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Abstract

We consider the problems of using excessive growth media for identification and performing objective identification of fungi at the species
level. We propose a method for choosing the subset of growth media, which provides the best discrimination between several fungal species.
Furthermore, we propose the use of multi-spectral imaging as a means of objective identification.

Three species of the fungal genus Penicillium are subject to classification. To obtain an objective classification we use multi-spectral images.
Previously, RGB images have proven useful for the purpose. We use multi-spectral bands as they provide additional information about the
chemistry of the fungal colonies. In this study three media [Czapek yeast extract agar (CYA), oatmeal agar (OAT), and yeast extract sucrose agar
(YES)] have been compared on their ability to discriminate between the three species. We propose a statistical method to test which medium or
combination of media gives the best discrimination.

Statistical tests indicate that YES combined with CYA is the best choice of media in this case. However, for the objective identification one
medium is sufficient to discriminate between the species. Statistical tests show that there are significant differences between the species on all
individual media, and that these differences are largest on YES. The objective identification has been performed solely by means of digital image
analysis. The features obtained from the image analysis merely correspond to macro-morphological features. The species have been classified
using only 3–4 of the spectral bands with a 100% correct classification rate using both leave-one-out cross-validation and test set validation.
© 2007 Published by Elsevier B.V.
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1. Introduction

Penicillium is one of the most important fungal genera. Many
species are used for production of important drugs, such as
penicillin and compactin, while others are used for food fermen-
tations, such as Penicillium roqueforti for blue mold cheeses,
P. camemberti for white mold cheeses, and P. nalgiovense for
mold fermented salami (Frisvad and Samson, 2004). Many other
species can cause food and feed spoilage and deterioration of
other stored materials. Several of these species can furthermore
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produce mycotoxins in those foods and feeds and in indoor
construction materials (Samson et al., 2004; Rand et al., 2005).

Correct classification and identification at the species level is
of paramount importance in order to be able to predict positive
characteristics of fungi used in biotechnology or in order to
predict and prevent mycotoxin formation. However, it has often
been reported that most of the features used for classification and
identification of fungi are highly subjective, especially macro-
morphological features (Raper and Thom, 1949; Pitt, 1979a;
Ramirez, 1982; Samson and Frisvad, 1993). Often minute
differences in spore color, colony texture, diffusible pigments,
and guttation droplets are used to identify new isolates to species
level, occasionally leading to misidentifications (Frisvad et al.,
2006). Colony colors, especially the different green colors of the
conidia en masse of Penicillium, is often used as an important
criterion for species identity and these colors can be determined
using comparison to color handbooks, an inherently subjective
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Table 1
IBT numbers of the twelve Penicillium isolates

Isolates Species

P. mel P. pol P. ven

a 3445 22,439 23,039
b 21,534 15,982 21,549
c 3443 14,320 16,215
d 10,031 11,383 16,308

1 http://www.videometer.com.
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measurement (Christensen et al., 1994). Conidium color is also a
criterion that is dependent on growth medium, length of
incubation, illumination of the colonies and other environmental
factors, and even within a single fungal colony, colors may vary
from the center to the margin of the colony (Raper and Thom,
1949). Clearly, objective methods are needed concerning macro-
morphology and some attempts at this have been reported
(Dorge et al., 2000; Hansen and Carstensen, 2003, 2004; Hansen
et al., 2003). For the usual subjective recordings of the features,
several diagnostic media are used in Penicillium taxonomy
(Raper and Thom, 1949; Pitt, 1979a; Ramirez, 1982; Frisvad and
Samson, 2004), but it is time consuming and expensive to use a
large number of identification media, so new methods are
needed in order to choose the one or maybe two media, that are
optimal for accurate identifications.

