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Abstract⎯The study of evolution is an essential task in predicting the variability of species, especially for
pathogens such as viruses. One of the main stages of evolutionary analysis is constructing a phylogenetic tree.
This work is devoted to developing a new approach for visualization of the phylogenetic tree, which is based
on reconstructing the evolutionary trajectory of a taxon in three-dimensional space. An evolutionary trajec-
tory is a path that connects a particular taxon and the root of the tree. By reconstructing ancestral sequences
and applying one-hot-encoding, each tree node is represented as a multidimensional object, then mapped
into three-dimensional space using the embedding method, due to which, evolutionary paths from leaves to
the tree’s root are generated. This approach makes it possible to visualize rapid changes in evolutionary direc-
tion, both locally and globally. The results are based on the experiments on visualization of the evolutionary
trajectory of the H3N2 influenza virus and the development of a publicly available web platform called Phy-
loTraVis. They suggest the application of our approach for early detection of changes in the direction of evo-
lution, the study of evolutionary dynamics, evaluation of emerging novel virus variants, and modeling of pos-
sible antigenic diversity, which are important tasks in computational virology.
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INTRODUCTION

Molecular evolution is the process underlying
molecular changes in DNA, RNA, and/or amino acid
sequences between generations. Molecular evolution
can be viewed as an algorithmic process that includes
three sequential stages: at the genotype level, a gener-
ation is formed with random mutations; then natural
selection works at the phenotypic level; while in the
last stage, reproduction of newly divergent variants
occurs [1]. By accumulating mutations in the genetic
sequence, a generation may increase its functionality
and gain superiority over other variants.

The study of evolution makes it possible to predict
the direction of the variability of living beings, which
becomes an essential task concerning epidemically

dangerous pathogens. It is a necessary step in the
development of effective drugs and vaccines, espe-
cially when there is a requirement to predict conserved
areas that are not subject to variability [2]. In addition,
the evolution of pathogens such as viruses, and viroids
is linked to the evolution of other species; it expands
our understanding of the evolution of all life on planet
Earth [3].

With regard to viruses, study of evolutionary trajec-
tory is of great importance. Basically, changes in the
viral population occur due to mutations during the
replication process. Viral polymerases are error-
prone, resulting in mutations in the viral genome. This
can lead to the formation of a complex population of
related, but non-identical, genomes called quasi-spe-
cies [4].
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216 FORGHANI et al.
Viruses are one of the simplest models to study
evolution. The small sizes of viral genomes and pro-
teins make it possible to take into account not only sig-
nificant changes in viruses, but also minor amino acid
substitutions, which have turned out to be critical for
the antigenic evolution of viruses [5]. Sometimes, even
a single amino acid substitution can lead to a change in
the antigenic cluster, as happened between the two
antigenic clusters BE89 and SI87 of the influenza
virus [6]. For most viruses, variability occurs in two
classical ways: antigenic drift, the gradual accumula-
tion of changes; and antigenic variation (shift) or reas-
sortment, which is sudden and significantly changes
the viral genome. The process of evolution causes
changes in the antigenic characteristics of the virus,
which leads to the virus escaping from the host’s
immune response, thereby reducing the effectiveness
of vaccines [7].

Evolution can be analyzed at different levels. For
example, in the case of the influenza virus, there are
evolutionary models based on various factors (phylo-
genetic and population genetics, antigenic relation-
ships, epidemiological data, protein structure data)
[8]. The underlying, classic model for representing the
evolutionary relationships between different species is
construction of a phylogenetic tree. A phylogenetic tree
is a bioinformatics data structure in which differences
and similarities between species (e.g., in genetic space)
are shown in a compact form similar to a dendrogram.
Indeed, the tree transforms complex evolutionary
relationships into a human-readable graphic [9, 10].

Visualization tasks are an integral part of most sci-
entific research, including those in the field of bioin-
formatics [11]. Generally speaking, the transformation
of a set of nucleotide or amino acid sequences into a
visualized tree requires two sequential steps: assess-
ment of the phylogenetic relationship between species
using phylogenetic analysis (with methods divided
into phenetic and cladistic); and visualization of the
phylogenetic analysis results. In this case, the visualiza-
tion aims to: facilitate a better understanding of genetic
divergence; monitor or discover new variants; and vali-
date, receive, or understand insights from data [12].

