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Abstract

Phylogenetic analysis explains how species evolved throughout time. Multiple sequence alignments of proteins or genomes can be used to
infer a phylogenetic tree. Understanding evolution requires phylogenetics, or reconstructing organisms' evolutionary relationships. The
alignment of complete gene sequences of higher eukaryotes, as well as the construction of phylogenetic trees on the basis of these alignments,
is a computationally costly and ambitious undertaking. To get around these restrictions, we compared the genomes of the Brassicales clade
using alignment-free technique. A Chaos Representation (CR) can be evaluated for each nucleotide sequence, which depicts each nucleotide
as a point in a square specified by the four nucleotides as nodes. As a result, every CR is a distinct fingerprint of the basic sequence. Each
grid square in the CRs represents the presence of oligonucleotides of a given size in the sequence if the CRs are categorized by grid lines
(Frequency Chaos Representation, FCR). To build phylogenetic trees of Brassicales species, we used distance metrics between FCRs.
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1. INTRODUCTION

The term "phylogenomics” was initially used in the context of genome function prediction for genome-scale data, and then in
the ambience of phylogenetic conclusion shortly after. The advancements in DNA analyzing methodology over the last two
decades have given rise to the discipline of phylogenomics [1-3]. It incorporates multiple fields of research at the intersection
of molecular as well as evolutionary biology, with two main objectives: (i) inferring phylogenetic relationships among taxa and
gaining insights into molecular advancement mechanisms; and (ii) using multi-species phylogenetic analysis to conclude
putative functions for protein or DNA sequences.

This unplanned 'noise' effects the inference of backbone nodes, possibly directing to weakly carried phylogenetic trees, due to
the fewer number of phylogenetically informative characteristics accessible in one or a few genomes. Using significantly higher
volumes of sequence data, this challenge can be solved satisfactorily. Traditional sequencing datasets are orders of magnitude
bigger than modern phylogenomic techniques, which use hundreds to thousands of sites from across the gene [4-5]. As a result,
the scale of these datasets minimizes the impact of stochastic error as well as data availability as a binding factor.

High-throughput sequence method (also known as next-generation sequence method) has produced massive amounts of
genome-scale data. Next-generation sequencing methods depart from the Sanger approach for which they permit for largely
parallel DNA sequencing, allowing for exceptionally high throughput from several samples at the same time at a far lower cost.
Large number of DNA nucleotides could be analyzed in parallel, giving orders of enormity additional value and reducing the
requirement for fragment-cloning techniques employed in Sanger sequencing [6-8]. Recent advancements in NGS technology,
as well as the rapid development of bioinformatics tools, have made it possible for research groups of some amount to create
massive quantity of genomic sequence for organisms of consideration.

Phylogenetic studies are important in most domains of biology, but their reproducibility is often poor, with a prediction of 60%
published phylogenetic comparison being 'lost to science' as a lack of data and techniques. Because the used analytical software,
software versions, software settings, as well as OS versions can be difficult or not possible to unearth or revive, produced
phylogenetic research can be tough or impossible to replicate or expand [9-12]. The tracking of the input and modification of
information needed to get an output, known as data provenance, is a critical aspect of reproducibility. A large number of
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recommendations as well as guidelines have been offered to encourage best practices in phylogenomics and bioinformatics in
terms of reproducibility and data management, and several tools for assuring provenance of both data and methodologies have
been evolved [13-16].

2. Proposed Methodology

With Octave, the algorithm for calculating CRs and FCRs was implemented. CR coordinates were created as lists in original
text and drawn in the Scalable Vector Graphics programme for graphical presentations (SVG). FCRs were calculated for each
kin1,..., 8, based on CR position values. Calculations for distance were also implemented.

