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Introduction
Mal de Rio Cuarto is a corn disease that is endemic in the Rio Cuarto 

Department, Cordoba, Argentina. Severe epidemics occur periodically, 
due to which the vectors, alternate hosts, environmental and climatic 
conditions that lead to epidemics are being studied, tolerance is sought 
in high-yielding hybrids and a “typical” virus from the endemic area 
has been sequenced in order to obtain transgenic plants that express 
resistance [1]. There is little knowledge of the role of the pathogen in 
such epidemics. 

The causative agent Mal de Rio Cuarto virus (MRCV) has gradually 
been recorded in new areas, plant hosts and vectors, suggesting its 
ability to produce adaptive leaps and subsequent adjustment to new 
environments [1]. To understand the epidemiology of the disease 
requires knowledge of the variability and genetic structure of the 
causative virus populations [2].

To study genetic diversity, there is a database containing the results 
of electrophoretic analysis of the ten viral dsRNA genome segments, 
characteristic of the Fijivirus genus, performed on samples from 8 host 
species, in 13 locations, over 13 seasons [3].

The electrophoretic profile of MRCV is represented by a binary 
string of length 18, which contains the ten known segments of the virus, 
some of which can be placed in different positions [4], and two extra 
genomic bands [5]. A “0” in an electrophoretic profile position indicates 
the absence of the corresponding virus dsRNA segment/band, while a 
“1” indicates its presence [2]. The different electrophoretic profiles will 
be called haplotypes (haploid genotypes).

Distance between profiles

Developing profiles of entities based on a set of attributes and 
then comparing these entities through their profiles is a common 
and often effective paradigm in machine learning. For these profiles, 
often represented as vectors of binary or real numbers, the comparison 

is done by measuring “distances” between each pair of profiles. The 
effectiveness of the learning depends on an accurate measurement of 
distances. In general, given a set A of N attributes, A = {ai |i = 1…, N}, 
the profile of entity x in A gives an N vector of real numbers. If all the 
attributes of A can take only the discrete values 0 and 1, then p(x) → ℜN 
will be a binary profile. The distance between a pair of profiles x and y 
is a function D(x,y) → ℜ. The Hamming distance [6] is the simplest, 
and also one of the most commonly used, measures of distance for 
binary profiles; this is the simple sum of the differences between each 
individual attribute:

( , ) ( )
n

i
D x y d i=∑

Where

( ) | |i id i x y= −

While Hamming distance and Euclidean distance are the commonly 
adopted measures of profile similarity, both of them imply an underlying 
assumption that the attributes are independent and contribute equally 
in describing the profile. Therefore, the distance between two profiles 
is simply a sum of distance (i.e., difference) between them at each 
attribute. These measures become inappropriate when the attributes 
are not equally contributing, or not independent, but rather correlated 
to one another. This is often the case in the real-world biological 
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Abstract
The genetic variability of individuals of the same species can be studied through networks that represent the genetic 

distances between them. We studied the case of Mal de Rio Cuarto virus (MRCV), defining distance measures between 
genome profiles of different individuals and creating a network of haplotypes. Topological properties of the network 
were analyzed and this was examined in two dimensions, forming space-time environments. The examination led to the 
observation that, in the first crop years tested, the number of haplotypes and the distance between them was greater 
than in subsequent crops. A variability indicator was calculated for each environment and compared with its expected 
value, confirming the observation made during the examination and concluding that virus variability decreased after 
an epidemic occurred during the crop year 1996-97. An analysis of variability of MRCV through haplotype networks is 
presented. We propose the use of this tool, which is unusual in KDD processes, bringing a new approach that affects the 
concepts of knowledge representation, structured data modeling, visualization, exploration and interactive discovery. 
The main contribution of this case to the KDD process is the proposal of interactive exploration of networks, which 
turned out to be intuitive and easy to apply for analysis.
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Exception 1: The subscript letter used to distinguish electrophoretic 
migration positions identities the same genomic segment (B3, B9 or 
B10) with different electrophoretic distance (in a different position 
in the gel) e.g.: B3a and B3b are the same segment which in one case 
migrated to position a, and in the other migrated to position b. Under 
this rule, the migration of a band, although it is seen in the haplotype 
table as two changes because it is no longer in one position and begins 
to exist in another, is considered a single change.

