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Abstract: The human genome carries a vast amount of information within its DNA sequences. The
chemical bases A, T, C, and G are the basic units of information content, that are arranged into
patterns and codes. Expansive areas of the genome contain codes that are not yet well understood. To
decipher these, mathematical and computational tools are applied here to study genomic signatures
or general designs of sequences. A novel binary components analysis is devised and utilized. This
seeks to isolate the physical and chemical properties of DNA bases, which reveals sequence design
and function. Here, information theory tools break down the information content within DNA bases,
in order to study them in isolation for their genomic signatures and non-random properties. In this
way, the RY (purine/pyrimidine), WS (weak/strong), and KM (keto/amino) general designs are
observed in the sequences. The results show that RY, KM, and WS components have a similar and
stable overall profile across all human chromosomes. It reveals that the RY property of a sequence is
most distant from randomness in the human genome with respect to the genomic signatures. This is
true across all human chromosomes. It is concluded that there exists a widespread potential RY code,
and furthermore, that this is likely a structural code. Ascertaining this feature of general design, and
potential RY structural code has far-reaching implications. This is because it aids in the understanding
of cell biology, growth, and development, as well as downstream in the study of human disease and
potential drug design.

Keywords: genomic signature; general designs; dinucleotide; non-coding; DNA sequence; genomic
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1. Introduction
1.1. The Genome as an Information Source Containing Patterns and Codes

A genome is both a data source and a program to construct an organism. It functions
through codes contained within the DNA sequence [1]. DNA is comprised of four different
chemical bases, and the well-known triplet code functions within the protein-coding
sequences of the genome. However, in the human genome, coding DNA comprises less
than 2% of the sequence. The vast majority, 98%, of the sequence does not code for protein,
having other characteristics [2], patterns, and codes that are not yet well understood [3]. We
know that this vast array of sequences contains much more information and functionality
for gene regulation [4,5]. Furthermore, all genomic DNA including coding sequences
possess other (than triplet code) inherent characteristics, or general designs. To decipher
these general patterns and codes in the DNA, mathematical and computational methods
can be applied [6].

In this study, we employ an alternative philosophy through which to view DNA, and
devise a novel experiment in order to further understand the general designs of genomic
sequences. The idea was to treat the DNA as a binary information system, with some
likeness to a computer system. We call this novel approach a binary components analysis.
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1.2. Genomic Signatures and General Designs

Genomic signatures are a powerful tool for assessing general designs of sequences.
These signatures are pervasive and stable in genomes [7], and provide an excellent tool for
characterizing sequences [8]. This was shown in early experiments where it was observed
that the set of dinucleotide odds ratios or ‘general design’ is stable and is a property of
the DNA within a given organism. [9]. Analysis has demonstrated that general designs of
random samples of a given genome are substantially more similar to each other than to
those of sequences from other organisms. It has also been found that dinucleotide relative
abundance profiles are remarkably constant across human chromosomes [10]. The set of
dinucleotide odds ratios makes up a unique signature for a given genome, and this is
species-specific [11].

Genomic signatures are known from previous research to be extremely stable within
a given species. Dinucleotide relative abundance profiles depict the presence of inherent
patterns in sequences relative to their random expectation. These relative abundance pro-
files go far beyond an analysis of sequence composition. So, these describe general designs
and baseline patterns and codes within the sequence. They relate to basic mechanisms,
sequence assembly, and evolutionary constraints. Since these are baseline codes, they are
extremely stable and pervasive.

Dinucleotides can provide basic information about structural and chemical tendencies,
and functionality [12]. Odds ratios show if a dinucleotide is enhanced or suppressed
beyond random expectation. It, therefore, reveals a deeper dimension of insight, as it
describes sequence assembly tendencies, and the random/non-random characteristics of
the sequence [13]. The absolute relative abundance is the overall profile or average across
all possible dinucleotides. It can be adapted to show how distant from randomness a
sequence is in a general sense.

1.3. The Power of the Binary Components Analysis

DNA possesses layers of information. In order to further characterize these, a novel
experiment was designed, which broke down the information content of the DNA into
binary components. The philosophy used in this research is to treat the DNA as a binary
information system, thereby, making use of information theory tools [14,15].

This method seeks to isolate information held within the four bases (letters) of the
DNA, to better understand the general designs of the genome, and decipher underlying
codes. When doing so with DNA sequences (as opposed to digital information), this
sub-division is based on the real chemical or physical properties of the bases/nucleic acids.
This is similar to how a computer system separates data into a binary system.

The general design (dinucleotide signatures) analysis is then applied to form the
separate binary components. These base properties are then studied in isolation for their
genomic signatures, and also for relative random (or non-random) features in the DNA
sequences. This reveals the relative importance of each of these isolated properties.

It is important to clarify that by binarizing, we do not suggest that the human genome
(or any genome) is simple. Quite the contrary, the codes contained with it are highly
complex and multi-layered in nature. Translation of genomic DNA into a binary sequence,
and applying the binary components analysis is conducted only as a way of analyzing,
extracting, and isolating information. It presents a potentially powerful method, as it breaks
down information into component parts.

