraud and Czapeck media both without
fungal cultures) did not interfere with the fungal protein
spectra as the backgrounds were very low, few peaks of
very low intensity were detected only under 4 kDa
(Figure 1A).
Sample storage at -20°C did not alter the protein pro-

files (Figure 1B, C). However, as expected but never pre-
viously published to our knowledge for fungal extracts,
the degradation was noticeable if the sample was stored
at 4°C for seven days (Figure 1D). As numerous fungal
proteins are proteolytic enzymes, the sample preparation
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and the storage conditions were of great importance in
comparative studies. A strictly well defined protocol for
the preparation and the rapid freezing at -20°C of the
extracts are essential to preserve native proteins [32].
Due to the absence of protease inhibitors, proteolysis
may occur during sample preparation. However, in the
conditions used to preserve the fungal proteins, we
argued that the possible degradation could be homoge-
nous in all samples and altered slightly the comparative
studies. The coefficient of variation of peak profiles on
CM10 evaluated on three extracts from simultaneous
cultures reached an average of 14.2%, lower reproducibil-
ity was obtained on NP20 (24.6%) and on H50 (35.4%).

Selection of culture parameters: type of fractions,
temperature, medium, oxygenation
In order to select the culture conditions giving an abun-
dance of fungal components qualitatively detected on
chromatographic ProteinChips®, we analyzed the
somatic and metabolic protein patterns on NP20 and
CM10 ProteinChips® of the three wild-types strains of
A. fumigatus (IHEM 9599, IHEM 18963 and IHEM
22145) using eight culture conditions (two temperatures:
25°C and 37°C, two oxygenation conditions: stationary
and shaken culture, two media: modified Sabouraud and
Czapek). Static and shaken fungal cultures were incu-
bated at 37°C for four days and at 25°C for seven days.

Somatic and metabolic extracts
In the metabolic fractions, the total amount of proteins
was at least three times as low as in the somatic frac-
tions. Thus in the secretome (metabolic fractions), spe-
cific proteins in low abundance should be undetected in
the mixture of the two types of extracts [33]. All fungal
extracts from somatic and metabolic fractions obtained
from the three wild-types strains of A. fumigatus were
classified into two distinct clusters, whatever the growth
conditions used (data not shown). As expected, this
result highlights differences in protein profiles between
these two types of extracts.
Temperature, oxygenation and medium
We observed great variations of protein patterns under
various environmental conditions with the samples from
the three wild-types strains of A. fumigatus. The number
of significant differences (p < 0.05) in protein profiles
according to growth conditions used were important
depending on temperature. In our observations, these
differences decreased with oxygenation and medium
respectively.
Temperature
The metabolic and somatic fractions from the three
strains were separated into two distinct clusters accord-
ing to growth temperature. Temperature modified the
protein expressions in the same way for the three strains
examined. Upregulated proteins were 60% higher at 37°
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Figure 1 SELDI-TOF spectra on CM10 ProteinChips® of somatic extract of wild-type A. fumigatus (strain IHEM 22145) grown at 37°C
on modified Czapeck medium. (A) Profile of the negative control (medium without fungal culture); (B) Fungal extract analysed immediately
after preparation; (C) Profile of the same fraction analysed, in the same conditions, after storage at -20°C for seven days; (D) Profile of the same
extract analysed in the same conditions, after storage at 4°C for seven days.
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C versus 25°C in both metabolic and somatic extracts
(Figures 2A and 2B). In our conditions, twenty proteins
were shown to be overexpressed at 37°C versus 25°C
from the three wild-types strains of A. fumigatus strains.
Protein overexpression at 37°C, also documented in our
study, has already been pointed out. Some overexpressed
proteins have been supposed to be involved in A. fumi-
gatus virulence [34]. Essential genes for growth at 37°C
have already been identified, and have been shown to
play an important role in A. fumigatus survival and dis-
semination during invasive aspergillosis [35,36].
Oxygenation
On CM10 and NP20 ProteinChips®, two distinct clus-
ters were obtained depending on oxygenation conditions