Here, we mentioned three prominent approaches
developed for evolution modeling, in which visualiza-
tion plays a crucial role. In 2011, Ito et al. [13] pro-
posed a model to predict the future direction of evolu-
tionary changes in the influenza virus. Their model is
based on the application of the well-known multidi-
mensional scaling (MDS) method [14] on distances of
amino acid sequences of previous isolated strains. The
3D visualization they present shows the direction of
evolution and the sequence phylogeny simultaneously,
which cannot be provided through traditional phylo-
genetic analysis. Their approach achieves a recall of
about 0.70, which indicates the ability of the model to
predict amino acid substitution.
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Another example of using visualization to represent
evolution graphically is antigenic cartography pro-
posed by Smith et al. [6]. The main idea behind this
approach is to apply a modified MDS method in anti-
genic distance to locate antigens and antisera on a
map. Antigenic mapping is still one of the traditional
tools for demonstrating the antigenic evolution of
pathogens with high antigenic variability. Sometimes,
visualization is an intermediate step to model evolu-
tion. For example, as suggested by [5], [15], some fea-
tures or variables of antigenic evolution model can be
extracted from a phylogenetic tree. Despite all the
above approaches, modeling and visualization of evo-
lution are still relevant tasks in bioinformatics.

A phylogenetic tree can also be achieved by
employing a model of evolution. In fact, such a model
is a tool to estimate the evolutionary distance, a mea-
sure of genetic divergence, from observed differences
between species. There are various models, most of
which are based on the Markov model for sequence
evolution. These models vary depending on the type of
genetic data (DNA, protein, codon) and parameters
that describe the substitution rate. For example, it is
known that the rate of transitions, that is, the replace-
ment of a purine base by a purine (A ↔ G), or a
pyrimidine by another pyrimidine (C ↔ T), is higher
than the rate of transversions (replacement of a purine
base by a pyrimidine, and vice versa). The Kimura
model, known as K80, assigns an individual rate to
each of the transitions and transversions, representing
the rates as model parameters [16].

In parallel with the rapid progress in modeling and
approaches for inferring the tree’s topology, visualization
techniques and corresponding packages have also devel-
oped. Examples of such packages are TREEVIEW [17],
PHYLO_WIN [18], FIGTREE [19], iTOL [20],
Phylo.io [21], PhyloExplorer [22], and Treeio [23].

Extending our previous attempts to visualize the
phylogenetic tree [10], [24], we focus in this work on
representing the new 2D and 3D visualization by
incorporating ancestral node information. The main
idea of the presented approach is inspired by visualiza-
tion of Rubik’s cube solving algorithms [25]. In
Rubik’s cube visualization, a solution path is initial-
ized by a random state and ends in the final state (the
complete solution of the cube). The solution path is
visualized using the one-hot-encoding and t-distrib-
uted stochastic neighbor embedding (t-SNE) [26].
Considering a taxon, located in a leaf, as the initial and
the tree’s root as the final states, we represent a reverse
evolutionary path similar to that presented in the
Rubik’s Cube visualization. The construction of such
a path requires the presence of genetic sequences of
the tree’s internal nodes, which can be obtained using
algorithms for reconstructing the ancestral sequences.

Our contribution to this work is creating a new
approach for visualization of the phylogenetic tree and
implementing this approach in the form of an online
ND COMPUTER SOFTWARE  Vol. 48  No. 3  2022



PHYLOTRAVIS 217
platform called PhyloTraVis (Phylogenetic Trajectory
Visualization). The platform is publicly available at phy-
lotravis.viroinformatics.com. The proposed approach
can be applied in various studies, including modeling
of viral antigenic evolution. The rest of this paper is
organized as follows. Section 2 describes the methodol-
ogy and associated algorithms in more detail. Section 3
presents experimental setup and results. Finally, the con-
clusion is given in Section 4.