Exception 2: The extragenomic band E10 could by produced 
by the restriction of the genomic band B3a [5], which accounts for 
its appearance together with band B3b. (E10 = B3a–B3b), so if there 
is a change in the band E10 and in band B3, it is considered a single 
mutation.

Exception 3: The extragenomic band E5 may be the result of the 
restriction of genomic band B5. As in the previous case, when there is 
a change in both bands, it is considered to be due to the same mutation 
and only one distance unit is added.

Finally,

3 5 8 9 10 5 10ij ij ij ij ij ij ij ijd dB dB dB dB dB dBE dBE= + + + + + +           (1)

Where, with the Hamming distance criterion:
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problems [7]. Due to this, Hamming distance was adopted only as a 
basic calculation of distance and was adapted through knowledge 
about the domain of the problem.

Haplotype networks

Genetic distances are usually represented graphically by a 
dendrogram, which is a tree of profiles calculated from the genetic 
distance between species or between different individuals of the same 
species. In data mining, this diagram is related with the algorithms of 
hierarchical clustering. 

The option of representing the distances between profiles with a 
network structure instead of a tree offers the following advantages: 

a) A network can represent all the distances between haplotypes 
and not only some of them, as occurs with a tree. Haplotype 
networks can represent cycles and multiple connections 
between profiles [8]. 

b) Relations between individuals of the same species should 
not always be represented by a tree, because they are not 
hierarchical. This is the result of sexual reproduction, of 
smaller numbers of relatively recent mutations and frequently 
of recombination [9]. 

c) Networks offer a new way to categorize systems from different 
sources under a single framework. This approach has 
uncovered unexpected similarities between the organization 
of different complex systems (social, economic, technological, 
physical and biological), indicating that the networks they 
describe are governed by general principles and mechanisms 
of organization [10]. 

Objective

The objective of this KDD process is to analyze the variability of 
the virus over time and of the geographical distribution of the samples 
found in the database available. 

Materials and Methods
Database

The database consists of a fact table with 25 attributes, among which 
is the geographical area where the sample of the plant infected by MRCV 
was collected, the crop year and the segments of the electrophoretic 
profile recorded. 21 different electrophoretic profiles of MRCV were 
determined, which are shown in Table 1. The most common haplotype 
is number 9, which is present in 56% of the samples [4]. 

The geographic attribute used was Region from endemic, which 
divides the area where the virus was found in 7 regions according to 
their location relative to the endemic area. These are “Endemic”, “North 
of endemic”, “High Valley”, “Core”, “South of endemic”, “Northeast of 
endemic” and “East of endemic” [2]. The attribute used to analyze the 
time dimension was Crop year, whose values vary from “1989/1990” to 
“2003/2004”. 

Distance calculation

A matrix of distances D(dij) was calculated in which dij is the 
distance between haplotype i and haplotype j. D is symmetrical and its 
main diagonal is 0.

Each dij is equal to the Hamming distance between haplotypes i and 
j, with three exceptions:

Haplotype B3a B3b B5     B8    B9a      B9b    B9c   B10a   B10b  BE5  BE10
1 1 0 1 1 1 1 0 0 0 0 0
2 1 0 1 1 1 0 1 1 0 0 0
3 1 0 1 1 1 0 0 1 1 0 0
4 1 0 1 1 1 0 0 1 0 0 0
5 1 0 1 1 0 1 0 1 0 0 0
6 1 0 1 1 0 1 0 0 0 0 0
7 1 0 1 1 0 0 1 1 0 1 1
8 1 0 1 1 0 0 1 1 0 1 0
9 1 0 1 1 0 0 1 1 0 0 0
10 1 0 1 1 0 0 1 0 1 0 0
11 1 0 1 1 0 0 0 1 1 0 0
12 0 1 1 1 0 1 0 1 0 0 0
13 0 1 1 1 0 0 1 1 0 1 1
14 0 1 1 1 0 0 1 1 0 0 0
15 1 0 1 1 0 0 1 0 0 0 1
16 1 0 1 1 0 0 1 0 0 0 0
17 1 0 0 1 1 0 1 1 0 0 0
18 1 0 0 0 0 1 0 1 0 0 0
19 0 1 1 1 1 1 0 1 1 0 0
20 0 1 1 1 0 1 0 1 0 1 1
21 0 1 1 1 0 0 1 0 0 0 0

