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Self-organizing Maps in Chemotaxonomic Studies of Asteraceae:
a Classification of Tribes using Flavonoid Data
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Flavonéides sao considerados bons marcadores quimicos da familia Asteraceae. Nesse artigo
4700 ocorréncias de flavondides (cerca de 800 substancias) foram utilizadas em um sistema
especialista desenvolvido para estudos taxondmicos. Através do uso de Mapas Auto-Organizdveis
foram estabelecidas relacdes filogenéticas entre as subfamilias e as tribos de Asteraceae, as
quais foram classificadas com base no nimero de ocorréncias e nos padrdes de oxidacdo de
flavondides. Os resultados obtidos permitiram a diferencia¢@o das duas subfamilias de Asteraceae
a correlagdo de tribos na subfamilia Cichiroideae de acordo com a drvore topoldgica proposta
por Karis o agrupamento de tribos de acordo com a drvore baseada em dados de CpDNA proposta
por Jansen e separar as subtribos de Asteroideae bem como as tribos de acordo com o grau de
metoxilacdo x glicosilagdo de flavondides. A partir desses resultados pode-se afirmar que o
método descrito com dados quimicos pode ser utilizado como uma ferramenta complementar
na classificaciio de plantas.

Flavonoids have shown good chemical markers for Asteraceae. In this paper, 4,700
occurrences of flavonoids (about 800 compounds) were considered in an expert system
developed for taxonomic purposes. Through the use of Self-Organizing Maps (SOM)
phylogenetic relationships among the subfamilies and tribes of Asteraceae were established.
These taxa were classified on the basis of their occurrences and oxidation patterns of the
flavonoids. The obtained results show the separation between the two subfamilies of
Asteraceae the correlation among the tribes of the Cichiroideae subfamily according to the
topological tree proposed by Karis the clustering of the tribes according to the tree proposed
by Jansen based on CpDNA and the separation of the tribes classified in the Asteroideae
subfamily as well as the tribes based on the methoxylation x glycosylation level in flavonoids.
From these results one can affirm that the method applied with chemical data can be used
as a complementary tool in plant classification.
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Introduction

The sunflower family (Asteraceae) is one of the largest
and most successful flowering plants families, consisting
of approximately 1100 genera and 25000 species. The
tribes of this family show many interesting properties and
are very well studied which consequently generated a large
amount of data available in the literature.”'* In addition,
the family is morphologically and ecologically diversified
in such a complex way that many the genera are ill-
defined, and the traditional arrangement of the genera into
tribes may not be natural in all respects.

Cassini'! was the first to divide the Asteraceae into 19 tribes
and the first to suggest their natural relationships. Significant

*e-mail: vdpemere @iq.usp.br

early contributions were also made by Bentham'? and by
Cronquist!® who placed Heliantheae at the base of his 12
recircumscribed tribes. Hoffmann'* recognized two distinct
lineages with the Asteraceae: the Liguliflorae, in which he
placed the single tribe Lactuceae; and the Tubuliflorae (=
Asteroideae in recent classifications). Subsequent authors have
continued to recognize two lineages within the family, but
their circumscriptions have differed dramatically.

Beginning in the late 1980s, the discovery and
subsequent analysis of a phylogenetically informative
inversion in the cpDNA of Asteraceae' in addition to the
morphological work by Bremer,'® demonstrated that it is
possible to establish relationships among the tribes of the
family. However, the phylogenetic relationships are still
controversial because the taxonomic limits of many tribes
are still unclear.
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The effort of establish affinities among the groups in
the family, several contributions have shown the
importance of chemical data in the resolution of taxonomic
problems in various hierarchical levels.'” In this way,
flavonoids have a wide structural diversity, diffuse
occurrence, chemical stability? and have been isolated in
great scale from Asteraceae species, they can be used as
taxonomic markers at lower hierarchical levels.”!