METHODOLOGY

PhyloTraVis is a platform developed using FLASK
[27], Biopython [28] and Scikit-learn [29]. It consists
of two parts: phylogenetic analysis and visualization.
In the first stage, an aligned FASTA file, including the
genetic sequences of taxa, is transferred into a matrix,
which is further embedded in three-dimensional space
by the algorithms of the second stage. The overall
workflow of our approach is illustrated in Fig. 1.

The input file must be in FASTA format and
aligned. Moreover, since constructing a phylogenetic
tree requires all genetic sequences to be unique, there
must be no duplicate sequences in the input file. Oth-
erwise, the platform returns an exception, informing
the user. Phylogenetic analysis is conducted by
employing two packages: FastTree [30] and RAxML
[31]. Randomized Axelerated Maximum Likelihood
(RAxML) is a maximum likelihood phylogenetic
analysis program with high accuracy. Stochastic mod-
els (such as maximum likelihood) are more practical
in biological research, providing many desirable statis-
tical properties, but they often suffer from low compu-
tational efficiency. For this reason, we use FastTree,
one of the fastest maximum likelihood estimation
methods, to create an initial tree. The initial tree is fed
into RAxML to generate the final phylogenetic tree.
RAxML provides a wide range of options, including
the substitution model. RAxML is advantageous in
working with large-scale data sets since it is equipped
with parallel computation for estimating the best max-
imum likelihood score.

The final output of phylogenetic analysis depends
on the topology of the tree, as well as the genetic
sequences of all internal nodes and the root, as the
most common ancestor. At the same time, a prerequi-
site for calculating ancestral sequences in RAxML is
the presence of a root. A rooted tree can simply be
obtained from an unrooted tree using RAxML
employing the ’-f I’ f lag. The tree’s root is located on
the branch that best balances the subtree lengths for
the left and right subtrees.

Ancestral sequence reconstruction is a technique
that employs maximum likelihood or Bayesian meth-
ods to infer the genetic sequence of ancestral nodes
statistically. The computation of ancestral sequences is
highly dependent on topology and phylogeny. The
reconstruction of ancestral sequences can be achieved
PROGRAMMING AND COMPUTER SOFTWARE  Vol. 
by utilizing the ’-f A’ f lag in the RAxML package. As a
result, RAxML will generate several files, including
the ancestral probabilities and states, which are used in
the next step.

At the visualization stage, the genetic information
of all nodes and the topology of the tree are combined
for its embedding into a new three-dimensional repre-
sentation. Incorporation of the ancestor nodes’ infor-
mation into the visualization is conducted by defining
a phylogenetic trajectory (or path). A phylogenetic
trajectory is a non-directional graph path starting at
the taxon and ending at the root of the tree (Fig. 2).
Such a path represents the evolutionary history of the
target derived taxon from the most common ancestor
(or root), while the genetic similarity between two
nodes determines the length of the path between them.
The path is generated from the tree using the module
’phylo’ from the Biopython package [28]. The module
allows extracting the child-parent relationship
between tree nodes, which is necessary to reconstruct
the evolutionary trajectory. Note that the total number
of paths equals the total number of taxa (the number of
species in the input FASTA file).

Although the formation of the path depends on the
genetic information of all taxa, at the stage of visual-
ization, the path can be considered as an independent
object. The main task of the visualization is to embed
the evolutionary path in 3D/2D space. To do this,
genetic sequences of path nodes are employed; there-
fore, the task turns into an embedding procedure to
project each node from genetic space into 3D/2D
space. Nevertheless, the genetic data must be repre-
sented in a numerical format before embedding since
most mathematical embedding techniques work with
numerical vectors.

There are various methods for representing a
genetic sequence in numerical space. Inspired by the
visualization of the Rubik’s Cube solution [25], we use
one-hot-encoding to encode both amino acids and
nucleotides. This encoding does not consider the pri-
ority between the building blocks of the genetic
sequence. Table 1 shows an example of a one-hot-
encoding for nucleotides. A similar table can be drawn
up for a set of amino acids.