Table 1: Haplotypes of Mal de Rio Cuarto virus (MRCV) determined by the 
presence or absence of the bands formed  by the genomic segments and two 
extra-genomic bands BE5 and BE10 recorded in the electrophoretic profiles 
determined by electrophoretic migration of viral dsRNA present in samples from 
naturally infected grasses.
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According to Exception 2:
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Haplotype networks

The network graph was formed by nodes representing the 
haplotypes and arcs that connect the haplotypes that are at distance = 
1. Haplotypes that are at distance > 1 from any other profile are plotted 
connected to a virtual haplotype, identified with dotted line to the 
nearest existing haplotype. The most frequent haplotype was located in 
the center of the graph and the others on concentric circles whose level 
indicates the distance to the most frequent haplotype.

On the resulting network, the following 4 properties were 
calculated:

Diameter: Is the longest distance between any two nodes in the 
graph.

Average distance: Average distance between all nodes in the graph.

Distribution of degree of connectivity: The degree of connectivity 
ki of a node i is the number of arcs that are incident on the node. In 
terms of the matrix of distances:

1
1

N

i ij ij
j

k d d
=

= | =∑
The list of degrees of connectivity of the nodes is called the degree 

sequence. The most basic topological characterization of a graph is 
obtained in terms of the distribution of degree of connectivity P(k), 
defined as the probability that a node chosen at random will have 
degree k.

Clustering coefficient: Clustering coefficient is a measure of the 
number of nodes that form triangular graphs with their adjacent 
nodes [11]. It was introduced by Watts and Strogatz in [12] as a typical 
property of social networks, in which two people with a mutual friend 
have a high probability of knowing each other [13]. This property is 
important in the classification of networks. The clustering coefficient 
Cci of a node i is the relation between the number of existing arcs (not 
incident on i) in the sub-graph of the nodes connected to and the 
maximum number of possible connections [11]. 

2
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i
i
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cCc
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−

where ci is the number of arcs existing between the neighbors of i and ki 
is the degree of connectivity of i.

Lastly, the clustering coefficient of the network will be the average 
of the clustering coefficient of the nodes composing it [11].
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Exploring the network by environments

The proposed methodology for the exploration of network 
environments has two stages.

The first stage is to create a graphical representation of the network 
from the previously calculated distances between haplotypes. This 
graph should show all the haplotypes of the databases.

The second is the exploration stage. This defines on what 
dimensions and with how much detail the network will be analyzed. 
The dimensions are the attributes of the database, which in the case 
of MRCV refer to the geographic location, the crop year and the host 
species. The selection of attributes and levels of detail create a space 
for exploration, where each point of the space is called environment. 
For each environment, the entire network of haplotypes is visualized, 
but only the haplotypes that were found in that environment are 
highlighted on it. At each step of exploration, the analyst decides which 
direction to move and whether to increase or decrease the level of 
detail of any of the dimensions (Figure 1). This dynamic, interactive 
exploration helps the analyst in understanding the behavior of the virus 
and in generating new hypotheses.

Variability indicators
To associate values to the variability of each environment, the 

indicator sum of distances between haplotypes (SDH) was defined. 
This indicator is explained in Results section.

A valid alternative for this step is to perform an analysis of 
molecular variance (AMOVA), adapted from the analysis of variance 
(ANOVA) to molecular type data. AMOVA produces estimates of 
variance components and F-statistics analogs, reflecting the correlation 
of haplotypic diversity at different levels of hierarchical subdivision 
[14]. The method proposed in this paper facilitates the implementation 
of AMOVA because it uses common elements such as the distance 
matrix and the network of haplotypes. 

Unlike AMOVA, the chosen indicator SDH is affected, not by the 
sampling frequency of each haplotype in the environment analyzed, 
but by the presence/absence of the haplotypes. 

Results
Creation and analysis of the network

Table 2 shows the distances between haplotypes obtained.