The basic flavonoid structure possesses 15 carbon
atoms arranged in two aromatic rings connected by a linear
chain of three carbon atoms. This structure generally can
be found as a flavan nucleus arranged in three rings
represented by the system C-C,-C,, which are labeled A,
B and C (Figure 1). The chromane system (rings A and C)
maintains the second aromatic cycle (ring B) in the
position 2, 3 or 4. The various types (or skeletons) of
flavonoids differ in the level of oxidation and pattern of
substitution of the C ring, while individual substances
within a class differ in the pattern of substitution of the A
and B rings. Among the many types of flavonoids, those
of particular interest are flavanones, flavones, flavonols,
flavan-3-ols, anthocyanidins, isoflavones, chalcones,
dihydrochalcones, dihydroflavonols and aurones due to
the variety of substances and the diversification of the
pattern of substitution such as C- and O-methyl, C- and
O-glycosil, C- and O-prenyl.?

Figure 1. Basic flavonoid structure.

The aim of this paper is to classify tribes and subtribes
of Asteraceae considering the presence or absence of
several chemical types of flavonoids with different
oxidation levels and pattern substitutions using Self-
Organizing-Maps (SOM) developed by Kohonen.?

Artificial Neural Networks

Artificial Neural Networks (ANNSs) are functions with
adjustable or tunable parameters. They are distributed in
parallel systems composed of simple processing units
capable of modeling extremely complex functions. They
learn by examples, that is gathering representative data
and them invoke training algorithms to automatically learn
the structure of the data.”® During the learning process,
two forms of training are possible: supervised and non
supervised.
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To simulate the biological neuron system, an artificial
neuron receives a number of inputs. Each input comes
via a connection which has a weight that corresponds to
synaptic efficacy in a biological neuron. In the supervised
case, the network learns to transform an input pattern into
an output pattern. The synaptic weights are modified in
order to minimize the error, i.e. the difference between
the sought after output and that calculated by the network.
Generally, many learning cycles (presentation of an input
pattern, calculation of the outputs and corrections of the
weights) are necessary for the network to converge toward
a solution. The advantage of this technique is its
generalization and its predictability. When applying a new
input pattern not previously included in the learning set,
the network is capable, under certain conditions, of to
calculate a new valid output. The most representative
model of this class is the multilayer perceptron (MLP), in
which the neurons are placed in several successive layers.
This network is also called “back-propagation” due to how
the error is fed back through the network.?**

In network, when the learning algorithm is
unsupervised, or in other words, when the patterns are
applied without specifying the desired output, the network
must build its own internal representation based on the
similarities among the different input patterns. One way
of doing this is to use a neural network as a projection
method. We can consider the descriptors used to represent
the objects as coordinates of a space. The objects may be
found in various clusters in the high dimensional space.

An unsupervised ANN is then used to project the points
from the high-dimensional space into a space with a
smaller number of dimensions such as a two dimensional
plane. The purpose of this projection is to preserve as
well as the possible the topology of the high-dimensional
space, such as the clustering of the objects, after projection
into the low-dimensional space.”

The clusters may be associated with different types of
properties which can then be identified after projection.
It should be emphasized, however, that no knowledge on
such properties is used in determining the projection by
training the neural network. This is the essence of
unsupervised learning.

One such unsupervised learning method is the self-
organizing neural network introduced by Kohonen* and
it is the neural network which probably has the closest
analogy to some of the information processing in the brain,
particularly as concerns the generation of sensory maps.
The neurons of a Kohonen network are usually arranged
in a two dimensional layer, each neuron containing a
certain number of weights. An object, a sample,
represented by their descriptors is sent into a two-
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dimensional network of neurons. An object will be mapped
in to that neuron that has weights most similar to the
descriptors of the input object. This neuron is called the
central or winning neuron. A new object input is into a
Kohonen network will be mapped into a neuron whose
distance from the previously winning neuron is dependent
on the similarity of the two objects. If the two objects
have very similar descriptors they will be mapped into
the same or closely adjacent neurons.?