By applying one-hot-encoding, the genetic
sequences for all nodes (including internal and termi-
nal) are represented in the form of a binary matrix.
Each row of the matrix is a binary sequence associated
with a specific tree node, representing the node in a
multidimensional binary space. The matrix is fed into
the embedding technique to reduce the dimension
into 2D or 3D. Note that, unlike our previous
approach for visualizing the phylogenetic tree [24], in
which each path is individually embedded in 3D
space, PhyloTraVis embeds the binary matrix in low-
dimensional space by considering all nodes together.

Currently, the platform provides two well-known
embedding techniques: MDS and t-SNE. While MDS
48  No. 3  2022
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Fig. 1. The figure shows the overall scheme of the proposed approach. It consists of two sequential steps: phylogenetic analysis
and visualization. Note that the workflow input is an aligned FASTA file.

Phylogenetic Analisys Visualization

Visualized scene

Aligned FASTA file
of genetic sequences

Creating a rooted
tree

Reconstructing
ancestral sequences

Constructing initial
tree by FastTree

Constructing the final
tree by RAxML

package

Determining the
evolutionary paths

Encdoing the genetic
sequences

Embedding the
encoded sequences

Smoothing the path
and plotting
aims to preserve distances between objects as much as
possible, t-SNE converts the objects into the joint
probability and tries to minimize the Kullback-Leibler
(KL) divergence between the probabilities in high-
and low-dimensional spaces. In other words, given 
points , , and their affinity
(similarity) matrix , MDS aims to minimize the fol-
lowing objective function

where ,  are points in low-
dimensional space (q < p), and  is their affinity
matrix in the new space.

The t-SNE method uses the distance between
objects in high- and low-dimensional spaces to define
a conditional probability that determines whether two
points belong to the same group or not. If  and  are
conditional probabilities for points i, j representing the
similarity of data point xj to data point xi in high- and
low-dimensional spaces, respectively, then the objective
function, i.e. KL divergence, can be defined as:

which expresses the total cost of representing objects
in a low-dimensional space. The divergence can be
minimized by the gradient descent algorithm.
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Table 1. One-hot-encoding for representing an alphabetical
sequence of nucleotides in a numerical binary space

Nucleotide One-hot-code

A (1, 0, 0, 0)
C (0, 1, 0, 0)
G (0, 0, 1, 0)
T (0, 0, 0, 1)

’-’ Gap (0, 0, 0, 0)
After embedding nodes in 3D/2D space and before
final plotting, we apply a smoothing technique called
the Bezier curve algorithm to improve the representa-
tion of the path in low-dimensional space. A Bezier
curve is a parametric curve defined by a set of points
called control points. The number of points minus one
represents the order of the curve. For example, given
two distinct points p0 and p1, a linear Bezier curve is
defined as follows [33]:

where .
Generally speaking, a Bezier curve with degree 

can be recursively expressed as a linear combination of
two Bezier curves of degree , as follows:

where ,  and  are
Bezier curves of order n – 1 for the set of points

 and , respectively.
After smoothing, all evolutionary paths are trans-

formed into Bezier curves, which are visualized in
three-dimensional space. By employing the Bezier
curve algorithm, all internal nodes participate in con-
structing the final path. The nodes that create the
path, including the ancestors, serve as control points
for the curve. Since the coordinates of these points are
obtained by embedding these objects from the multi-
dimensional sequence space into 3D paths, the result-
ing final curves reflect a complete taxa history based
on the presented phylogenetic tree.

As a result of trajectory calculations, a set of curves
in three-dimensional space is formed. Each curve cor-
responds to some taxon whose phylogenetic trajectory
is represented by the curve. The curves are converted
into polylines and written in a CSV text file with col-
umns ( ), as shown in Fig. 3.

This (and only this) data is the input to the program
for plotting on the screen. The program works in a web
browser and displays the given polylines and text using

+ − − +
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Fig. 2. A phylogenetic tree is usually represented as a den-
drogram. The evolutionary trajectory is the path starting
from a taxon and ending at the tree’s root. An example of
such a path is highlighted in red. PhyloTraVis treats each
path as a separate visualization object. Here, only a part of
the tree, obtained from the TBEV-Analyzer platform [32],
a platform for tick-borne encephalitis virus, is presented.