1.4. The Physical and Chemical Properties of DNA Bases

There are three well-defined categories of DNA base properties [16,17] that are isolated
for the binary components analysis (see Figure 1). The first is a physical property: purines
and pyrimidines (RY) [18,19]. It describes the chemical ring structure of the bases, with
purines possessing a two-ring structure, and pyrimidines a one-ring (see Figure 1a). The
purine/pyrimidine content of DNA is known to influence its secondary structure [20,21].
The second is keto and amino bases (KM), which define the chemical property of tau-
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tomerism [22] (see Figure 1b). The third property is weak and strong bases (WS), which
defines hydrogen-bonding between the base pairs, with C and G pairing with three hydro-
gen bonds, and A and T with two hydrogen bonds [23] (see Figure 1c).
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Figure 1. The chemistry behind, and reason for the conversion to binary components. The four
DNA bases, A, T, C, and G, each contain distinctive, and yet overlapping chemical and physical
properties. This diagram illustrates those properties. It shows the subdivision into three separate
categories, which are subsequently used for the binary components analysis. The binary components
analysis is about breaking down the information content of the DNA bases into binary parts or
components. There is an isolation of targeted chemical and physical properties at the exclusion of
other properties. Here, information content of the bases of DNA is isolated into parts so that they can
be studied separately. (a) The DNA bases contain either a two-ring or one-ring molecular structure.
The diagram shows the division into two-ring (green) or one-ring (orange) structures. The two-ring
structures are called purines, and A and G are purines (R). The one-ring structures are pyrimidines,
C and T and pyrimidines (Y). The presence of purines and pyrimidines in DNA, and the ratios of
these in the DNA, will affect the secondary and tertiary local structure of molecules. (b) The next
category is the chemical property of an amino or keto group. The bases each contain one of these. The
diagram shows the amino group (-NH2) circled in green, and the keto group (CO) circled in orange
at the relevant position. The bases A and C contain an amino (M) group, whereas G and T contain a
keto (K) group. This chemical property affects the hydrogen-bonding capability of the bases, and
specifically the hydrogen-bonding donor-acceptor patterns positioned at the major groove of the
DNA. These hydrogen-bonding donor-acceptor sites are there for the binding of other particles, such
as regulatory proteins to the DNA, during a variety of biological processes. (c) The last category is the
weak or strong hydrogen-bonding capacity of the DNA bases. This is with reference to the number
of hydrogen bonds between the base pairs of the DNA. A and G are weak (W) bases because these
contain only two hydrogen bonds between the complementary base pairs, and C and G are strong
(S) bases, as these contain three hydrogen bonds between the base pairs. The diagram shows the
number of potential hydrogen bonds at the relevant position on each base as blue arrows. The dark
blue arrows depict three potential sites, and light blue arrows two potential sites. This property can
also influence minor groove hydrogen-bonding patterns. These minor groove sites are for potential
binding of other particles to the DNA.

In this study, we observe that the KM base classification also reflects another extremely
crucial property. This is the hydrogen bond donor-acceptor pattern in the major groove of
DNA. Additionally, it is noted that RY is a physical structural property while WS/KM is a
chemical property. A conversion of DNA sequences from an ATCG sequence into each of
RY, WS, and KM sequences is a breakdown of information content, which isolates one type
of property (see Figure 2) [24].

In this study, we conceptually view the DNA sequence as an information stream, and
an encoding or decoding system in which there are exactly two possible states. A binary
system offers a simple and elegant way for computers to work, and in the context of DNA,
the same may be true, even though the information contained within the bases is more
complex. Since the DNA sequence carries codes within it, this may be viewed and treated
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in principle in a similar way to a computer system. The separation of base properties into
binary values is powerful, as chemical and physical properties are isolated. The significance
of these isolated properties can in turn be studied within the DNA sequence. It lends itself
to the study of general design analysis and elucidation of random/non-random properties
of sequences.
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Figure 2. Conversion of original DNA sequence into binary sequences. The original DNA se-
quence is converted or translated into three different sequences. The diagram shows conversion to a
purine/pyrimidine (RY) sequence, keto/amino (KM) sequence, and weak/strong (WS) sequence. It
also depicts an equivalent binary sequence for each represented by zero or one, where the assignment
of either a zero or one is arbitrary. Each of the RY, KM, and WS conversions, is a separate type of
conversion to a binary ‘type’ of sequence. RY sequence: A and G are converted to R, and C and T
are converted to Y; KM sequence: A and C are converted to M, and G and T are converted to K; WS
sequence: A and T are converted to W, and C and G are converted to S.

The RY, WS, and KM properties of nucleotides are long and well established. The
conversion of DNA into these is a known entity. Early experiments sought to gain insight
through these conversions. A more recent experiment [25] has binarized codons, in order
to gain an understanding of how codons operate, and their transmission to amino acids.
These, of course, are applied specifically to coding DNA.

