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This work aimed to create software capable of presenting nucleotide sequences in
a form convenient for recognition and comparison by humans. For this, the
method of DNA walk by vectors of different lengths in the directions North-South-
West-East was chosen. Each nucleotide has its direction. It is shown that diagrams
of the triander type, represented by three branches, each corresponding to the posi-
tion of a nucleotide in a codon, are similar for the same genes of different biolo-
gical species and may differ for different genes. Comparing the diagrams allows one
to notice even minor differences between gene sequences for different species of
the same genus. The sources and binaries for the Windows operating system of
Triander software were placed at https://icbge.org.ua/eng/Triander. The Web
application jsTriander is located at https://triander.icbge.org.ua and can be used
both online and offline.
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The avalanche-like increase in the amount of data on the genetic diversity
of life due to the progress in cheapening and accelerating the sequencing
process requires new methods of manipulating such information. Open
genetic databases such as GenBank provide a set for primary analysis of
nucleotide sequences [1]. The ability to determine the DNA sequence in
combination with statistical methods provides an essential tool for obtaining
hidden information about the dynamics of the evolution process, especial-
ly after the complete genomes of organisms became available [2]. Along
with the need to create software for computer analysis of accumulated gene-
tic texts, there was also a need to present them conveniently for humans.

The thumbnails of documents in modern file managers are generated
to exploit the human capacity to find information based on image recog-
nition. However, we still have no such handy instrument for files with gene-
tic information, and all that remains for us is to use their long names.
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Currently, there are many systems for visualizing genetic information.
Most, in one way or another, do not show the sequence itself, but only
reflect the relative location of genes, regulatory units, coding and non-co-
ding regions. In these cases, one has to completely rely on the application
algorithms, and lose sight of the sequence itself.

This work aimed to create applications for transforming nucleotide
sequences into graphical objects acceptable for human recognition and
possible visual analysis.

Materials and methods

The desktop variant of the program for interactive visualization of
nucleotide sequences (Triander) was created in the free software develop-
ment environment Lazarus version 1.2.6 [3], using the Free Pascal com-
piler version 2.6.4 [4].

JavaScript programming language [https://developer.mozilla.org/en-
US/docs/Web/JavaScript] without any additional library or framework was
used for development of jsTriander Web application. The HyperText
Markup Language (HTML) [5] and CSS [6] style sheet language were
involved in the building of user interface in this project.

The Triander program was tested under the 32-bit version of Windows
XP and 64-bit versions of Windows 7, 8.1, 10, 11. The jsTriander was tes-
ted in desktop and mobile versions of Mozilla Firefox (121.0) and Google
Chrome (120.0) browsers.

The source code of the Triander application and its compiled binary
code for Windows are freely available at https://icbge.org.ua/eng/Triander.
The source code of jsTriander is available by full page downloading from
https://triander.icbge.org.ua and can be used both online and offline.

Results and discussion

It is widely known that the complexity of visual analysis of genetic texts
written in a four-letter alphabet increases significantly with increasing text
length. The human eye is designed in such a way that it either reads each
letter separately, without noticing nucleotide patterns, or rejects sequences
of letters that do not form familiar words [7]. The arrangement of the bases
on the staff as music notes makes it easier to recognize individual patterns
after some practice [7], but breaking patterns during transfer creates many
more problems than with regular reading. In addition, it is quite difficult
to cover a long sequence entirely.

Unlike the above-mentioned visualization methods, we offer a natural
representation of nucleotide sequences in the form of curves, where mul-
tidirectional vectors are assigned to bases. In what follows, we will name
such objects as nucleotide vectors and the curves formed by them as
nucleotide curves.

The «H-curves» introduced in [8] provide an unambiguous represen-
tation of the sequence in three-dimensional space and, perhaps, would be
ideal when analyzing them on three-dimensional display devices.
Nevertheless, due to the extremely narrow distribution of such devices, it
is necessary to work with two-dimensional projections of curves, which
leads to partial loss of visual information. A two-dimensional version of this
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method [9] has become widespread and appeared useful for detecting repli-
cation initiation sites in genomes [10]. However, such a curve often passes
through the same places on the diagram due to the lack of a mandatory
vertical offset. In this case, information losses can be significant; in certain
areas, parts of the curve merge into spots (Fig. 1, a).