Three media [Czapek yeast extract agar (CYA) (Pitt, 1979b),
oatmeal agar (OAT)(Samson et al., 2000), and yeast extract
sucrose agar (YES)(Samson et al., 2000)] were statistically
tested using multi-spectral imaging (18 spectral bands) to
determine which medium (or media) contributed information
necessary for the objective identification of the fungal species.

Due to the large interest in the Penicillium genus there is a
substantial knowledge of the species and well identified iso-
lates exist which gives an accurate ground truth for the classifi-
cation. Three species of the Penicillium genus are investigated
here: P. polonicum (pol), P. venetum (ven), and P. melanoconi-
dium (mel). The three species are all in the section Viridicata
(Frisvad and Samson, 2004), but where two of them belong to the
series Viridicata the third one belongs to the series Corymbifera.

P. melanoconidium inhabits grains such as wheat, rye, oat,
rice, and barley. Hence, it is most commonly found in cereals. It
is one of the Penicillium species that has the most pure green
colors en masse in the genus and is of the series Viridicata
(Frisvad and Samson, 2004).

P. polonicum is a common mold on dry-cured meat products.
Also, it inhabits wheat, barley, rice, rye, oat, rice, corn, peanuts,
onions, and vegetable field soil. It is typically the Penicillium
species with the largest amount of blue in the conidium color en
masse and is of the series Viridicata (Frisvad and Samson, 2004).

P. venetum is commonly found in soil decaying with ve-
getation such as onions and flower bulbs and is therefore
ecologically different from the cereal-borne members of the
Viridicata series. It has blue–green conidia en masse and is of
the series Corymbifera (Frisvad et al., 2004).

The striking color difference between P. melanoconidium
and P. polonicum is illustrated in a rare color photograph in the
1949 monograph on Penicillium by Raper and Thom (page
428a). Superficially, P. polonicum and P. venetum could look
like they are the most closely related, but it is in fact P. polo-
nicum and P. melanoconidium that are the most closely related
(Samson et al., 2004).

Furthermore, all species produce different mycotoxins. The
natural products produced by the three species are reviewed by
Frisvad et al. (2004). Hence, an objective method that can
separate these three important species, and allow identification
based on objective image analysis, is highly desirable. Addi-
tionally, it is of interest which species are separated best on the
media to see whether the discrimination is based on macro-
morphological features or not.

During the identification it is desirable to identify the me-
dium or combination of media on which the species are best
discriminated.

2. Materials and methods

In this section we describe the experimental design, the
acquisition of digital images of the fungal colonies, and how to
obtain relevant information from the images.

2.1. Incubation of isolates

For each species 4 isolates were chosen that represent a wide
geographical range. The fungal isolates were obtained from the
IBT Culture Collection held at BioCentrum-DTU, Technical
University of Denmark. The IBT numbers of the species are
listed in Table 1.

The isolates were inoculated as three point cultures on three
different media: CYA, YES, and OAT, and with three replica on
each medium. The inoculation was performed in 9 cm petri
dishes containing one of the three growth substrates. The total
number of samples were thus 108.

After incubation in complete darkness for 7 days at 25 °C,
the cultures reach their stationary phase and are able to produce
secondary metabolites. At this stage the colonies have grown
into three circular objects within the petri dish and the fungal
colonies are digitized.

2.2. Digitalization

The Penicillium samples were digitized at the Department of
Informatics and Mathematical Modelling (IMM), Technical
University of Denmark (DTU) with a very accurate digital
camera system called Videometer Lab1. The Videometer Lab is
illustrated in Fig. 1, it consists of an integrating sphere illumi-
nation (an Ulbricht sphere) combined with a carefully calibrated
digital camera. The sphere has a diameter of 36 cm. The inside
of the sphere is covered with a matte titanium paint to create
optimum light conditions. Diodes at the rim of the sphere
provide an even and diffuse illumination of the sample. The
Videometer camera system generates images with a radiometric
resolution of 8 bits/pixel for each spectral channel. The result is
a floating-point image of 18 spectral bands with a spatial
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Fig. 1. The camera system from the side and from the front. In the image of the front the sphere has been lowered before taking the image.
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resolution of 960×1280 pixels. The spectral bands are illus-
trated in Table 2 and Fig. 2.