The research carried out is novel in the application and implementation of the binary
conversions. Here, the goal is to extract information from genomic DNA, to gain insight
into how this DNA is encoded. We seek to make progress in deciphering new codes and
understanding genomic DNA on a global scale. A complex and multi-layered code(s) which
is not understood. The aim is to use this binary system as a tool to extract information. The
utilization of binary sequences to understand general designs is novel. Here, the concept
of general designs is developed in a new way, to assess the relative importance of RY, WS,
and KM in the sequence, by assessing the relative non-randomness of these components.

1.5. Aim of Experiment and Importance of Findings

The aim of this work is to explore concepts and methods for the analysis of genomic
DNA sequences, to deepen our understanding of general designs. To this end, we analyze
human chromosomal DNA, adding insight and dimension to previous research. The human
genome is used since it permits large-scale analysis, is well characterized, and is a genome
of importance. Genomic signatures are studied, utilizing dinucleotide odds ratios, and
relative abundance profiles showing the distance from the randomness of sequences. This
is conducted for each of the RY, KM, and WS binary components in order to compare them.

It is concluded that the RY property of a sequence is the least random in all chromo-
somes, and therefore, there exists a pervasive, widespread RY code in genomic DNA. This
is likely a structural-based code since the RY sequence is a strong determinant of local
DNA structure. This has far-reaching implications for our understanding of how genomic
DNA functions. Since the genome contains the information and program to construct the
organism, in a wider sense this aids in our understanding of cell biology, growth, and
the development of humans. It can also have implications for identifying diseases, and
potential drug design.
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2. Methods, Data and Concepts
2.1. Obtaining Genomic Sequences from Human Genome Database

The DNA sequences for this project were taken from the NCBI human genome
database, build 38. The 24 human chromosomes sequences were obtained and treated
individually. Each chromosome was ‘divided’ into 100 kb discrete segments of DNA. There
were non-overlapping continuous portions. All sequence data was analyzed from the 5′ to
3′ end, in this direction for both strands, therefore, the total length or number of mononu-
cleotides for both strands amounted to 200,000, for each 100 kb portion. The 100 kb portions
form a large dataset (n) are synonymous with the 100 kb portions previously utilized for
dinucleotide relative abundance studies. These large segments are used because they form
long sequence lengths that are a large enough sequence length for the various analyses
carried out in this research. The logic behind the 100 kb sequence windows is that these
stretches of DNA are of suitable length to determine relative over- or under-representation
of dinucleotides in sequences, with statistical analysis. This was gained by experience from
previous research carried out with genomic signatures, and this present analysis builds
on this.

2.2. Mononucleotide and Dinucleotide Frequencies

Mononucleotide and dinucleotide frequencies were calculated for each of the 100 kb
double stranded portions. Mononucleotides are the classic A, T, C, and G chemical bases
represented by these four letters. There are a total of sixteen different possible dinucleotides;
ApA, ApT, ApC, ApG, TpA, TpT, TpC, TpG, CpA, CpT, CpC, CpG, GpA, GpT, GpC and
GpG. Each of these dinucleotides was determined stepwise along the sequence from the
5′ to the 3′ along the transcribed strand, and also the anti-sense strand from the 5′ to
3′ end. For each base step, the next base was determined. The length of the segments
is 100 kb, and so for the sense strand this is 100,000 bases, plus 100,000 bases for the
anti-sense strand, so this is a total of 200,000 mononucleotides for one chromosomal
segment. The total number of dinucleotides is 198,000. These calculations were performed
for all 100 kb sequence portions individually within a chromosome, and for each of the
24 chromosomes separately.

2.3. Genomic Signatures: Odds Ratios and Relative Abundance Profiles

The dinucleotide representation is a value that can be used to assess dinucleotide
contrasts while taking into consideration the mononucleotide composition of the sequence.
This describes the frequency of each dinucleotide in the sequences, above or below the
random expectation. Dinucleotide representation was calculated by using an odds ratio [11].
The odds ratio was calculated for each of the 100 kb fragments along the length of a given
chromosome, and this was repeated for all of the twenty-four chromosomes using the
odds ratio.

Dinucleotide odds ratio: ρXY = fXY/fXfY

fX is the frequency of the nucleotide X within the sequence and fXY is the frequency of the
dinucleotide XpY within the sequence. The result obtained from a frequency or count of
nucleotides (and dinucleotides) is then multiplied by n (where n = length of sequence) in
order to standardize the odds ratio. A value of ρXY > 1 indicates over-representation of
the dinucleotides, whereas ρXY < 1 indicates under-representation. In a random sequence
(IE. a shuffled sequence) the ρXY values for all the dinucleotides approach 1.0. [13,24]. The
odds ratios of the sixteen dinucleotides form dinucleotide relative abundance profiles,
whose different from 1, provide a measure of deviation from randomness. It has been
determined from previous experiences [10] that for a random sequence the ρXY values have
the following relationship: the deviation from 1 is approximately 1/

√
n. For n~200,000,

|ρXY − 1| = 0.0022.
The composition or frequency of dinucleotides in a given sequence provides some

information about its basic make-up. This is because the dinucleotide is the simplest word or
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pattern, and this describes in simple form the language of DNA. The dinucleotide odds ratio,
however, is a measure of suppression or enhancement of that dinucleotide in any given
sequence, since it takes into consideration (and normalizes) the nucleotide composition of
the sequence. It may also be utilized as a measure of non-randomness/randomness, since it
describes the proportion of each dinucleotide, above or below the random expectation given
constituent mononucleotides. This is important since it reveals tendencies of sequence
assembly, structure, and functionality. It reveals general designs and takes together a DNA
signature. The entire complement of (sixteen) dinucleotide odds ratios forms a genomic
signature profile for any given sequence.