This issue is mostly eliminated in a visualization system, where
nucleotides are represented by vectors that differ simultaneously in direc-
tion and length [11] (Fig. 1, b, ¢, d). This approach uses its «internal
abstract characteristic — determinative degree» as the length of the
nucleotide vector [12]. The determinative degree is a numerical characte-
ristic of a nucleotide associated with its ability to determine an amino acid
depending on its position in the codon, as well as with the so-called «evo-
lutionary pressure». In addition, the number of hydrogen bonds is taken
into account.

It is essential to construct precisely three nucleotide curves corre-
sponding to each position in the codon. This means making three walks for
each nucleotide position in the triplet [13]. When the determinative degree
is taken into account, a diagram is called a triander [12]. The above-men-
tioned work shows that a hypothetical number of nucleotides per codon
different from three or randomly generated nucleotide sequences does not
lead to the appearance of visual structures such as trianders at all. Triander
and jsTriander are the first applications for interactively constructing trian-
ders and DNA walks by unequal vectors.

B

Fig. 1. DNA walk diagrams of marK chloroplast gene (AY939873) of Plagiomnium ellipticum
(Brid.) T.J.Kop. (a, b and ¢ — beginning), and nucleotide vectors (d, directions and pro-
portional length). Equal (a) and unequal (b, ¢) vector lengths, as well as regular (a, b) and
enlarged (c) vector lengths were used
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Among the possible combinations of directions of nucleotide vectors
i. e. vectors that represent nucleotide on the diagram, we chose the fol-
lowing: C — North, G — South, T — East, A — West (Fig. 1, d). Since
the determinative degree, and therefore the length of the nucleotide vec-
tor, are: 4 for C, 3 for G, 2 for T, and 1 for A, then the diagram of ran-
domly selected nucleotides in our case extends in the northeast direction.
This direction, like the four main ones, may be indicated on the chart.

Typically, DNA walk diagrams are constructed with one-pixel squares,
so in addition to the loss of information due to the passage of the curve
along the identical coordinates, losses from the merging of adjacent sec-
tions of the curve are added. The problem becomes more acute when the
analysis of genomes and chromosomes shifts to the study of individual
genes and regulatory sequences. We have implemented the ability to set the
length of a unit vector greater than the width of the nucleotide curve (Fig.
1, ¢). This made the diagrams more readable on the one hand, and possi-
ble to correctly scale them in this way on the other.

In addition, charts may be offset in horizontal or vertical directions
and set to display only a specific part of the sequence. The sequence can
be depicted either as a triander (Fig. 2, a), the branches of which are
exhibited as curves of different thicknesses or colors, or without dividing
into branches, called «monander» in the program by analogy (Fig. 1, b, c).
It is also possible to represent a sequence by vectors of equal length. It
should be noted that the speed of plotting diagrams is sufficient to observe
the animation holding down the buttons of increasing the length or shif-
ting the position in the sequence.

The Triander (Fig. 2, b) and jsTriander (Fig. 2, a) applications visua-
lize nucleotide sequences from FASTA, GenBank, and regular text files.
The opened file is available for viewing and editing. DNA walk diagrams
are constructed in the widely used SVG vector graphics format [14] and
can be saved into a file.

The most popular method of graphical representation of DNA is a
two-dimensional diagram constructed by walking the sequence with vectors
of equal length. To build it, one can use separate programs [15] or built-in
features of larger projects [16]. Such diagrams are good at exhibiting the
structure of large sequences, such as chromosomes or microorganism
genomes. However, the loss of visual information due to overlapping parts of
the nucleotide curve prevents efficient analysis at the nucleotide level.

Fig. 3 shows that matK gene trianders of three species belonging to
two genera have a similar structure, but are different. It is evident that
trianders of this gene for species of the same genus are almost identical,
but have noticeable differences (highlighted by circles). On the other hand,
the rbcL (Fig. 4) gene trianders are significantly different from the marK
gene trianders (Fig. 2 and 3) but similar to each other.