for all the fungal samples analyzed whatever the tem-
perature and media applied to growth conditions (data
not shown).
Oxygen and a functional respiratory chain have been

demonstrated to be essential for the germination process
and mycelial development of A. fumigatus [37]. The
protein patterns for both the metabolic and somatic
fractions are notably influenced by oxygenation. From
cultures with modified Sabouraud medium at 37°C, we
observed 65 significant peaks out of 122 between static
and shaken cultures for the somatic A. fumigatus
extracts and 55 out of 112 for the metabolic fractions (p
< 0.05) (data not shown). Aspergillus fumigatus is
exposed to rapid changes in hypoxic conditions at sites

25°C 25°C37°C 37°C
A
Metabolic 
fractions

B
Somatic 
fractions

Strain N°

Figure 2 Proteomic analysis of the temperature effects. The hierarchical clustering obtained on CM10 ProteinChips® with metabolic extracts
(A) and somatic extracts (B) with the three wild-type A. fumigatus strains (IHEM 18963, IHEM 22145, IHEM 9599). The three extracts, one for each
strain, obtained at 25°C (in red) and at 37°C (in blue) are indicated on the top of the figure. Values on the right indicate the molecular mass of
protein differentially expressed according to the laser intensities used (in red 2000 nanoJoule (nJ) and in blue 4000 nJ). Two clusters were
observed according to growth temperatures with the metabolic and the somatic extracts. Higher number of proteins was up regulated at 37°C
than at 25°C in both fractions. In the dendrograms shown, the red, black or green colour indicates that the relative intensity of the protein
concentration is respectively higher, intermediate or lower than the mean value.

Pinel et al. BMC Microbiology 2011, 11:172
http://www.biomedcentral.com/1471-2180/11/172

Page 4 of 10



of inflammation. The response to stressful conditions is
likely to be an important virulence attribute of this
pathogenic mold [5,38].
Medium
On modified Sabouraud medium the number of upregu-
lated proteins was higher than in the modified Czapeck
medium for the three wild-types strains of A. fumigatus.
The medium composition obviously acts on fungal
growth. The medium influence has already been shown
using 2-D electrophoresis for A. fumigatus [12] and
MALDI-TOF analysis for A. oryzae [39].
In conclusion, the results obtained clearly show that

A. fumigatus proteome is dynamic and will adapt to its
immediate environment as described for Aspergillus
nidulans [40] and bacteria [41]. The three strains of A.
fumigatus responded in the same way according to the
variations of environmental factors such as temperature,
medium and oxygenation. For comparative analysis
applied to discriminate strains and species, the modified
Sabouraud medium and incubation temperature at 37°C
were selected.

Comparison of atypical pigmented A. fumigatus strains
versus a wild reference strain
Fewer fungal proteins were retained on H50 ProteinCh-
ips®. As pigmented structures and fungal surface layer
consist mainly of hydrophobic proteins [42], H50 Pro-
teinChip® was chosen in association with CM10 to com-
pare the profiles obtained from one reference wild-type
strain of A. fumigatus (IHEM 18963/Af 293) and four
abnormally pigmented strains: three white strains (IHEM
2508, IHEM 9860 and IHEM 13262) and one brown
strain (IHEM 15998). Fungal extracts were obtained from
three sets of cultures started simultaneously and one set
started another day. These cultures were performed on
modified Sabouraud medium at 37°C. Since pigments are
produced during conidia formation (static culture), we
maintained the two oxygenation conditions allowing the
analysis of proteins from hyphae and conidia (static cul-
ture) and from hyphae (shaken culture).
A previous study on these strains [42] has shown that

for two of the three white mutants investigated, the
ALB1 gene involved early in the melanin synthesis steps
has mutated. For the brown mutant, a point mutation in
the ARP2 gene involved in a later step of the melanin
synthesis has been observed. These three strains pre-
sented white or brown powdery colonies. For the strain
IHEM 13262, we observed poor conidiation and velvety
colonies.
As previously observed with the three wild-type

strains, the software classified 100% of the metabolic
and somatic samples into two clusters in function of
oxygenation conditions with the two types of ProteinCh-
ips® used (CM10 and H50).