One of the samples was contaminated, hence 107 of the 108
samples were digitized. In order to avoid complications in the
following statistical analyses due to missing values, an average
of the features of the two remaining replica was used to replace
the contaminated sample.

2.3. Image analysis

The fungal colonies were segmented from the digital images
using the Histogram Pursuit method (Gomez et al., 2006).
Histogram Pursuit looks for linear projections with bi- or multi-
modality in data and in this way partitions data into two or more
subgroups. That is, by thresholding between modes in histo-
grams of one-dimensional projections of the images, the images
were labelled into several subgroups. Subsequently, the sub-
groups were identified as colony or background and masks of
the colonies were obtained. Once the colonies were segmented
from the background and the petri dish, features were extracted.
The segmentations were performed on the 6th spectral band as
this band gave a good contrast between the fungal colonies and
the growth substrates. Fig. 3 illustrates one of the samples, the
HP segmentation, and the resulting mask. In line with Dörge et
al. (2000), the following features were extracted: The 1st, 5th,
10th, 30th, 50th, 70th, 90th, 95th, and 99th percentiles, the
mean, the standard deviation, and the maximal intensity. The
features were extracted both for the original spectra, the dif-
ference of the spectra, and the pairwise products of the spectra.
Table 2
The wavelengths of the eighteen spectral bands and a description of the colors
corresponding to these wavelengths
Some of the features gave zero for all samples and were there-
fore disregarded. In total 3754 features were kept.

2.4. Methods of data analysis

2.4.1. Principal component analysis
Principal component analysis (PCA) is a data decomposition

technique used to reduce the number of dimensions in data, a
necessity during this study since the number of features was
large relative to the number of observations.

The principal components (PCs) of a multivariate data set
are mutually orthogonal linear combinations of the original
variables. The PCs are composed to explain the largest possible
amount of variance in data, hence, the first PC has the largest
variance, the second PC the second largest variance and so
forth (Jolliffe, 1986). Since the variance depends on the scale of
the original variables, the data is standardized to have zero
mean and variance one. The directions of the principal
components are the eigenvectors of the data dispersion matrix.
In many cases, the first few PCs explain most of the variance of
data and are therefore sufficient for further analyses.

2.4.2. Multivariate analysis of variance
The multivariate analysis of variance verifies the validity of

the experiment, as well as the reproducibility.
Three-sided multivariate analysis of variance (Rencher,

2002) tests the significance of the effects: Medium (M ), species
(S ), and isolate (I ). Species with respect to medium and isolate
with respect to medium are so-called cross classifications
whereas species, medium, and isolate with respect to repetition
(R), and species with respect to isolate are hierarchical (or
nested) classifications. That is:

S �M SsI
I �M SsR

IsR
MsR

The medium and species factors are considered deterministic,
while the repetition factor is considered random. It can be



Fig. 2. One of the fungal colonies illustrated for the 18 spectral bands in increasing order reading from left to right.
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argued whether the isolate factor is indeed deterministic or
stochastic. As the isolates were chosen to represent a large
geographic region and can be reproduced, they could be re-
garded deterministic (Model (1)). On the other hand, if another
laboratory was to reproduce the experiment the isolates might
not be the same and the factor could then be regarded as
stochastic (Model (2)).

Two models were therefore investigated: A deterministic
model where the isolate effect is deterministic (Model (1)), and
a mixed model where the isolate effect is stochastic (Model (2)).
The models state that the variables can be decomposed into the
mean of all observations plus a contribution for each of the
effects and their interactions.