Haplotype 9 was located in the center of the graph as it is the most 
frequent. It is useful to represent it in this way because it can be assumed 

Regionfrom endemic

Crop
 ye

ar

Figure 1: Exploration by environments of the haplotype networks of Mal de 
Rio Cuarto virus (MRCV) using the dimensions Region from endemic (space) 
and Crop year (time). Each plate represents an environment. The analyst 
visualizes only one environment at a time and chooses which direction of 
the environment space to move in order to change visualization. Each plate 
represents the entire network of haplotypes and the haplotypes existing in 
that environment are highlighted.
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that this haplotype is the most advantageous in the conditions of that 
environment and the distribution of the haplotypes of the population 
is centered around it, considering it the “master” haplotype. The 
distance of any profile to haplotype 9 (or number of changes necessary 
to convert any haplotype into haplotype 9) can be seen according to 
the number of circles that separate them. For haplotypes 18 and 19, 
the minimum distance to any other haplotype is greater than 1, and 
therefore in the graphic representation they connect to virtual profiles, 
as explained in sub section Haplotype Networks. 

The network obtained has the following properties: diameter 5; 
clustering coefficient 0.246 and mean distance 2.767.

Figure 2 shows the distribution of the degree of connectivity (k) 
of the nodes in the network. Haplotype 9 also stands out in its degree 
of connectivity. It is the haplotype with largest number of connections 
(seven in total).

According to the calculated properties, the network topology 
resembles that of a small-world network [12], but it cannot be said to 
share all its features because the clustering coefficient is less than 0.5 
[11]. A small-world network has the characteristic that, even though 
relatively few long-distance connections are present, the shortest path 
length (number of links/hops) between two nodes scales logarithmically 
or slower with the size of the network for fixed average degree. This 
means that even in small-world networks with many nodes, the 
shortest path length between two individual nodes is likely relatively 
small, hence the “small-world” designation [15]. This characteristic 
occurs in the haplotype network of MRCV, even though they are not 
being fully connected, there are certain transitions between haplotypes 
that have not been observed. It can be concluded that for any pair 
of randomly selected haplotypes the number of known mutations 
required to convert one into the other is relatively low.

Exploration by environments

In the exploration of the network by environments defined by 
geographic regions and the crop years through dynamic graphical 

representation of the existence of haplotypes, it was observed that in 
crop years prior to 1996/97, the haplotypes are generally more separated 
in the graph and that there is also a greater number of different profiles. 
This particular distribution of the profiles suggests at first glance the 
possibility that there was greater variability of the virus in the early 
periods studied.

Variability indicators

To validate the observation made during the network exploration 
by environments and confirm that this behavior is independent of 
the number of samples, a variability indicator was created, the sum of 
distances between haplotypes (SDH) for each environment.

1

1 1

n nA A
A ij

i j i
SDH d

−

= = +
= ∑ ∑

where:

SDHA: sum of distances between haplotypes of environment A 

nA: number of haplotypes of the environment A

dij: distance between haplotype i and haplotype j

There is a relationship between the number of distinct haplotypes 
for each environment and genetic variability. If environment A has a 
greater number of haplotypes than environment B, then A has greater 
variability than B. However, this criterion cannot be used in isolation, 

Hapl. 1   2   3   4   5   6   7   8   9  10 11 12 13 14 15 16 17 18 19 20 21
1 0   2   3   2   2   1   5   4   3   3   4   3   5   4   3   2   3   4   3   4   3
2 2   0   2   1   2   3   3   2   1   2   3   3   3   2   3   2   1   4   3   4   3
3 3   2   0   1   2   3   4   3   2   2   1   3   4   3   4   3   3   4   2   4   4
4 2   1   1   0   1   2   3   2   1   2   2   2   3   2   3   2   2   3   3   3   3
5 2   2   2   1   0   1   3   2   1   2   2   1   3   2   3   2   3   2   3   2   3
6 1   3   3   2   1   0   4   3   2   2   3   2   4   3   2   1   4   3   4   3   2
7 5   3   4   3   3   4   0   1   2   3   4   3   1   2   2   3   3   4   5   2   3
8 4   2   3   2   2   3   1   0   1   2   3   3   1   2   3   2   2   3   5   2   3
9 3   1   2   1   1   2   2   1   0   1   2   2   2   1   2   1   2   3   4   3   2
10 3   2   2   2   2   2   3   2   1   0   2   3   3   2   2   1   3   4   4   4   2
11 4   3   1   2   2   3   4   3   2   2   0   3   4   3   4   3   4   4   3   4   4
12 3   3   3   2   1   2   3   3   2   3   3   0   3   1   3   3   4   3   2   2   2
13 5   3   4   3   3   4   1   1   2   3   4   3   0   2   3   3   3   4   5   1   3
14 4   2   3   2   2   3   2   2   1   2   3   1   2   0   2   2   3   4   3   3   1
15 3   3   4   3   3   2   2   3   2   2   4   3   3   2   0   1   4   5   5   4   1
16 2   2   3   2   2   1   3   2   1   1   3   3   3   2   1   0   3   4   5   4   1
17 3   1   3   2   3   4   3   2   2   3   4   4   3   3   4   3   0   3   4   4   4
18 4   4   4   3   2   3   4   3   3   4   4   3   4   4   5   4   3   0   5   3   5
19 3   3   2   3   3   4   5   5   4   4   3   2   5   3   5   5   4   5   0   4   4
20 4   4   4   3   2   3   2   2   3   4   4   2   1   3   4   4   4   3   4   0   4
21 3   3   4   3   3   2   3   3   2   2   4   2   3   1   1   1   4   5   4   4   0