One of the most important advantages of a Kohonen
network is that it can generate maps and, thus, visualize
relationships of objects. Kohonen’s algorithm achieves this
goal by the association of two processes: (i) identification
and stimulation on the map of the neuron which is the
most sensitive to the current input; (if) spreading of its
activity among other spatially close cells.

The Self-Organizing-Maps (SOM) has cluster analysis
characteristics similar to those of more classical algorithms
such as k-means? or non linear mapping.”® As opposed to
the multilayer perceptron, the SOM has relatively little
been used in chemistry??* and mainly little been used in
the chemistry of natural products.’3!

The advantage of using ANNSs is associated to the fact
that they can learn and connect information which is
extremely important in chemistry where the relationship
between cause and effect has not known yet.?32% In
contrast to the traditional statistical methods, ANNs are
not only restricted to linear correlations or linear spaces.
Consequently, ANNs can be applied in problems involving
classification (identification of objects), prediction
(modeling of functional correlation) and visualization
(reduction of dimensions) of chemical data.’'3** In this
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paper we used the ANN method with the flavonoid data
to classify tribes and subtribes of the Asteraceae family
and to compare with the classification of the family
proposed by Bremer.’

Experimental
The database

The classifications proposed by Bremer’ and Jansen?
and coworkers were used in this paper to assign genera
into subtribes and tribes. A database was built from data
compiled from literature* and updated from all the
subsequent specialized literature. The collected
compounds were recorded with the names of tribes,
subtribes, genera and species.

According to Bremer’ the family Asteraceae is divided
in four subfamilies: Barnadesioideae, Carduoideae,
Cichorioideae and Asteroideae (Table 1) and 17 tribes
assigned as: Barnadesieae (BAR), Mutisieae (MUT),
Cardueae (CAR), Lactuceae (LAC), Vernonieae (VER),
Liabeae (LIA), Arctoteae (ARC), Inuleae (INU), Plucheeae
(PLU), Gnaphalieae (GNA), Calenduleae (CAL), Astereae
(AST), Anthemideae (ANT), Senecioneae (SEN), Helenieae
(HEL), Heliantheae (HLT) and Eupatorieae (EUP).

The large number of isolated flavonoids required the
use of a computer-assisted method to store and recover
data with similar methodology used in the study of
diterpenes from Asteraceae.’* When each flavonoid
occurrence is included into a computer program, this
automatically searches in database for the corresponding
tribe’s name and recorded the all information related to

Table 1. Subdivision of the Asteraceae family according to Bremer’s classification

Tribe Code Subfamily No. of species No. of species in the database
Barnadesieae BAR BAR 92 29
Mutisieae MUT ? 318 134
Cardueae CAR CAR 2513 161
Arctoteae ARC CIC 139 30
Lactuceae LAC CIC 2486 184
Liabeae LIA CIC 159 18
Vernonieae VER CIC 1346 217
Anthemideae ANT AST 1737 572
Astereae AST AST 2846 412
Calenduleae CAL AST 113 38
Eupatorieae EUP AST 2396 512
Gnaphalieae GNA AST 1728 185
Helenieae HLN AST 835 306
Heliantheae HLT AST 2449 731
Inuleae INU AST 480 230
Plucheeae PLU AST 220 30
Senecioneae SEN AST 3247 263
Total 23104 4052

Code for Subfamily: BAR-Barnadesioideae; CAR-Carduoideae; CIC-Cichorioideae; AST-Asteroideae; ?-Not classified.
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tribes, subtribes, genera and species as well as the
bibliographic reference.

It is important to mention that the occurrences are
obtained by counting how many times a compound of a
given chemical class was reported in each species of the
different tribes. For example, if the database contains, for
two different species of the same tribe i, m compounds
belonging to the chemical class j for the first species and
n compounds of the same chemical class, the number of
occurrences O, ; in the tribe i is the sum corresponding to
m + n. If aunique compound is isolated from two different
species of the same tribe, it was counted twice. The
percentage analysis of data for each genus is of prime
importance since it indicates the relevance of each
chemical class for such a taxon. Consequently, the
database generated a matrix containing tribes, subtribes,
genera and species (rows) and the different oxidation and
patterns substitutions (columns). Having constructed a
matrix, a new approach is performed. One vector (input)
that described the variations of the occurrence numbers
involved binary variables were created to indicate, in an
heuristic manner, if a genus showed a very high probability
(value = 1) or no probability (value = 0) of presenting the
respective flavonoid type. So it was attribute the value 1
if the occurrence number was considered greater or equal
1, and zero if the value of the occurrence number was
equivalent to zero.