The following algorithm was used to construct chaos representations of nucleotide sequences. Each vertex of a 1 x 1 square is
identified with a nucleotide. We situate A to the upper left, T to the upper right, C to the lower left, as well as G to the lower
right node, in agreement with other results. The geometric centre of the square at position is the beginning point (0.5, 0.5). After
that, the nucleotide sequences are shown in order. A value is drawn on half the distance among the initial value (0.5, 0.5) as
well as the node in agreement to this nucleotide for the first nucleotide. Following that, for each subsequent nucleotide, a value
is drawn at the halfway point among the previously drawn value and the nucleotide's node.

The following equations can be used to express the algorithm:
CR0=(0.5,0.5) )

CRi—1 +0.5. (CR;_1+ (0,0)) if Seq;=1Ar

CRi—1 +0.5. (CR;_1+ (1,0)) if Seq;='T"

CRi= CRi—1 +0.5. (CRi_1+ (0,1)) if Seq;=/Cr (2)

CRi—1 +0.5. (CRi_1+ (1,1)) if Seq;=1Gr

Each sequence generates a different plot. Every one sub-square of the plot repeats the general pattern of points. Furthermore,
all plot on the basis of a subsequence of the entire sequence looks the same. As a result, similar sequences produce similar CR
charts. The FCR is calculated by adding the frequencies of points within every sub-square. As a result, each FCR indicates the
total number of oligonucleotides in the sequence. The binary square categorized to a 4 x 4 grid for dinucleotides (k = 2), an 8
x 8 grid for trinucleotides (k = 3), and a 2k x 2k grid in general.

If the lengths of the nucleotide sequences vary, the resulting FCRs will have different overall frequencies. Each FCR was
standardized to overcome the sequence length bias. If the FCR is shown as a 2k x 2k matrix, the X = (x) 2kx 2k matrix is
translated into an expected FCR as follows:
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We evaluated pair-wise distances among the FCRs to identify the evolutionary relationship between the examined species [17-
20]. In general, any distance that can be applied to matrices can be employed. The Hamming distance, the Euclidean distance,
the Image distance explained in, and the Pearson distance have all been described as distances for comparing FCRs. The
Euclidean distance was chosen since it fared the leading in a contrast of several distance algorithms. The Pythagorean equation
can be used to compute the Euclidean distance among 2 points in 2-dimensional space, which is given as the size of the line
segment among these 2 locations. The distance between two FCRs can be calculated using this technique. The Euclidean
distance among 2 standardized FCRs X = (x) 2kx 2k and Y = (y) 2kx 2k is given by following equation:

ED (X, V) =32 [N 52— 71 @
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3. Generating Phylogenetic Trees

Pair-wise distance patterns were constructed for every k using the Euclidean distance approach while specified in Equation 4
to give the phylogenetic trees. The distance patterns were processed using the Mega 5.2 software with Neighbor Joining (NJ)
and Fitch Margoliash methods. Random sampling with replacement was used to produce 200 datasets for each FCR. For each
k, 200 phylogenetic trees were reconstructed using these re-sampled FCRs. The consense tool was used to summarise each
dataset's trees into consensus trees. The branch lengths were computed using the Fitch—Margoliash technique once the
topographies of the consensus trees were specified [21-24]. For the NJ trees, a bootstrapped tree with the identical topography
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like the consensus tree was chosen, and the bootstrap rates projected onto it. The bootstrap amount indicates the proportion of
internal branches that have the identical partition like the consensus tree [25-29].

4, Results and Discussion

Table 1 shows information about various genome files obtained from NCBI database, every in FASTA format. The nuclear and
mitochondrial genomes, as well as any contamination from other species' DNA, are included in the whole genome assemblies
made accessible by sequencing centers. The subscriptions of mitochondrial genomes as well as tainting DNA to the FCRs,
however, are minimal given the lengths of the all over genome datasets. As a result, the FCRs of all over genome data can be
examined same in order to FCRs of nuclear genome.