0 0.04642 0.09285
3D graphics technologies. A user can interactively
change camera direction in the view, enable or disable
the display of text labels of taxa, and manage other
parameters.

The program is implemented using the Vrungel
technology [34], developed by one of the authors of
this paper. The technology consists of a programming
language and its interpreter running in a web browser.
The language allows a relatively brief description of a
tree of objects that forms: a) a three-dimensional
scene; b) a two-dimensional interface; and c) addi-
tional calculations. The code of the visualization pro-
gram is presented in Fig. 4.

Each object is described by a structure like “name:
main-feature parameters… features… {nested_ob-
jects…}”. The object name is optional, and its param-
eters are like other programming languages. Features
are identifiers of the environments that will be added
to the created object (an analogy is “mixin” in the
Ruby language). The primary feature is the main envi-
ronment of the object (an analogy is “classes” in other
programming languages).

The tree, nodes of which are the created objects, is
generated using records of the objects. The parent-
child relationship can further be used in various
semantics. For example, in the case of the two-dimen-
sional user interface, the relationship is employed to
calculate the position of interface elements on the
screen.

Constructions, such as param1=@obj-
>param2, mean a link. Any change in the value of
@obj->param2 causes a copy of the value into the
current object in the parameter param1. By changing
parameter values, the object’s event handlers are
called. Therefore, it can be asserted that the presented
code has the features of reactive programming. Con-
structions, like object1 | object2 … |
objectN, mean a pipeline wherein input and output
objects are chained together with links (i.e. object2
input=@object1->input, and so on). For
example, the construction @dat | linestrips
creates a linestrips object that is responsible for
generating a 3D polyline representation; its input is the
values of @dat->output. Definition of object fea-
tures can be carried out in JavaScript or in the visual-
ization program language. For example, a new feature
named “rescale_rgb” is defined in regis-
ter_feature name="rescale_rgb" in Fig. 4.

Three-dimensional representation in Vrungel is
implemented using the ThreeJS library [35]. The fea-
ture view3d specifies a two-dimensional output area.
Feature render3d generates a rendering loop with
output into the specified area. The parent-child rela-
tionship specifies the list of objects that will be ren-
dered using render3d. The linestrips and
text3d objects form the necessary three-dimen-
sional objects: polylines and text, respectively. They
PROGRAMMING AND COMPUTER SOFTWARE  Vol. 
are children of render3d and fed into it for render-
ing.

The written program is passed to the interpreter
included in the Vrungel project. It loads the program
in the web browser. The process is further determined
according to the created object tree. For example, the
following steps are carried out for the program pre-
sented in Fig. 4:

1. The object get_query_param reads the
query parameter from the browser’s URL string; the
parameter name is csv_file.

2. The obtained value of the parameter csv_file
is passed to the object load-file.

3. In response to a value change, load-file
reads the file located at the address specified in the
value.

4. The content of the file fed into the object
parse_csv and then to the object rescale_rgb.
The result is written to the object dat in the field
output.

5. Data from dat goes to linestrips, where a
ThreeJS object is formed to render polylines. Also,
48  No. 3  2022
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Fig. 3. Input data file screenshot. Column N identifies polyline. X, Y, Z define coordinates of node in polyline. R, G, B define the
node color. Nodes with the same value of N describe the same polyline. The name of the taxon is presented in the TEXT column.
dat is passed to the filter for empty lines and further
to text3d forming a ThreeJS text rendering object.

6. The generated ThreeJS objects are collected by
the render3d object and rendered 60 frames per sec-
ond with output to view3d.

7. The user can control the camera as well as two
additional parameters: checkbox to turn text display
on/off and select_color to customize its color.