A measure of distance between two sequences either within or across organisms has
been referred to as the average absolute dinucleotide relative abundance difference [9,11].
This has been used to cross compare different genomic signature of different sequences and
is calculated as follows:

Average absolute dinucleotide relative abundance difference:

δ(f, g) = 1/16∑
XY
|ρXY(f)− ρXY(g)|

They may be used as a measure of distance between two sequences either within
or across organisms, as it compares the genomic signatures, and has been referred to as
the average absolute dinucleotide relative abundance difference. Here, f is one sequence
type whereas g is another. For example, f may be a human sequence whereas g a mouse
sequence. ρ(f) is the odds ratio value for a dinucleotide for one sequence type. ρ(g) is
the odds ratio for the same dinucleotide within the second sequence type. The sum, here,
extends over all sixteen possible dinucleotides.

It permits cross-comparison of different sequence types within and between organisms.
Beyond this the dinucleotide relative abundance profiles can also be used to demonstrate a
departure from randomness of genomic DNA sequences. The average absolute dinucleotide
relative abundance may be adapted to measure the difference between a real genomic
sequence and a randomized one. This permits a measure of distance from randomness, or
random model.

Distance from randomness:

λ(f, g) = 1/16∑
XY
|ρXY(f)− 1|

This is with respect to all possible dinucleotides. Therefore, the absolute dinucleotide
relative abundance (δ) profile is adapted here to measure the general deviation from the
randomized model. The distance from randomness adaptation (λ) can be employed under
certain conditions. This would be relevant where n (sequence length) is long enough.
Where n is large, for instance if n >= 100,000, for any given dinucleotide, the odds ratio
for a randomized DNA sequence approaches 1. For random sequences of equivalent
mononucleotide composition, the dinucleotide odds ratio will have a value of one. In
this instance, where f is a ‘real’ tested genomic DNA sequence, and g is an equivalent
randomized (or shuffled) sequence, and n is large, ρXY (g) approaches 1. Therefore, instead
of subtracting two different sequences, the dinucleotide odds ratios of real actual sequences
are subtracted from the theoretical odds ratio of a randomized equivalent sequence. For
such a sequence sample, the distance from measure (λ) may be used. This is useful for
ascertaining the relative ‘randomness’ or non-randomness profiles for sets of sequences,
which may be used for cross comparison.

The sum here extends over all sixteen dinucleotides, and therefore, this calculation
is the average of odds ratio values for all sixteen possible dinucleotides for a particular
sequence. Additionally, this calculation does in fact compare two types of sequence.
However, instead of comparing two real genomic DNA sequences, a real sequence is
compared with its random equivalent, since the theoretical odds ratio value for the random
sequence is 1.0. Therefore, this value may also be regarded as an average deviation of
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dinucleotides from the expectation of a random sequence of equivalent mononucleotide
proportions. This calculation is referred to as the ‘distance from randomness’ (λ value) of
the sequence in this research. The further this value is from zero, the further away the value
is from the random (or shuffled) sequence. This total distance from the randomness value
was calculated for each of the chromosomal sequence datasets.

2.4. Components Analysis: Odds Ratios, Relative Abundance and Distance from Randomness

For the binary components analysis, all the genomic sequences were ‘translated’ or
converted into three different sequences. Here, for each conversion type specific properties
of the bases are isolated (see Figure 2). The first dataset is the translation of the original
ATCG sequence to a purine/pyrimidine (R/Y) sequence. This is the physical structural
property of the bases of DNA. Here, the bases A and G were converted to R (purines), and
C and T were converted to Y (pyrimidines). This yield two possible states, and hence a
binary sequence, where each base is assigned as either R, or Y. This was performed for
all 100 Kb sequence segments, and across all 24 chromosomes. The second dataset is the
translation of the original sequence into a weak/strong (W/S) sequence, where A and T
are converted to W (weak bases), and C and G are converted to S (strong bases). This deals
with the chemical property of hydrogen bonding between the base pairs. The third dataset
is the translation of the original sequence into keto/amino (K/M) sequence, where A and
C are converted to M (amino bases), and G and T are converted to M (keto bases). This
deals with the chemical property of donor-acceptor sites on the major groove of DNA. This
translation for the components analysis, therefore, yielded three distinct sequence datasets
in addition to the original ATCG dataset for the genomic DNA sequences. This results in
three separate converted/translated sequences which were treated as separate entities for
analyses. This was conducted so that the relative importance of these two subdivisions of
nucleotide properties could be assessed individually.