Unsupervised training

The unsupervised training were performed using the
second version of the SOM Toolbox for Matlab computing
environment by MathWorks, Inc.**#! The toolbox contains
functions for creation, visualization and analysis of Self-
Organizing Maps. The training was conducted through
the Batch-training algorithm. In this algorithm, the whole
dataset is presented to the network before any adjustment
is done. In each training step, the dataset is partitioned
according to the regions of the map weight vectors.

The set of data is divided according to the data that
intends to classify. During the process of a self organized
map two phases are necessary: the training and the test
phases. This last one is extremely important because after
several cycles of training there must be a trend between
the learning of the network and its ability of prediction
that is verified in the results. The size of the test set
(randomly selected) was always one tenth of the size of
the training set, taking care that the test set contains
representative samples of trained tribes.

Training and test performance are evaluated by
computing the ratio of the number of samples correctly
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classified by SOM. The neural network was trained on a
Pentium IV HT 3.0 GHz with 1.0 GB of RAM.

Results and Discussion
Subfamilies Cichorioideae vs. Asteroideae

Our first attempt was to classify dichotomically using
as inputs the flavonoid chemical data the two largest
subfamilies of the Asteraceae: Cichorioideae and
Asteroideae as described by Bremer.” According to the
author the general and basal phylogeny is still unknown.

The self organizing map obtained (Figure 2) shows
that there is supremacy of the subfamily Asteroideae
over the subfamily Cichorioideae in the production of
flavonoids. During the training and test phases, the net
had a hit percentual of 87% and 84%, respectively for
classification of the subfamilies. However, an efficient
separation between the two subfamilies was not very
well verified because there are still signals of interaction
between them. This fact can be explained considering
that the SOM try to organize from patterns extracted
from the dataset. Thus, if the dataset presents a diversity
of characteristics, the process of auto-organization
becomes complicated this generates interactions among
the elements reflecting consequently in the maps.

.IIHII ||
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Figure 2. SOM obtained for the subfamilies Asteroideae x Cichorioideae.
Black and grey regions: Asteroideae and Cichorioideae subfamilies, respec-
tively.
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Relationships among the Cichorioideae, Carduoideae and
Barnadesioideae subfamilies

Asteraceae does not constitute a monophyletic group and
the relationships among the members are not very well
understood.” Our next aim consisted in establish phylogenetic
relationships using the SOM for each one of the subfamilies.
We started with the subfamilies Cichorioideae, Carduoideae
and Barnadesioideae (Table 1).

Figure 3 shows the topological map that classifies the
tribes according to their characteristics. During the training
and test phases the network had a percentual of hit of 77%
and 72%, respectively which indicates its ability of
prediction. From this map it is observed that the tribes
Mutisieae, Cardueae and Vernonieae are closely according
to Karis et al.* which state that the family Cichorioideae
contains the three largest phylogenetic levels.

Figure 3. SOM demonstrating the relationships among the Cichorioideae,
Carduoideae and Barnadesioideae subfamilies. Dots regions, gray regions,
horizontal lines regions, black region and vertical lines regions: representing
the Barnadesieae, Cardueae, Liabeae, Mutiseae and Vernonieae tribes,
respectively.
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As the relationships among the elements of the
subfamily Cichorioideae are uncertain several analyses
involving hypotheses about them were investigated
through Self-Organizing Maps. The tribe Mutisieae
forms a paraphyletic group on the basis of the cladogram
and contains the tribes Cardueae and Vernonieae as a
group of sisters. Consequently, this topological map was
constructed and investigated. So, the tribes Mutisieae,
Cardueae and Vernonieae were grouped as one and the
tribes Liabeae, Lactuceae and Barnadesieae separately.
From this new topological map (Figure 4) can be verified
that the tribes Mutisieae, Cardueae and Vernonieae are
closely to the tribes Lactuceae and Liabeae. This fact
reinforces the topological tree proposed by Karis et al.*
In this new configuration, the network had a percentual
of hit of 81% and 74% in the training and test phases,
respectively.