An interesting feature of Vrungel is an experimental
debugger that depicts the entities of the loaded pro-
gram in three-dimensional space (Fig. 5). The debugger
uses the molecule metaphor [36], which allows observ-
ing the program locally and globally. Information about
the Vrungel project and its source codes are publicly
available at https://github.com/viewzavr/vrungel.

EXPERIMENTS AND RESULTS
In order to demonstrate the ability of our approach,

we visualized a phylogenetic tree for the influenza
virus. We conduct two visualizations. In the first case,
we show how a phylogenetic tree with a relatively high
number of strains can be visualized. The second visu-
alization shows the ability of the proposed method’s
application in mathematical modeling of phenotype,
in this case, antigenic evolution. Each step is described
in more detail in the following subsections.

DATA PREPARATION
Two datasets of influenza virus H3N2 subtype were

selected for experiments. The reason for choosing this
subtype is its high variability compared to other influ-
enza virus subtypes. The first set of strains included
512 hemagglutinin (HA) protein sequences collected
PROGRAMMING A
during 1968–2007, taken from [37]. Although the file
was already aligned, the alignment process can be per-
formed using programs such as the widely used MUl-
tiple Sequence Comparison by LogExpectation (also
known as MUSCLE) [38]. MUSCLE has significant
speed and accuracy compared with other programs
such as Multiple Alignment using Fast Fourier Trans-
form (MAFFT) [39]. However, in the case of a large
database, MAFFT offers high speed through its paral-
lel computing.

For the second experiment, a described dataset of
strains [6] was used. After extracting strain sequences
from public databases, since PhyloTraVis demands an
input file without any duplicate sequence, we cleaned
the extracted database and obtained 153 sequences.
Note that if a sequence has a duplicate in the dataset,
we remove both the original strain and the strains with
the same sequence. The reason for this filtering is that
we need to assign to the sequence its coordinates from
the antigenic cartography described [6]. Since dupli-
cation of sequences means that there are multiple
coordinates for a single sequence, we cannot decide
which one should be assigned to it. Therefore, we
excluded them from our experiment. The HA
sequences in both files were aligned and consist of 329
amino acids. PhyloTraVis requires that the user speci-
fies the type of genetic sequence (nucleotide/amino
acid) before uploading a file.

PARAMETER SETUP

After successful uploading of the input FASTA file,
the system proceeds to the second stage: parameter
setting. All parameters, for both phylogenetic analysis
and visualization, can be set at this stage. It is worth
ND COMPUTER SOFTWARE  Vol. 48  No. 3  2022
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Fig. 4. Simplified version of the visualization program code. The full version is available at github.com/viewzavr/vr-flu-evolu-
tion/blob/main/main.cl.

/// Loading modules, including definition of used features

/// loading and preparing the data

/// scene content and rendering

{

};

};

};

};

/// user interface

/// extra functions
/// rescale_rgb - divides data located in R,G,B columns by 255-converting them to 0..1 range

load files="lib3dv3 csv params io gui render-params df misc scene-explorer-3d";

render3d target=@view

screen auto-activate {

register_feature name="rescale_rgb" {

column padding="1em" {

df_div column="R" coef=255 | df_div column="G" coef=255 | df_div column="B" coef=255; 

@dat | linestrips; 

view: view3d; 

| df_filter code="(line) => line.TEXT?.length > Ø"
| text3d size=0.2 visible=@cb1->value color=@titlecol->value;

@dat

pq:  get_query_param name="csv_file";

cb1: checkbox text="Show titles";
titlecol: select_color value=[1,1,1];

dat: load-file file=@pq->output | parse_csv | rescale_rgb;
noting that the system can provide a two-stage recon-
struction of the phylogenetic tree. In other words, the
initial tree generated by FastTree is fed into the first
model. The output tree from the first model is called
the middle tree, and it serves as the input to the second
model for fine-tuning. The final unrooted phyloge-
netic tree is the output of the second model. The use
of the second model is optional and can be activated
by the user. The setup parameters for both experi-
ments are presented in Table 2.