Furthermore, the SELDI-TOF-MS analysis of meta-
bolic extracts obtained from static cultures performed
on CM10 and on H50 ProteinChips® resulted in the
classification of the five A. fumigatus strains (wild-types
and mutants) in five clusters. Figure 3 illustrates the dis-
crimination of the metabolic fractions obtained in static
culture from the five strains on CM10 ProteinChip®.
Using this ProteinChip® with the five strains under
study, eighteen proteins obtained from the metabolic
fractions (shaken and static cultures) and thirteen from
the somatic extracts (shaken and static cultures)
expressed differently (p < 0.05). Some of them were spe-
cifically found in the extracts from the wild-type strain
in the metabolic and in somatic fractions. On H50 sur-
faces, only twelve proteins expressed in significantly dif-
ferent ways in the 2 types of extracts.
An example of differentially expressed proteins found

is illustrated in Figures 4A and 4B with the CM10 Pro-
teinChips®. A protein with a molecular mass of around
7000 Da was detected in the somatic extracts from the
wild-type strain with both ProteinChips® used (p <
0.021) but not in the extracts obtained from the four
abnormally pigmented A. fumigatus strains (Figure 4 A).
On the contrary, a protein with a molecular mass of
around 8530 Da was found to be secreted by all four
mutants in metabolic fractions from static cultures
where pigment and conidia were developed (p < 0.039)
but was not detected in metabolic fractions obtained
from the wild-type strain as shown in Figure 4B. Its
relation to pigmentation or induction or repression of
other genes remains to be established.
The SELDI-TOF comparison of these four natural

mutants with the wild-type reference strain is powerful.
This analysis indicated protein masses of interest which
could open further investigations in the comparative
study between mutants and wild-type strains. As
observed, this method is highly suitable to separate low
molecular weight compounds and could provide com-
plementary data to other analytical techniques [43].
Thus, as described for bacteria [25], this method may be
also suitable to discriminate isolates within the same
species.

Comparison of A. fumigatus and A. lentulus extracts
In addition to the separation of strains within the same
species, we applied hierarchical clustering to differenti-
ate A. fumigatus from A. lentulus, a closely related spe-
cies from the Fumigati section, using CM10 and NP20
ProteinChips® chosen for to their good reproducibility.
Metabolic extracts (from seven different sets of experi-
ments: six grown simultaneously and one independently)
from A. fumigatus and A. lentulus strains were classified
into distinct clusters on CM10 (Figure 5) as well as on
NP20 ProteinChips® (not shown). Ten out of 101
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proteins showed over expression only in the A. fumiga-
tus extracts (Figure 5). Somatic extracts from the two
Aspergillus species were also separated into two distinct
clusters according to the species. However, the somatic

extracts from the two A. lentulus strains were not com-
pletely separated (not shown). The best resolution was
obtained with the metabolic samples on CM10 Pro-
teinChip®, perfect distinction was obtained between the
two species and between the two isolates within the
same species (Figure 5).
Even if these two species are morphologically very

similar, it has been shown that they display differences
in their cell wall composition, i.e. A. lentulus contains
less chitin than A. fumigatus [9], is less thermotolerant
and produced different secondary metabolites. The coni-
dium surface is smooth and lack hydrophobic rodlet
layer. These biochemical and structural differences
could explain a distinguishable protein pattern.