Now for each of these three binary components datasets, RY, KM, and WS, there are
four possible dinucleotides (instead of the sixteen dinucleotides). The dinucleotides for
each of these datasets are as follows:

1. The purine/pyrimidine RY dataset: RpR, RpY, YpR, and YpY;
2. The weak/strong WS dataset: WpW, WpS, SpW, and SpS;
3. The keto/amino dataset: KpK, KpM, MpK, and MpM.

An equivalent data analysis was carried out for each of the three different binary
components, as described above for the ATCG original sequence. The calculations we
adapted for four dinucleotides, instead of sixteen dinucleotides for the original DNA
sequence. This includes the odds ratio, dinucleotide relative abundance, and distance from
randomness. The adaptions for these are as follows:

Average absolute dinucleotide relative abundance difference for the binary compo-
nents would be:

δ(f, g) = 1/4∑
XY
|ρXY(f)− ρXY(g)|

Therefore, the distance from randomness is:

λ(f, g) = 1/4∑
XY
|ρXY(f)− 1|

Odds ratios, and distance from randomness values were calculated for each of the RY,
KM, and WS datasets separately, utilizing these expressions. These were performed for the
100 kb sequence segments, as before for double stranded DNA, and as described about for
each of the 24 chromosomes individually. Then statistical analysis was carried out to com-
pares the three binary components. The components were analyzed for their dinucleotide
enhancement and suppression. Additionally the distance from randomness profiles were
compared for relative importance of the binary components in chromosomal DNA, in order
to understand which of the chemical and physical properties are most significant.
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2.5. Sequence Analysis and Statistics

A Python script was used to process the DNA sequences for each chromosome, and
segmenting the sequences (for the calculations), and implementing this for forward and
reverse strands. This was conducted for calculating mononucleotide and dinucleotide
frequency, as well as odds ratios, relative abundance and distance from randomness values.
For each chromosome the 100 kb sequence portions were taken as separated entities.
The dinucleotide frequencies, odds ratios, and relative abundance calculation were taken
separately for each 100 kb sequence fragment, and forward and reverse strands used from
5′ to 3′ end. Then for each chromosome statistics were calculated, including mean, median,
standard deviation, variance, and quartiles, for all the fragments within each chromosome.
This resulted in statistics and analysis for each chromosome separately.

Further statistical analysis was carried out to determine whether there is significant
difference between the RY, KM and WS binary component sequence datasets. This sig-
nificance testing was performed using IBM SPSS statistics software. To this end ANOVA
tests were applied to the relative abundance values for all sequence segments (sample set)
within any one given chromosome. The ANOVAs were carried out separately for each of
the 24 human chromosomes.

H0: The null hypothesis of is that there is no difference between the RY, KM and WS datasets.

H1: The alternate hypothesis is that there is a significant difference.

24 separate one-way within-subject ANOVA-s were performed, comparing the RY,
KM and KM analysis types in each chromosome separately (see Table A1), evaluated at
the 5% level. Since in all instances the sphericity assumption—evaluated in advance by
the Maulchy test—was indicated to be violated, the reported results below are all based
on the Greenhouse-Geisser correction. To further explore the differences between RY, KM
and WS dataset, the ANOVA-s were followed up in the form of post hoc multiple pairwise
comparisons corrected by the Bonferroni method.

2.6. Real DNA Sequences Verses a Random Model

A random model is generated for the dinucleotide relative abundance profiles. This
is conducted in order to analyze the results, and see if the output is significantly different
to the random expectation. To this end, each of the discrete 100 kb sequence segments
were randomized, and this was performed for sequence data for all of the chromosomes.
The EMBOSS ‘Shuffleseq’ tool was used to generate a randomized DNA sequence, while
retaining the mononucleotide composition. This generated a set of random or shuffled
sequences that were equivalent to each of the 100 kb sequence segments. This random
dataset was then converted to binary component RY, WS, and KM sequences, exactly as
with the original ‘real’ dataset, and the same algorithm applied to generate odds ratios and
dinucleotide relative abundance profiles, utilizing the identical pipeline.

Statistical analysis was carried out to test the difference between real and random
models for each of the binary components (RY, WS, and KM), in a like-for-like comparison.
It was carried out for the dinucleotide relative abundance within each chromosome. A
two-tailed paired t-test, at the 5% significance level was used.

H0: The null hypothesis (H0) is that there is no difference between real and random
sequences for each binary component (RY/WS/KM).
H1: The alternate hypothesis is that there is a difference between real and random sequences.

3. Results and Discussion
3.1. Distance from Randomness Comparison of Binary Components RY, KM, and WS

Dinucleotide distance from randomness (relative abundance (λ)) results show that
each of the RY, WS, and KM binary components have very distinct profiles within any
given human chromosome (see Figure 3). This same overall trend is seen across all the
24 chromosomes, so that each of the components is similar in its genomic signature and dis-
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tance from randomness values across all the chromosomes. This is true also for the original
DNA (ATCG) sequence, and so the binary components are also remarkably constant across
human chromosomes. The RY component has more variation across the chromosomes than
the other components. Overall, the genomic signature for each of the RY, WS, and KM
components is stable and pervasive across the chromosomes, and behaves in a similar way
with regard to the original ATCG sequence.
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Figure 3. Binary components’ distance from randomness. The dinucleotide relative abundance—
distance from randomness values show that each of the RY, WS, and KM binary components have
very distinct profiles within any given human chromosome. A value of zero is synonymous with a
randomized sequence or model. Within each of the human chromosomes, the RY binary sequence
component is the least random, followed by the KM sequence, and then the WS sequence, which is the
closest to randomness. This suggests that RY is the most prominent and important feature in terms of
general designs of DNA. Since purines/pyrimidines are structural properties and determinants of
DNA secondary structure, this suggests a potential RY structural code that is prevalent in human
DNA in general, and across all chromosomes. KM and WS components determine the chemical
properties of the bases, including hydrogen-bonding capability (and patterns), and this property is
closer to randomness, and therefore, of lesser prominence.