VISUALIZATION

After submitting a job, the web page periodically
checks its status and reports it to the user. When the job
is accomplished, the system generates a CSV file con-
taining the coordinates of the smoothed trajectories.
The CSV file is passed to Vrungel to plot the con-
structed evolutionary trajectories in three-dimen-
sional space. Representative visualizations, with the
aforementioned setup for both datasets, are shown in
Figs. 6 and 7. They are also available online
(https://github.com/viewzavr/vr-flu-evolution).
PROGRAMMING AND COMPUTER SOFTWARE  Vol. 
RESULTS

Unlike our recently developed approach [24], in
which each path is individually embedded in the low-
dimensional space, PhyloTraVis considers all the
nodes of the phylogenetic tree and embeds them
together in the low-dimensional space. The resulting
path coordinates are affected in three levels. The tree
topology is defined through RAxML using a substitu-
tion model at the first level. Accordingly, the hierarchy
of the ancestor nodes determines the order of control
points for the Bezier curve after embedding in low-
dimensional space. The second level of path modifica-
tion depends on the embedding technique, which
maps objects from high-dimensional to low-dimen-
sional space. The final level of path modification
occurs during the smoothing process when the control
points are involved in constructing the Bezier curve.
Generally speaking, the coordinate of each control
point depends, in one way or another, on all nodes of
the tree. Therefore, any change in the tree’s topology
affects the final visualization.

Since the visualization is based on genetic
sequence, the proposed approach tends to preserve the
genetic similarity between the strains. As expected,
genetically-close strains are also close in 3D space,
48  No. 3  2022



222

PROGRAMMING AND COMPUTER SOFTWARE  Vol. 48  No. 3  2022

FORGHANI et al.

Fig. 5. A presentation of the tree of objects generated by the visualization program. Small red spheres are objects. Yellow spheres
are object parameters, and large red spheres are features (‘mixin’) of objects. Links colored in red indicate the parent-child rela-
tionship, while green links show object-parameter. Purple arrows indicate passing of parameter values by link.

Fig. 6. Visualization of evolution for a sample of 512 strains of influenza virus H3N2 subtype isolated during 1986–2007. For clar-
ity, strain labels are not displayed. Color indicates the Euclidean distance to the root. The shortest distance to the root is shown
in red, while blue indicates the longest distance. Yellow arrows show significant changes in genetic content during evolution.
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Fig. 7. Visualization of a small sample (153) of influenza H3N2 strains collected during 1968–2004 [6]. The Euclidean distance
between strain coordinates in the embedded space has a moderate correlation of 0.61 (p-value=1e-05) with the Euclidean dis-
tance between their positions on the antigenic map.
while genetically-far strains have a correspondingly
more pronounced distance in space. One of the distin-
guishing features of our approach is its customization.
As mentioned, coordinates are influenced by encod-
ing and embedding techniques. Thus, a user can cus-
tomize the visualization through these two processes.
Encoding determines how genetic information is
reflected in numerical space, while embedding deter-
mines the similarity between objects in low-dimen-
sional space. In our experiment, there is no priority
between amino acids, but it can be taken into account
by encoding them using AAindex [40]. Moreover, the
concept of similarity can be defined based on the
embedding technique. This provides the user with a
wide range of choices to explore taxonomic relation-
ships. Our experiments show that t-SNE provides bet-
ter visualization quality than MDS by expressing
smoother paths.

In order to demonstrate the effectiveness of the
proposed approach, we compared the distance
between objects in three-dimensional space with their
genetic distance, as well as with the distance on the
described antigenic map [6]. We first conducted an
experiment with 153 HA proteins of the H3N2 influ-
enza virus. By employing PhyloTraVis, we achieved
new coordinates of each strain in 3D space. We further
calculated the pairwise Euclidean distance between
strains and created a distance matrix. Similarly, the
Hamming distance was calculated for each pair of
strains. In order to compare the two distance matrices,
PROGRAMMING AND COMPUTER SOFTWARE  Vol. 
we use the Mantel test [41]. The Mantel test is a non-
parametric test that assesses the significance of the
correlation between two distance matrices by permu-
tation of rows and columns. The test yields a correla-
tion coefficient that is between -1 and 1. A coefficient
close to 1 indicates a strong positive correlation, while
close to -1 indicates a strong negative correlation. The
coefficient about zero exhibits the absence of correla-
tion between the matrices.