The models are

YX kljm¼Yl þYmk þYsl þYmskl þ i
Y
sð Þj lð Þ þmYi sð Þkj lð ÞþR Ymsi

� �
m kljð Þ
ð1Þ

and

YX kljm¼YlþYmkþYsl þYmskl þ I
Y
sð Þj lð Þ þmYI sð Þkj lð ÞþR YmsI

� �
m kljð Þ;

ð2Þ

where Xkljν is an observation consisting of the two first PCs
with

k ¼ 1; N ; 3ðmediumÞ
l ¼ 1; N ; 3ðspeciesÞ
i ¼ 1; N ; 4ðisolate ðwithin speciesÞÞ
v ¼ 1; N ; 3ðrepetition ðwithin medium; species; and isolateÞÞ:
Fig. 3. The 6th spectral band (590 nm, orange) of P. melanoconidium isolate a,
corresponding mask.
Conventionally, a term containing only lower case letters is a
deterministic effect, while a term containing a capital letter is
stochastic. Note, that the interaction between the stochastic
isolate effect and the deterministic medium effect in Model (2)
therefore is a stochastic term.

2.4.3. Statistical tests for media
Mahalanobis distance, Hotelling's T2 test, and the test of

additional information were used to determine which medium
and/or combination of media were best with respect to discri-
mination between species.

Hotelling's T2 tests (Rencher, 2002), testing for differ-
ences in means between species, were conducted. This test
uses Mahalanobis distance as a measure of the distance
between the species (Rencher, 2002). The null-hypothesis of
the test is that the means of the three species are equal.
Furthermore, tests were conducted to determine the signif-
icance of additional information provided by each medium
to the discrimination (Rencher, 2002). The null-hypothesis
states that the last q variables do not contribute to a better
discrimination. The tests were conducted at a 5% level of
significance.

2.4.4. Discriminant analysis
To classify the three species we used Bayes solution of

discriminant analysis (Rencher, 2002; Hastie et al., 2001).
The Bayes' rule chooses the population where the observed
posterior probability is largest, i.e. the population a given
observation is more likely to be observed in. Linear
functions were used to discriminate between the popula-
tions. This implies that we assumed that the three
populations have equal dispersion.
1st repetition on YES, its corresponding segmentation based on HP, and its



Table 4
Summary of the multivariate tests based on Model (2)

H0/variables PC1 & PC2

mk=0 R(1%)
sl=0 R(1%)
mskl=0 A(8%)
σI (s)
2 =0 A(18%)

σMI (s)
2 =0 R(1%)

The actual p-value of each test is given in parentheses.
A indicates the null-hypothesis (H0) was accepted and R that H0 was rejected.
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2.4.5. Wilks' lambda and forward selection
To discriminate between the classes, we wanted the within

group deviation to be small compared to that between groups.
One way of accomplishing this is to minimize

K ¼ det Wð Þ
det Tð Þ ;

which is also called Wilks' Λ, where W is the within group
deviation and T is the total deviation, i.e. the within group
plus the between group deviation.

Forward selection was used to select features to include in
the discriminant analysis (Rencher, 2002; Hastie et al., 2001).
The feature with the most statistically significant Λ was selected
first, secondly the feature with the most statistically significant
partial Λ and so forth.
Table 5
Mahalanobis distances between the species for each of the individual media and
2.4.6. Cross- and test set validation
To validate the results obtained in the discriminant analysis

both leave-one-out cross-validation and test set validation was
used (Hastie et al., 2001; Duda et al., 2001). In leave-one-out
cross-validation one observation is left out of the analysis and
hereby classified based on the model obtained with the remaining
observations. This procedure is conducted for all observations. In
test set validation, data is split in two and the test part is classified
based on the model obtained with the training set.

3. Results and discussion

3.1. Multivariate analysis of variance

The analysis of variance verified the validity and the repro-
ducibility of the experiment. The two first principal components
PC1 and PC2 were examined and in this case explained 56% of
the original variance in data. Only two variables could be
included in the analyses due to the degrees of freedom from the
repetitions. The results of tests of each term in the two models
were summed up in Tables 3 and 4.