A distance from the randomness (λ) value of zero is synonymous with a randomized
sequence or model. The higher the value, the more distant from randomness the sequence
is considered to be. Within each of the human chromosomes, the RY binary component
is the least random, followed by the KM sequence, and then the WS sequence, which is
closest to randomness. For instance, for chromosome 22, the distance from the randomness
(λ) value is: RY, 0.133; KM, 0.098; and WS, 0.073. This general trend of the RY binary
component being the least random, followed by the KM, and the WS, is true for all the
chromosomes. Given that for each chromosome, synonymous sequences are analyzed,
while the sequences are converted/translated into RY, KM, and WS, we can see the relative
random or non-random characteristics of each of these components.

The binary components were found to be significantly different from each other
within each chromosome. In order to investigate the significance of these results, one-
way ANOVAs were performed, comparing the RY, KM, and WS’s relative abundance
values within each of the 24 chromosomes (see Appendix A, Table A1). In all instances
the sphericity assumption—evaluated in advance by the Maulchy test—was indicated to
be violated, the reported results are all based on the Greenhouse–Geisser correction. The
results revealed that for all 24 chromosomes a highly significant effect, and the effect size
being large in all cases, therefore, the RY, KM, and WS datasets are significantly different
from each other in human genomic DNA.

To further explore the differences between analysis types, ANOVAs were followed
up in the form of post hoc multiple pairwise comparisons corrected by the Bonferroni
method. Once again, similar results were found in all instances, with all comparisons being
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found to be statistically significant at the 1% level. For each of the chromosomes, the same
patterns emerged, where RY analysis types showed the highest relative abundance (and
least random) values on average, followed by KM having approximately 20–25% lower
values, and finally, the WS type having the lowest and closest to random values.

A comparison of real versus random sequences was carried out for the dinucleotide
relative abundance profile for each of the RY, WS, and KM sequences. The results showed
that for each of these, the real sequence dataset is significantly different to the random
one at the 5% level of significance (see S4: file Statistics_random_model.xlsx for results
tables). This effect is true across all of the chromosomes. Even though the WS component
is generally closest to the random model, it is still significantly different from it. The results
were that p-values are consistently close to zero, and the dinucleotides are neither enhanced
nor suppressed in the random model. In contrast to this, with the real DNA sequences,
the odds ratios revealed consistent enhancement or suppression as outlined. Furthermore,
the behavior of the randomized sequence model is as expected and in line with previous
observations where the odds ratios are close to zero.

This result suggests that RY is the most prominent and important feature in terms
of general designs of DNA. Since RY sequence is associated with DNA structure [20,21],
it implies that structure is the least random and most important feature of chromosomal
and genomic DNA. This physical property of the structure is less random, and therefore,
more significant than the chemical properties (WS/KM). Purines and pyrimidines are
determinants of a DNA’s local secondary and tertiary structure, and so this suggests
a potential RY structural code that is prevalent in human DNA in general, and across
all chromosomes.

In contrast to this, the KM and WS components determine the chemical proper-
ties of the bases, including hydrogen-bonding capability (and patterns). These include
the hydrogen-bonding donor-acceptor sites on the major groove of DNA and hydrogen-
bonding between the two strands.

It is known that the RY make-up of DNA determines the relative flexibility/rigidity
of the molecule, and the ability to bend. At any given segment of the DNA, this will
change depending on the sequence. The analysis here of the non-randomness of identical
sequences with respect to each of these three components seeks to determine their relative
general importance in these sequences.

A potential KM or WS chemical code is generally of lesser importance in comparison
to RY. The results indicate that hydrogen-bonding patterns are the least important feature in
the genomic DNA across all the chromosomes. Furthermore, the WS signature is the most
random (relatively speaking) of the three. This means that the KM signature, which relates
to tautomerism patterns and hydrogen-bonding patterns on the major groove, is more
important in the chromosomal DNA. Given existing knowledge of the biological function
of the vast proportion of genomic DNA sequences, this makes sense. The vast amount
of DNA sequences are non-coding, and contain particle (transcription factor) binding
sites and regulatory elements [26,27], and the sequences reflect this. This result indicates
that the local structure of the DNA is more important than its chemical properties for
this functionality.