Conclusions
The qualitative and quantitative results provided by
SELDI-TOF-MS can be obtained in a rapid, sensitive
and reproducible way if careful and standardized proce-
dures are used for sample preparation and storage. The
spectra obtained on CM10 chip essentially are protein
signatures representative of the strains and of their phy-
siological states. The proteomic analysis allows the dis-
tinction of not only the closely related species A.
fumigatus and A. lentulus but also natural mutants
within the A. fumigatus species. Furthermore, it could
be an analytical tool in the research of molecular
mechanisms involved in the physiopathology of A. fumi-
gatus. It could be also a powerful method for quality
control of antigenic extracts for diagnosis purposes.

Methods
Fungal strains
All the strains detailed in Table 1 were referenced and
preserved in the BCCM/IHEM Collection of the Scienti-
fic Institute of Public Health, Brussels, Belgium (http://
bccm.belspo.be/db/ihem_search_form.php). They con-
sisted of three wild-type strains of A. fumigatus (WT),
including strain Af 293 used for genome sequencing of
A. fumigatus and four natural abnormally pigmented
strains of A. fumigatus (M) among which one brown
and three white strains. All the isolates were identified
by macroscopic and microscopic morphology. Their
identification was confirmed by internal transcribed
spacers (ITS) regions of ribosomal DNA gene and by b-
tubulin gene sequencing [8,44]. Two A. lentulus strains
came from the CBS collection (Centraalbureau voor
Schimmelcultures, Utrecht, The Netherlands).

Culture conditions
In order to optimize the growth condition for the char-
acterization of protein extracts from A. fumigatus, eight
culture conditions were selected: two temperatures cor-
responding to those used for sample cultures in medical

Figure 3 Proteomic comparison between abnormally pigmented
strains and a wild-type reference strain of A. fumigatus on CM10
ProteinChips®. Hierarchical classification of metabolic extracts
obtained in static culture for the five strains grown on modified
Sabouraud medium at 37°C: white M IHEM 9860 (orange), reference
WT strain IHEM 18963 (green), white M IHEM 13262 (red), white M
IHEM 2508 (yellow) and brown M IHEM 15998 (blue). The proteins
differentially expressed (p < 0.05) were listed on the right of the figure
with laser intensities of 2500 nJ (in red) and of 4500 nJ (in blue).
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mycology (25°C and 37°C), two media (modified Sabour-
aud and modified Czapeck), and two oxygenation condi-
tions (static and shaken cultures). Modified Sabouraud
medium consisted of dextrose 20 g/l, neopeptone 10 g/l,
MgSO4 0.5 g/l, KH2PO4 0.5 g/l, oligoelements solution
1 ml of the following solution: H3BO3 58 mg/l, CuCl2.
2H2O 270 mg/l, MnCl2.4H2O 78 mg/l, ZnCl2 4.2 mg/l,
FeCl2.4H2O 3 mg/l, (NH4)6Mo7O24.4H2O 0.2%. Modi-
fied Czapek medium consisted of saccharose 15 g/l,
yeast nitrogen base 1 g/l, brain heart 1 g/l, NaNO3 3 g/l,
K2HPO4 1 g/l, KCl 0.5 g/l, MgSO4 0.5 g/l, FeSO4.7H2O
0.01 g/l). Both media were home-made. The strains
were grown at 25°C for seven days and at 37°C for four
days. The oxygenation conditions corresponded to static
culture (Roux Flasks) and to shaken culture (gyratory
shaker at 150 rpm).

Preparation of fungal protein extracts
Fungal mycelium and conidia were collected from Roux
flask and filtered on a folded Whatman filter (Schleicher
& Schuell 10311853). Shaken cultures were also filtered
in the same conditions to separate growth medium from
mycelium.
Somatic proteins were mechanically extracted from

the fungus mycelium with Ultraturrax in NH4HCO3

buffer 0.4%, shaken overnight at 4°C and centrifuged at
10 000 g. The supernatant was concentrated with Ami-
con Ultra UFC900324 (Millipore, USA). The amount of
protein was estimated by colorimetry (Biophotometer
Eppendorf) using QuickStart Bradford Dye Reagent
(Bio-Rad protein assay 500-0205) with Bovine Serum
Albumin as standard (Bio-Rad 500-026). The average of
protein fraction in the extracts was 60% to 70% (wt/wt).
The metabolic extracts were directly concentrated

from the culture medium with Amicon Ultra. The
extracts were freeze dried for long-term stability (freeze
dryer Christ Epsilon 1D, Germany).
In order to assess the variability of the protein expres-

sion, the extracts from the strains listed in Table 1 were
prepared from three cultures performed simultaneously
and from two to four cultures performed at different
days.