L] i []

Figure 4. SOM showing the relationships among the tribes of the sub-
family Cichorioideae. The tribes Mutisieae, Cardueae and Vernonieae were
grouped in black regions; the tribes Liabeae, Lactuceae and Barnadesieae
were considered separately in vertical lines regions, gray regions, and
dots regions, respectively.
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Analysis of the tribes from the CpDNA tree and Rbcl sequences

Figure 5 shows the tribes Barnadesieae, Mutisieae and
Cardueae, the tribes Vernonieae and Liabeae and the tribe
Lactuceae were separated and generated a topological map
that presents 80% in the learning phase and 63% in the
phase test. From this map we have verified that the tribes
Barnadesieae, Mutisieae and Cardueae are neighbor, the
same occurring with the tribes Vernonieae and Liabeae.
These observations are in agreement with the tree proposed
by Jansen based on CpDNA. "5

According to Karis e al.* based on rbel sequences, the
tribes Mutisieae and Vernonieae appear close in his
cladogram. Considering this configuration, a new map (Figure
6) was obtained, which had a percentual of hit of 77% and
66% in the training and test phases. Analyzing this result
one can be observed that the tribes Cardueae, Mutisieae and
Vernonieae appear close in the topological map which
suggests that these tribes form a monophyletic group of tribes.

[ FI:I

Figure 5. SOM obtained for the Cichorioideae subfamily in accordance
with the subdivision of CpDNA tree. Dots regions and gray regions repre-
sent the tribes Barnadesieae and Lactuceae, respectively; the tribes Mutisieae
and Cardueae were grouped in black regions; the tribes Vernonieae and
Liabeae were grouped in vertical lines regions.
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Figure 6. SOM obtained for the tribes based on rbcl sequences. Vertical
lines regions, black regions, dots regions and horizontal lines regions rep-
resent the tribes Barnadesieae, Cardueae, Lactuceae and Liabeae, respec-
tively; the tribes Mutisieae and Vernonieae were grouped in gray regions.

Asteroideae subfamily

The relationships in the subfamily Asteroideae, which
contain the tribes Inuleae, Plucheeae, Gnaphalieae,
Calenduleae, Astereae, Anthemideae, Senecionae,
Helenieae, Heliantheae and Eupatorieae, are uncertain as
well in the subfamily Cichorioideae. In the Asteroideae
subfamily the major variability of flavonoids has been
observed.”? Besides that, some tribes of this subfamily
are not characterized by the presence of flavonoids for
example, Plucheeae, Calenduleae and Senecionae. The
maximum expression of diversity of flavonoids in
Asteraceae has been seen in Anthemideae, Heliantheae,
Heleniae and Eupatorieae which is consistent with the
phylogeny proposed by Bremer” that places the subfamily
Asteroideae in an advanced position.

Consequently, according to Bremer,” the topological
map was constructed (Figure 7), which had a percentual
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Figure 7. SOM obtained for the Asteroideae subfamily. The tribes Inuleae,
Plucheeae and Gnaphalieae were grouped and represented in vertical lines
regions; the tribes Astereae and Eupatorieae were grouped in gray regions;
Heliantheae and Helenieae were grouped and represented black regions;
dots regions represent the Anthemideae tribe.