Today, only the presented software is equipped for constructing trian-
ders and DNA walk diagrams with nucleotide vectors of unequal length.
This helps both get a general idea of the sequence and distinguish indivi-
dual patterns. Since the chosen method of DNA walk diagrams allows one
to visually distinguish the nucleotide sequences of different genes, it would
be advisable to create software that will generate thumbnails for more pro-
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Fig. 2. The triander DNA walk diagrams of marK chloroplast gene of Plagiomnium ellipticum
(Brid.) T.J.Kop. in jsTriander (a) and Triander (b, 13t and 2" branches are hidden) appli-
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Fig. 3. The triander DNA walk diagrams of marK chloroplast gene of a — Sphagnum subse-
cundum Nees (AY342155), b — Sphagnum capillifolium (Ehrh.) Hedw. (DQ185026), and ¢ —
Plagiomnium medium (Bruch & Schimp.) T.J.Kop (AY522574)
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a b

Fig. 4. The triander DNA walk diagrams of rbcL chloroplast gene of a — Sphagnum subse-
cundum Nees (FJ572348) and b — Plagiomnium ellipticum (Brid.) T.J.Kop. (HM625851)

ductive work in file managers. In addition, it is planned to create software
for visual comparison of two or more sequences on the same chart.

Human abilities to distinguish and classify objects from a stream of
visual information are well known. Only now, large language models
(LLM), which today are called artificial intelligence (Al), have been able
to match, and, in some cases, even surpass them. It was reported [17] that
the use of DNA walking diagrams accelerates the process of learning LLM
by 500 times compared to learning on text versions of the same sequences
and allows it to be done on ordinary desktop computers.

Another example, where DNA walk diagrams are built for not analy-
sis by a human, but by a computer program, can be found in cancer gene-
tics. Fractal analysis of DNA walks allows obtaining important information
about the potential consequences of mutation of one or other gene [18].

The Triander and jsTriander applications allow one to build several
variants of DNA nucleotide walk diagrams. The use of an internal abstract
characteristic of a base, called the determinative degree, as the length of a
nucleotide vector allows both general visual analysis at the level of chro-
mosomes and genomes and the identification of individual nucleotide pat-
terns.
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JIIATPAMA OBXOAY OJHK B 3ACTOCYHKAX TRIANDER TA jsTRIANDER

B.IT. Jlynaiii!, H.B. Qynaiti?, C.A. dynaiii’

{HcTuTyT K1iTMHHOI Giosorii Ta reHeTMYHOI iHxeHepii HalioHansHoi akanemii Hayk
Yxpainu
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2HanioHanbHUMIA TeXHiYHUI yHiBepcuTeT YKpaiHn «KUiBChKMiI MOMiTeXHIYHMIA iHCTUTYT
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03056, bepecteiicbkmii mpocnekr, 37, Kuis

Sentp IndopmaniitHux TexHosoriii MIOHCTEPCHKOTO YHIBEPCUTETY

48149, Mioncrep, Pontreniurpacce 7-13, HimeuunHa

MerTo10 1i€i po6OTH OYJI0 CTBOPEHHSI MPOrpaMHOro 3abe3MeyeHHsI, 31aTHOTO MPeACTaBUTU
HYKJICOTUIHI MOCTiTOBHOCTI y 3pyYHOMY JJIsI pO3Mi3HAaBaHHsS Ta TMOPIBHSIHHS BUIsai. s
1poro Oyyno obpaHo Mmeton obxony JAHK BekTopamMu pi3HOI HOBXKUHM 3 HalpsMKamu
MiBHiY-MiBAeHb-3axiA-cxin. KoxHoMy HykJIeoTuay BiamoBizae cBiii Hampsimok. [TokasaHo,
10 JiarpaMy TUIY TPUAHIpP, MPEACTaBICHOTO TphOMa TiJIKaMU, KOXHA 3 SKUX BiIMOBigae
MO3MIii HYKJIEOTHIa B KOJOHI, € CXOXUMU JJISI OMHAKOBUX TeHiB Pi3HUX OiOJIOTiYHUX BUIIB
i MOXYTb BiIpi3HSATUCS IS pi3HMX reHiB. [TopiBHSIHHSA AiarpaMm ga€e 3MOry MOMITUTU HaBiTh
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MiHODHi BiIMiHHOCTi MiX MOCJIiZIOBHOCTSIMU TeHa JUIsl Pi3HUX BUIIiB OAHOrO poay. Buximuuit
KO/l Ta CKOMITIbOBaHa JJis omnepaliiiHoi cuctemu Windows nporpama Triander po3milieHi
3a aznpecolo https://icbge.org.ua/eng/Triander. Be6-3acTocyHoK jsTriander po3TailioBaHo 3a
anpecoto https://triander.icbge.org.ua i MoxXe BHUKOPUCTOBYBaTHCSI $K OHJaliH, Tak i
odaiiH.

Karwwuosi croea: niarpama obxomy JAHK, ananiz mociimoBHocTeit, TpuaHap, MporpamHe
3a0e3MneyeHHsI.
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