SELDI-TOF-MS analysis
To analyze the fungal spectra using SELDI-TOF-MS, the
extracts were applied to weak cation exchange (CM10),
normal silicate surface (NP20), reverse phase (H50),
strong anion exchange (Q10) and immobilized metal
affinity capture (IMAC30-Cu2 or IMAC30-Zn2) Pro-
teinChips® in 96-sample bioprocessors (Bio-Rad

A

WT 18963

WM 2508

BM 15998

WM 9860

WM 13262

B

Figure 4 Examples of SELDI-TOF spectra of differentially expressed proteins on CM10 ProteinChips®. A: The protein profile showed a
protein of 7034 Da mostly expressed by the wild-type strain in the somatic fraction obtained from shaken culture, B: A peak around 8530 Da
was detected only in the metabolic fractions obtained from static cultures of the four abnormally pigmented A. fumigatus strains (IHEM 2508,
15998, 9860 and 13262). WT: wild-type, WM: White mutant, BM: Brown mutant.
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Laboratories, Hercules, CA, USA). All these surfaces
were tested in order to select those retaining a large
number of fungal compounds with a good resolution.
The ProteinChips® preparation, samples and matrix

application were performed according to the manufac-
turer’s instructions with slight modifications described
below.
The freeze-dried samples were diluted with sterile dis-

tilled water in order to obtain 1 μg of total protein/μL.
To preserve proteins from enzymatic degradation, the
dilutions were immediately stored at -20°C until use.
Five μg of sample were first diluted (1/20) in binding
buffer and loaded on CM10, Q10, H50 and IMAC30-
Cu2 or IMAC30-Zn2 ProteinChip then incubated for
1hr at room temperature. The unbound proteins were
removed by washing three times with 200 μL of the
same buffer, the ProteinChips® were quickly rinsed with
pure water and left to dry. For NP20 ProteinChips® , 2
μL of sample were applied on the spot and left to dry,
and then washed three times with 5 μL of water. Matrix
(100% saturated solution of sinapinic acid in 0.5% tri-
fluoroacetic acid/50% acetonitrile) was applied to each
spot (twice 0.8 μL). The absorbed proteins were then
analyzed on a ProteinChip Reader (series 4000, Bio-Rad
Laboratories, Hercules, CA, USA). Spectra were
obtained using two different acquisition protocols, for
low (2.5-14 kDa) and high (14-400 kDa) molecular mass
proteins, respectively. External mass calibration was per-
formed with ProteinChip All-in-One Protein Standard II
(Bio-Rad, laboratories, Hercules, CA, USA). Peak anno-
tation was performed after base-line subtraction, noise
calculation, and normalization by total ion current
(TIC). Peak detection was achieved with ProteinChip
Data Manager Software and only peaks with a signal-to-
noise ratio > 5 were used for analysis (Bio-Rad Labora-
tories, Hercules, CA, USA).

Statistical analysis
Statistical analyses were performed using ProteinChip
Data Manager 3.0 software (Bio-Rad Laboratories, Her-
cules, CA, USA). All the spectra were compiled, and
qualified mass peaks (signal-to-noise ratio > 5) with
mass-to-charge ratio (m/z) between 2.5 kDa and 250
kDa were auto detected. P-values were calculated using
non parametric Mann-Whitney U-test, which tests the
null hypothesis that the medians of the peak intensities
of the groups are equal. A p-value less than 0.05 was
accepted as statistically significant. The difference was
also examined by hierarchical clustering.
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