3.2. Genomic Signatures and Odds Ratios for the Binary Components RY, KM, and WS

The dinucleotide is an extremely powerful tool for understanding DNA. It is the most
basic description of a sequence beyond composition, as it is the simplest motif or pattern,
considering each base step and its nearest neighbor. Dinucleotides can provide basic
information about structural and chemical tendencies, and functionality. The dinucleotide
odds ratio, however, reveals a deeper dimension of insight, as it describes the sequence
assembly tendencies, and the random or non-random characteristics of the sequence.
Dinucleotides and the odds ratio profile reflect deeply sequenced patterns and codes.
Dinucleotide odds ratio differences from a value of one (or zero, where results are scaled to
zero) reflect contrasts between the actual dinucleotide frequencies, and those expected from
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random sequences of equivalent mononucleotide frequencies [13,24]. The more distant the
value is from one, the greater the departure from the random expectation. Values above
one mean a given dinucleotide is over-represented, while a value less than one means it is
under-represented.

The results of this study and odds ratio profiles for the binary components reveal
much about the human chromosomal DNA. The odds ratios for the RY component show
that all four dinucleotides display an equally non-random profile (see Figure 4a). However,
RpY/YpR dinucleotides are enhanced above the random expectation given the nucleotide
content, and RpR/YpY are suppressed, or below the random expectation. This profile is
consistent for all the chromosomes. The RY property of the DNA influences the secondary
structure and tertiary structure of localized regions of the DNA [12]. The relative rigidity
and flexibility of the molecule are dependent on RY [28]. Specifically, the RpY/YpR dinu-
cleotides are flexible, while RpR/YpY are rigid, and so, in general, flexibility is enhanced
while rigidity is suppressed in human DNA. The RY genomic signature likely reflects a
necessary balance of rigidity and flexibility of DNA structure, and an optimal general
structural design that is required for biological function.

The RY binary component distinguishes and is directly connected with the physical
structure of the DNA. It is a fundamental biological principle that structure is connected
with function. More specifically though, structure affects the recognition of particles, which
is a crucial property [29,30]. DNA functions via binding to other biological particles, such
as a wide array of transcription factors, it is necessary, in particular for gene regulation,
as well as other functions of the DNA [31,32]. The fact that the RY component is least
random with respect to the dinucleotides’ relative abundance profile when compared to
the other components places structure and biological recognition as the least random and
most significant properties of the DNA. It is this property that is most prominent for the
general functionality of genomic DNA. This result points strongly to RY patterns forming a
general underlying code, which is a novel idea and observation.

The KM binary component distinguishes the chemical properties of hydrogen-bonding
donor-acceptor patterns [33] in the major groove of DNA. K (G/T) bases possess a hydrogen-
bonding acceptor site, whereas M (A/C), has a hydrogen-bonding donor site [34,35].
The odds ratio results show that KpM and MpK are suppressed, while KpK and MpM
are enhanced across all the chromosomes (see Figure 4b). Therefore, for KM sequences,
homogeneous dinucleotides are enhanced, and heterogeneous ones are suppressed. This
pattern directly affects hydrogen-bonding donor-acceptor sites, where either sequential
donors or sequential acceptors are favored in the major groove. Since the major groove of
the DNA is the primary location of direct chemical bonding interaction of the DNA with
other biological particles (such as regulatory proteins), this pattern is likely to assist in
such bonding. It may be related to the recognition and specificity of binding to biological
particles [36]. This result points to some general features of chromosomal DNA with
respect to the KM binary component, and the bias for these dinucleotide patterns points
to a potential bias in the hydrogen-bonding code. Protein-DNA binding is an essential
functionality of the DNA.
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Figure 4. Dinucleotide odds ratios for the binary components. These charts show odds ratios for the
four different dinucleotides in each of the RY, KM, and WS sequence datasets, across all the human
chromosomes. The odds ratios shown are the mean values, scaled to zero for each of the chromosomes.
A value of zero is synonymous with a randomized sequence or model. A value above zero for a
given dinucleotide means that it is over-represented or enhanced in the dataset, and if it is less than
zero, it is under-represented or suppressed. (a) RY binary component: In this sequence dataset, there
are four possible dinucleotides, which are RpY, RpR, YpR, and YpY. The dinucleotides RpY/YpR are
enhanced above the random expectation given the nucleotide content, and RpR/YpY are suppressed,
or below the random expectation. This profile is consistent for all the 24 chromosomes. RpY/YpR
dinucleotides are flexible, while RpR/YpY are rigid, and so, in general, flexibility is enhanced while
rigidity is suppressed in human chromosomal DNA. (b) KM binary component: KpM/MpK are
suppressed, while KpK/MpM are enhanced across all the chromosomes. This pattern directly affects
hydrogen-bonding donor-acceptor sites on the major groove of the DNA. Here, either sequential
donors or sequential acceptors are favored. It is likely that this pattern is generally more favorable
for the binding of particles to the DNA. (c) WS binary component: WpW and SpS are suppressed,
while WpS and SpW are enhanced across all the chromosomes. Genomic DNA in general favors
and enhances dinucleotides with a heterogeneous hydrogen-bonding donor-acceptor pattern in the
minor groove of the DNA, and also a heterogeneous number of hydrogen-bonds between the base
pairs. In contrast, homogeneous patterns are suppressed. It may be that this heterogeneous pattern
of hydrogen bonding between base pairs is favored as it increases the stability of local secondary
helical structures.