Table 1: The species that were employed in our study

Species Accession Numbers

Arabidopsis lyrata GL348613-GL 348407

Arabidopsis thaliana NC 003074-NC 003076, NC 001284
Brassica rapa AENI01000001-AENI101051658, NC_016325
Capsella rubella 134834574

Carica papaya DS981420-DS984526

Citrus clementina 295550349

Citrus sinensis 319231331

Eucalyptus camaldulensis DF096775-DF127446

Eucalyptus grandis 691297852

Eutrema halophilum 243117811

Eutrema parvulum CM001587-CM001293

Gossypium raimondii 763818933

Theobroma cacao FR720257-FR725448

Vitis vinifera FN597025-FN597047, NC 012119
Brassica oleracea NC_008285

Limnanthes alba 8582959

Raphanus raphanistrum 104536170

Raphanus sativus 97973538

Brassica carinata NC_ 016320

Brassica juncea NC 016223

Lotus japonicus NC 016783

Millettia pinnata NC 016772

Ricinus communis NC 015131

The Euclidean distance method was combined with the NJ or Fitch Margoliash tree regeneration methods to generate
phylogenetic trees on the basis of all over genome, mitochondrial genome, as well as EST data. We shown trees of FCRs
constructed with k = 3 (trinucleotides, 64 data values) and k = 8 (oligonucleotides, 64 data values) to reveal the effect of
oligonucleotide lengths (octanucleotides, 65,536 data values).

We looked for nearly connected plant species like that all over genome assemblies were present with the aim to examine the
phylogenetic organizing of B. rapa in an all-over genome environment. The genomes of 13 distinct Malvidae species have been
compared and analyzed: A. lyrata, A. thaliana, B. rapa subsp. pekinensis, Capsella rubella, Carica papaya, C. clementina, C.
sinensis (sweet orange), Eucalyptus camaldulensis (Murray red gum), Eucalyptus grandis (Flooded gum), Eutrem (cacao plant).
Furthermore, the Vitis vinifera (grape vine) genome was selected as an out category for rooting the plants. There isn't a species
tree that includes all of these critters. We generated trees of these species on the basis of alignment for the actin CAP, Arp2,
and Arp3 proteins' concatenated protein sequences for comparison (Figures 1). The main difference between the NJ and ML
trees is whether the two Citrus species are grouped as a separate clade (NJ, Fig 1A) or like a sister clade as regards Malvales
(ML, Fig 1B).
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Figure 1: The trees in (A,B) on the basis of multiple sequence analysis of the CAP and Arp2/3 protein sequences

All trees agree that the Malvales, Sapindales, as well as Brassicales belong to single clade, also that the Myrtales belong to
sister clade, with C. papaya representing the maximum contrasting as far as examined Brassicales species as well as C. rubella
representing the nearest Arabidopsis species relation.

The phylogenetic trees of the FCRs that generate vary depending on the data and methodologies used (Figures 2 and 3). In
(Figure 2), we reconstructed a tree using the Euclidean distance as well as the Fitch— Margoliash method, but with a resolution
of k = 3, and a tree using a new approach for tree reconstruction, the NJ approach (Figure 3). Excluding the Eucalyptus species,
which are more assigned as a sister category to E. halophilum or foundation of the Brassicales. So it is far from their location
as specified to the reference tree, the trees generally coincide with the reference tree. T. cacao in Fig 2 and C. papaya in Fig 3
are both in incorrect places.
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Fitch-Margoliash, Euclidean distance, k= 3
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Figure 2: Fitch Margoliash algorithm (k=3)
Neighbour joining, Euclidean distance, k = 8
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Figure 3: Neighbour joining algorithm (k=8)
Analysis of Mitochondrial Genome