Table 3 illustrates the results of the Mantel test.
Interestingly, the results show that Euclidean distance
matrices of strains in embedded 3D and antigenic car-
tography spaces express a moderate correlation of 0.61
(p = 1e-05). This highlights that the visualization can
be used in modeling of antigenic evolution. Moreover,
Table 3 shows that there is a moderate correlation
between the Hamming distance matrix and the
Euclidean distance matrix of embedded space. This
indicates that most genetic variation is reflected in the
embedded space. Based on the results of the presented
visualization, it can be concluded that this approach
can serve as an auxiliary tool for phylogenetic analysis.
Moreover, the results can, in turn, be employed in
phenotype modeling.

CONCLUSIONS
Generally, the experiments show that our

approach, and the PhyloTraVis platform, do not
replace the classical representation of the phylogenetic
48  No. 3  2022
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Table 2. Setup parameters for visualization of the influenza virus hemagglutinin (HA) protein in our experiments. Here, we
employ a two-stage phylogenetic tree reconstruction

Process Parameters

First RAxML model -m PROTCATGTR -p 12345 -e 0.01

Second RAxML model -m PROTGAMMAGTR -p 12345 -e 0.01

Rooting -f I -m PROTCATGTR -p 12345 -e 0.01

Ancestral reconstruction -f A -m PROTCATGTR -p 12345 -e 0.01

Encoding binary

(currently, one-hot-encoding is available)

Embedding t-SNE perplexity=30.0 early_exaggeration=12.0 learning_rate =200.0

n_iter=1000 random_state=1234

Table 3. Mantel test results for correlations between the Euclidean distance matrix (for strains in 3D space) and: the Ham-
ming distance matrix; and the matrix of Euclidean distances (between strains) on the antigenic map. The Mantel test was
calculated using the Pearson method, 100,000 permutations, and a two-sided test

Distance matrix Hamming distance matrix Matrix of Euclidean distances between 
strains on the antigenic map

Matrix of Euclidean distances between 
strains in our 3D space

0.63 (p-value=1e-05) 0.61 (p-value=1e-05)
tree. Rather, they serve as additional research and ana-
lytical tools for studying and modeling evolution,
including viral evolution. Thanks to such 3D visual-
ization, one can recognize abrupt changes, i.e., signif-
icant sequence changes (protein or nucleic acid), in
the direction of evolution at specific points in phylog-
eny.

Understanding pivotal events in the evolution of
infectious agents is essential for predicting mutations,
or even preventing the formation of circumstances that
accelerate their variability. By conducting a retrospec-
tive analysis of the environmental conditions at these
points in which such changes occurred, it is possible
to identify environmental pressure factors that could
become critically significant for macrovariability.
In addition, understanding patterns in pathogen evo-
lution helps identify particularly variable or conserved
(protein and/or genome) regions, which is necessary
for developing drugs and vaccines.

From a technical perspective, the only significant
drawback of our approach is the computational com-
plexity of building a phylogenetic tree and embedding
algorithms for a large number of taxa. Although only
the amino acid sequence of the hemagglutinin (HA)
protein was employed to visualize influenza viral evo-
lution, however, it is a partial reflection of evolution.
A deeper insight into its evolution could be obtained
using analysis of full genomes available in public data-
bases. In addition, this approach is not limited to viro-
PROGRAMMING A
logical research. It can be applied to analyze the evo-
lution of other species of living beings.

Moreover, amino acids can be considered in terms
of different biological or physicochemical properties if
they are encoded using the well-known AAindex data-
base [40]. This provides an opportunity to visualize
and study evolution from different points of view, such
as hydrophilicity or lipophilicity. Besides AAindex, it
is also possible to apply simplified amino acid alpha-
bets to our visualization. Future work needs to be done
on encoding methods, and associated criteria (met-
rics, thresholds, etc.), to automatically recognize tax-
onomic variants and clusters from the provided visual-
ization.
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