For Model (1) all main effects and all interactions were
strongly significant. Consequently, there was a statistical dif-
ference between media, between species, and between isolates.
As well as some species favored one medium more than another
(mskl≠0) and some isolate(s) within a species favored one
medium more than another (mi(s)kj(l)≠0).

For Model (2) the two most interesting main effects: Media
and species were strongly significant, while their interaction
Table 3
Summary of the multivariate tests based on Model (1)

H0/variables PC1 & PC2

mk=0 R(1%)
sl=0 R(1%)
mskl=0 R(1%)
i(s)j (l) =0 R(1%)
mi(s)kj(l) =0 R(1%)

The actual p-value of each test is given in parentheses.
A indicates the null-hypothesis (H0) was accepted and R that H0 was rejected.
was not quite significant. Hence, there was still a difference
between media and between species, but it was no longer
significant that one species favored one medium compared to
another. The main effect of isolates was not significant in
Model (2), i.e. there was no significant difference between the
isolates within a species. The interaction between the media and
the isolates within species was significant, i.e. some isolate
within a species favored one medium more than another.

When isolate was considered deterministic all effects were
significantly different from zero (Model (1)). When isolate, on
the other hand, was considered stochastic we accepted the null-
hypothesis that the variance of the isolates was zero (Model (2)).
This leads us to conclude that the experiment can be reproduced
both using the same isolates (Model (1)), and using different
isolates (Model (2)).

The interest was now focused on determining which medium
or combination of media were the better choice. Since there was
a significant difference between media, the observations from
each medium were henceforth either considered separately or as
additional features to the same observations, i.e. there were 36
observations with three times the number of features.

3.2. Tests for media

In these analyses the principal components were chosen to
represent data. This was done in order to obtain the best de-
scription of the variance in data in as few dimensions as
possible. Respectively, 87% and 92% of the variance in data
was explained by the first 7 and the first 11 principal com-
ponents. The multi-variable distances between species on the
combinations of media

Medium/Distance mel–pol mel–ven pol–ven

YES 216 (b1%) 53 (b1%) 140 (b1%)
OAT 73 (b1%) 54 (b1%) 19 (b1%)
CYA 41 (b1%) 35 (b1%) 21 (b1%)
YES & OAT 1582 (b1%) 142 (b1%) 480 (b1%)
YES & CYA 763 (b1%) 356 (b1%) 1410 (b1%)
OAT & CYA 217 (b1%) 642 (b1%) 195 (b1%)
YES & OAT & CYA 3710 (2%) 4440 (1%) 3669 (2%)

The calculations were based on the first seven PCs. For the features of the edge
and fungi in one. In parentheses are given the p-values of Hotelling's T2-test of
the null-hypothesis that the means of the two species are equal.



Fig. 4. Scatter plots of DA1 versus DA2, the variables chosen using leave-one-
out cross validation, and DA3 versus DA2, the variables chosen using test set
validation. Only the YES medium was used here.
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different media were generally largest on the YES medium
compared to the other two media, cf. Table 5. According to
Hotelling's T2 test, the species were significantly different from
each other (the distances between species were significantly
different from zero). In addition to this, the distances between
P. melanoconidium and P. polonicum were larger than those
between P. polonicum and P. venetum, implying that the largest
variances were caused by macro-morphological features rather
then genetic relations. As one might expect, using combinations
of 2 or all 3 media gave increasing distances. It seems that the
best choice of a combination of media depends on which two
species are desired discriminated.

In order to address the problem of determining whether a
medium actually contributed to the objective discrimination of
species, each medium was regarded as additional information to
the same observation. I.e. one observation had q PCs belonging
to each of the three media. Tests of the null-hypothesis that a
medium does not contribute to the discrimination compared to
one or two media were conducted. This corresponds to the null-
hypothesis that the q PCs belonging to that medium do not
contribute to the discrimination. Tests of information were
conducted both for discrimination between all three species and
between two species at a time. When all species were regarded
and the tests were based on the first 11 PCs all media con-
tributed significantly to the discrimination. The tests where two
species were regarded at a time are summed up in Table 6.