Close neighbors of B. rapa were selected for this study from NCBI database as sequenced mitochondria. A. thaliana, Brasicaa
carinata, Brasicaa juncea, B. napus, B. oleracea, B. rapa, Lotus japonicus, Millettia pinata, as well as Ricinus communis were
among nine species for which mitochondrial gene sequences were present (Table 1). As an outgroup, the mitochondrial genome
of V. vinifera employed. The trees on the basis of the FCRs of the mitochondrial genes were quite comparable for the two
distinct approaches, in contrast to the analysis of the other datasets (Figures 4 and 5). The topology of the sub-branches
comprising the 5 nearly associated Brasicaa species, in particular, is identical, as evidenced by strong bootstrap amounts. While
the Brassicales sub-family tree's structure is clearly defined, the Fabales L. japonicus as well as M. pinnata, as well as the
Malpighiales R. communis, all belong to the Fabales [30-34]. The trees based upon Euclidean distance along more-resolution
FCRs (k = 8) show the identical well-backed topography collecting the Fabales together, regardless of the tree regeneration
approach chosen. It is consistent with the findings from the full genome, which show that using high-resolution FCRs produces
more plausible trees and that using the Euclidean approach to calculate distances is preferable.
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Fitch-Margoliash, Euclidean distance, k=8
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Figure 4: Fitch Margoliash algorithm (k=8)

The CRs and FCRs are calculated using an algorithm with linear time complexity O(L), where L is the nucleotide sequence
length. The calculation of the CRs and FCRs for complete genomes took roughly 190 seconds, and 110 seconds for
mitochondrial genomes. The distance matrix created for every species versus other species determines how long the approach
takes to generate the phylogenetic trees. The time complexity of this calculation is O(4ks2), as well as the space complexity is
0O(s2), In which s represents count of species and k being the oligonucleotide size [35-39]. The phylogenetic tree reconstruction
took 48 seconds for k = 8 and all over genome datavalues (k = 6: 10 s, k = 3: 4 s), and 36 seconds for k = 8 as well as
mitochondrial genome datavalues (k =6:9s, k=3:25).

Neighbour joining, Euclidean distance, k=8
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Figure 5: Neighbour joining algorithm (k=8)

5. Conclusion

Phylogenetic trees of various species redrawn using amino acid or nucleotide sequence values, morphological comparisons, or
a combination of above methods. Whereas mostly sequence-centric comparisons based on single genomes, merged sequences,
which can include entire transcriptomes, are becoming more popular (phylogenomics). We aimed to use alignment-free
sequence data to rebuild the phylogeny of a few Brassicales species. We used CRs, which are scale-independent depictions for
genomic sequences, as our approach. CRs cannot be directly compared since they are distinctive fingerprints of the relevant
sequences. As a result, we constructed FCRs at various resolutions in order to reconstruct phylogenetic trees. The Euclidean (a
geometric distance) was utilised to calculate the distances between FCRs, as well as trees were redrawn using the Fitch—
Margoliash as well as NJ algorithms.

We analyzed two categories of nucleotide sequence, nuclear genome sequence and mitochondrial genome sequence, due to
their differences. The GC content and codon use patterns of nuclear as well as mitochondrial genomes have been found to
differ. The mitochondrial and entire genomes of the Brassicales species studied differ significantly in size. The existence as
well as frequency of the corresponding oligonucleotides, and hence the size of the examined sequence, naturally affect FCRs.
Finding the appropriate stability among sequence size and FCR resolution, that indicates amount of value accessible for tree
calculation and too the key determinant for calculating time, is crucial for a decent outcome. To rule out the possibility that the
sizes of concatenated sequences affect the phylogenetic tree regenerations of Brassicales species at higher FCR resolution, we
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constructed trees that included total-length sequences as well as certain determined subsets.

We were able to demonstrate that FCRs are capable of phylogenetically grouping plant genes and exonomes from uniform
nearly established species. This has been proved in part using the phylogeny of 26 mitochondrial genes, of which only 3 were
put incorrectly using the Euclidean distance method. High resolution data yield in finer tree topologies as well as more brace
for branchings, as per our research of the Brassicales clade. Trees constructed using the Pearson distance, a statistical distance
metric, are slighter dependable with other constructed using Euclidean distances. The Fitch—Margoliash as well as NJ
algorithms produce trees that are nearly identical. We demonstrated that the bootstrap idea for determining the support of
branchings in trees, which has been well established for decades for trees on the basis of sequence alignments, can also be
applied to trees on the basis of FCRs.
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