Table 2: Distances between haplotypes of Mal de Rio Cuarto virus calculated using 
Equation 1. The table header and first column contain the numbers of haplotypes.
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Figure 2: Distribution of degree of connectivity (k) of the haplotype network of 
Mal de Rio Cuarto virus (MRCV). The degree of connectivity k of a particular 
node is the number of arcs incident to the node.P(k) is the probability that a 
randomly chosen node has degree k.
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Figure 3: Graphic representation of the haplotype network of Mal de Rio 
Cuarto virus (MRCV) according to the distances in Table 2 in two different 
environments. The arcs drawn in solid lines indicate distance = 1 between 
connected haplotypes. The concentric circles in the background represent 
the distance between the nodes contained and the core haplotype, where 
each circle from the center increases one unit of distance. The same network 
is shown for two different environments, where the nodes painted indicate 
the haplotypes present in each environment.
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because it does not differentiate cases such as that of Figure 3, where 
two networks have the same number of haplotypes, but they are more 
widely spaced in one than in the other. In the environment on the left, 
there are four haplotypes that are within short distances from each 
other. In the environment on the right, the number of haplotypes is the 
same, but the distance between them is greater.

The greater separation between haplotypes within the same 
network also shows greater variability, because to increase the distance 
of haplotypes requires a greater number of changes.

The sum of the distances of the paths between existing haplotypes 
(SDH) in each environment represents both the distance between 
haplotypes as well as the number of haplotypes of the environment, 
since the number of paths depends on the number of haplotypes.

SDH grows rapidly with the number of samples taken in the 
environment studied. For this reason the results are displayed in 
relation to the expected value of SDH, making it possible to compare 
environments with different amounts of samples.

1

1 1
( ) (1 (1 ( )) )(1 1 ( )) )

A An n
nA nA

A i j ij
i j i

E SDH P h P h d
−

= = +

= − − − −∑ ∑
where:

E(SDHA): expected value of SDH for the environment A

nA: number of haplotypes of the environment A

dij : distance between haplotype i and haplotype j

P(hi): probability of existence of haplotype i

The calculation of the SDH indicator was performed for 
each environment in relation to the expected value of SDH. The 
environments are categorized into two classes, “Until 1996/97” and 
“Since 1997/98,” which highlight the division in behavior of the virus 
observed during the examination (Figure 4). Thus, the indicator SDH 
shows that the variability was high until the crop year of the epidemic 
in 1996/97 [16], and then variability markedly decreased. 

Discussion and Conclusions 
According to the calculated index, the variability of Mal de Rio 

Cuarto virus has decreased over time, with a clear change of the 
indicator in the crop year after the epidemic of crop year 1996/97, 

which divides the crop years into until 1996/97 and Since 1997/98.

Additionally, it was determined that the network of haplotypes of 
Mal de Rio Cuarto virus resembles a network of small-world type [12], 
but its clustering coefficient is lower than expected in this topology 
[11]. The use of networks in the KDD process was very successful and 
managed to highlight behavior of the object of study that had not been 
evident so far. Although an AMOVA analysis [2] and also a haplotype 
analysis by environments had been performed [4], the difference or 
distance between the profiles of each environment could be detected 
only with the implementation of the haplotype networks. Examination 
by network environments was instrumental in obtaining these results, 
since the hypothesis later demonstrated with indicator SDH arose 
after exploration work with different types and levels of clustering the 
information. In a human-centered process, where the creativity and 
experience of the analyst play a key role [17], the proposed tool was 
able to offer a fresh perspective, complementary to the other techniques 
of KDD process.
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