of hit of 70% and 61% in the training and test phases
respectively. Some tribes were grouped in this analysis
such as the tribes Inuleae, Plucheeae and Gnaphalieae
represented in the topological map as vertical lines
regions; the tribes Astercae and Eupatorieae were
grouped; Calenduleae and Senecionae are grouped; and
Heliantheae and Helenieae were grouped. The tribe
Anthemideae was analyzed separately. It is observed
that the groups formed by the tribes Inuleae, Plucheeae
and Gnaphalieae, Astereae and Eupatorieae appear next
in the map the same occurring with the tribes
Anthemideae, Heliantheae and Helenieae. These
observations are in agreement with the morphological
data of Bremer.'®

Analysis of Asteroideae subfamily from the oxidation
patterns

According to Harborne® in studies about flavonoids,
there is a difference between the phenolic hydroxyl
protection groups in angiosperms. According to
Emerenciano*? that determined the advanced
evolutionary trends in the tribes of Asteraceae, there is
a high degree of O-methyl protection for flavonoids
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from the subfamily Asteroideae (tribes Eupatorieae,
Anthemideae, Inuleae, Plucheeae and Astereae); in
contrast with a moderate degree for tribes Helenieae,
Heliantheae, Gnaphaliae, Cardueae, Liabeae and
Senecioneae.

The authors in this work hold that the tribe Lactuceae
is an interesting case, because it has chemistry relatively
rich in highly glycosylated and poorly methylated
flavonoids, the same occurs with the tribe Barnadesieae.
The tribes Plucheeae and Eupatorieae show charac-
teristics totally contrary which generated a topological
map involving the four tribes (Figure 8), which had a
percentual of hit of 91% and 90% in the training and
test phases, respectively. Two regions were very well
characterized in the map, the region represented by the
tribe Eupatorieae and by the tribe Lactuceae. The tribes
Plucheeae and Eupatorieae appear close in the map which
can be attributed to the fact that these tribes have high
degree of methyl protection and poor glycosylation that
is consistent with Emerenciano et al.** work.
Evolutionary trends among the tribes can be obtained
from these results. It is possible to observe that the tribes
Lactuceae and Eupatorieae are separated in the map
which can be justified through cpDNAS once that they
belong to different subfamilies.

Figure 8. SOM obtained for the Asteroideae subfamily from the oxida-
tion patterns of flavonoids. Dots regions, black regions, gray regions and
vertical lines regions represent the Barnadesieae, Eupatorieae, Lactuceae
and Plucheeae tribes, respectively.
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Conclusions

In this work was used the Self-Organizing Maps to
establish phylogenetic relationships among the tribes of
the family Asteraceae considering their oxidation patterns
and several classes of flavonoids.

Firstly, the family was divided in two largest subfamilies:
Cichorioideae and Asteroideae and the topological map was
obtained. It was verified that the net could not classify
satisfactorily the two subfamilies because the diversity of
characteristics is very different from one group to another
and this fact difficult the process of self-organization.

The next step was to treat the two subfamilies separately
and the relationships among the tribes belonging to one of
them were established. In case of subfamily Cichorioideae
it was observed that the Self-organizing Maps were efficient
and could be compared to the phylogenetic trees based on
CpDNA data and Rbcl sequences.

In Asteroideae subfamily, that has a larger number of
tribes and there is the major concentration of flavonoids, it
was verified that the network could classify the subtribes
according to Bremer’s classification based on morphological
data. Analysis involving aspects of evolution in Asteraceae
were performed and the network was able to classify four
distinct tribes: Lactuceae and Barnadesieae, relatively rich
in glycosylated flavonoids and poor in methylated flavonoids,
and Plucheeae and Eupatorieae, rich in methylated flavonoids
and poor in glycosylated flavonoids.

Therefore, the self Organizing Maps can classify
automatically plants from chemical data such as oxidation
patterns of flavonoids and can suggest the respective tribe
which various genera could be classified.

In this paper it is demonstrated that the Self-organizing
Maps developed by Kohonen can be used as powerful and
complementary tool to the phytochemistry that searches
for a classification of plants. Through this technique, that
used just chemical data such as occurrences and oxidation
patterns of flavonoids, it was possible to determine the
tribe or subfamily which genera can be classified with at
least 70% of probability.
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