The results show that it can be assumed that using three
media compared to two did not provide additional information
to the discrimination between species. Hence, two media
should be sufficient. In addition to this, it can be assumed that
OAT and YES do not provide additional information to one
another in terms of discrimination between P. melanoconidium
and P. venetum. OAT does not provide additional information
to YES with regard to discrimination between P. polonicum
and P. venetum. CYA does not provide additional information
to OAT with regard to discrimination between P. melanoconi-
dium and P. polonicum. Consequently, YES and CYA should
be the best choice of media.
Table 6
P-values for tests of the null-hypothesis that the variables belonging to the test
medium do not contribute to the discrimination

Base media Distance Test medium

YES OAT CYA

YES & OAT & CYA mel–pol 20% 58% 89%
YES & OAT mel–pol b1% b1% -
YES & CYA mel–pol b1% – 5%
OAT & CYA mel–pol – 2% 10%
YES & OAT & CYA mel–ven 44% 26% 12%
YES & OAT mel–ven 17% 16% -
YES & CYA mel–ven b1% - b1%
OAT & CYA mel–ven – b1% b1%
YES & OAT & CYA pol–ven 18% 84% 40%
YES & OAT pol–ven b1% 6% -
YES & CYA pol–ven b1% - b1%
OAT & CYA pol–ven – b1% b1%

Two species are regarded at a time and the tests were based on the first 7 PCs.
We performed objective classification using only YES and
using the combination of YES and CYA.

3.3. Classification

The same results were obtained on the YES medium as on
the combination of YES and CYA. Forward selection based on
Wilks' Lambda was used to select the most discriminatory
variables. With both leave-one-out cross-validation and test set
validation, 2 variables were sufficient to obtain a 100% correct
classification. In Fig. 4 the observations are plotted for the
Table 7
The three variables selected according to Wilks' Λ in the discriminant analysis
on the YES medium

Var DA1 DA2 DA3

Image Difference Difference Difference
Parameter 99th percentile 30th percentile 10th percentile
Bands cyan & NIR ultra blue & red ultra blue & NIR
(nm) (470&940) (430&645) (430&870)
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chosen variables. Note, that the same variables were chosen if
CYA was also included in the analysis. The variables are
described in Table 7.

On CYA or OAT the results were not as good as on YES.
They yielded, respectively, 2 and 1 misclassifications when 10
variables were selected and leave-one-out cross-validation was
used.

4. Conclusion and future work

In this paper we have suggested and assessed a sequence of
multivariate statistical methods to detect which medium or
combination of media is most suitable to discriminate between
different species of fungi.

Multivariate analyses of variance implied that the experiment
can be reproduced with similar results both with the same and
with different isolates within the three species.

According to the statistical tests of information, three media
did not provide additional information compared to two media.
Furthermore, the best choice of a pair of media was YES and
CYA. However, in practice, one medium was sufficient and
YES, on which the Mahalanobis distances between species in
general were largest, gave the best results.

An objective identification was performed based solely on
image analysis. The use of several spectral bands is new and
valuable in comparison with the method of Dörge et al. (2000)
as it provides additional information about the chemistry of the
fungal colonies. The objective characterization of the fungi is
an alternative to identification based on molecular methods
(Samson et al., 2004). The three species: P. melanoconidium,
P. polonium, and P. venetum were identified objectively with
100% correctness from just four spectral bands and two
variables on the YES medium.

It is of interest to validate the method for testing the media on
a larger study, possibly of another fungal genus, with more
isolates and more media. Subsequently, make an even larger
study, including more isolates only on the best media, and
hereby validating the method of objective identification.
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