The WS binary component distinguishes the chemical properties of hydrogen bonding
between the base pairs of DNA [22]. This is a property that also affects the overall stability of
the double helix and its ability to separate (the two helical strands) for necessary biological
functions. The WS component additionally differentiates between the presence or absence
of a hydrogen bond donor in the minor groove of the DNA. The odds ratio results show
that WpW and SpS are suppressed, while WpS and SpW are enhanced across all the
chromosomes (see Figure 4c). This is also in line with numerous observations that CpG
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(SpS) is generally suppressed [37,38] in many genomes. This means that genomic DNA
favors and enhances dinucleotides with a heterogeneous hydrogen-bonding donor-acceptor
pattern in the minor groove of the DNA, and also a heterogeneous number of weak
or strong hydrogen bonds between the base pairs. This observation in the context of
hydrogen-bonding donor-acceptor sites, though, is novel. In contrast, homogeneous
patterns are suppressed.

The localized heterogeneity of hydrogen bonding between the two strands of DNA
may increase the stability of a double helix, while at the same time permitting the separation
of the two strands. This is because too many strong (three hydrogen bond) connections
between the base pairs make it more difficult for the two strands to separate, while too
many weak (two hydrogen bond) connections make it too easy, destabilizing the double
helix. We conclude that this is the likely reason why DNA favors and drives heterogeneity
for this feature.

Regarding the minor groove surface hydrogen bond donor-acceptor sites, the DNA
enhances a variety of potential donor-acceptor patterns [39]. DNA functions via contact
with a vast host of protein particles, and these interactions rely on hydrogen bonding. While
the majority of interactions occur at the major groove, the minor groove is also utilized for
this. Heterogeneity is enhanced here too, and the outcome is a greater variety of localized
donor-acceptor sites.

Next, we consider whether the binary components of odds ratio observations are
stable and consistent throughout the length of the chromosomes. Genomic signatures for
the binary components are stable across genomic DNA. Within a given chromosome, the RY,
KM, or WS odds ratio values are constant for sequence segments along the chromosomal
DNA (see Figure 5). As an example, using chromosome 22, there is some limited fluctuation,
however, the general trends persist. This is true for all chromosomes and is in line with
previous studies that show this stability with the original (ATCG) DNA sequence. Those
dinucleotides that are over-represented are this way throughout the chromosome. Those
that are under-represented, possess this characteristic across the entire chromosome. This
further demonstrates the stability of the binary components of the genomic signature within
human chromosomes.

For the RY binary component (see Figure 5a), the dinucleotides RpY/YpR are enhanced,
and RpR/YpY are suppressed throughout the length of chromosome 22, and this profile
is remarkably constant and stable. For the KM binary component (see Figure 5b), the
dinucleotides KpM/MpK are suppressed, while KpK/MpM are enhanced throughout.

Regarding the WS binary component (see Figure 5c), however, towards the telomeres,
particularly at one end, there is more variation in the signature, however, it still holds. For
all three binary components, the sequence approaching the telomeres shows more signature
fluctuations. This is likely due to the nature of the telomeres, which may have more repeat
sequences, and sequence structures that are different [40]. The WS component fluctuates
the most in this regard. The WS component shows more variation in this regard.

3.3. Information Content: Patterns and Codes in the DNA

DNA contains information and a program for building the organism, in this case,
the human. This information content is both compartmentalized and layered. We know
that the vast array (more than 98%) of human DNA sequences are non-coding and do not
function via the triplet code. The non-coding DNA functions in gene regulation. These
sequences are dense with information content, and therefore inherently have patterns and
codes. This study seeks to gain more understanding of the general designs of human DNA
and the layers of code it contains. It seeks to build general rules as to how DNA sequences
carry information. The results provide a new dimension to general design properties via
the binary component analysis.

Dinucleotide odds ratios reflect the chemistry of dinucleotide stacking energies or
what might be viewed as sequence assembly tendencies. Additionally, these reflect the
structural properties of the DNA and the base-step conformational preferences, in any
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given genome or genomic sequence type. The stability of the genomic signature also
suggests that there may be physical or chemical factors that impose limits on the general
compositional variation of the genome.
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Figure 5. Dinucleotide odds ratios for each of the binary components, for 100 KB sequence segments
in chromosome 22. These three graphs show traces of each of the binary components of dinucleotides
across their entire length. We see that the dinucleotide’s odds ratio patterns are pervasive and stable
across the chromosome. This is true for all three RY, KM, and WS components. The enhancements and
suppression of the dinucleotides are seen to be constant. Those dinucleotides that are over-represented
are this way throughout the chromosome. Those that are under-represented possess this characteristic
across the entire chromosome. This further demonstrates the stability of the genomic signature within
a human chromosome. These graphs for chromosome 22 are given as an example, however, the same
stability and constant profile are true across all the human chromosomes. (a) RY binary component:
The dinucleotides RpY/YpR are enhanced, and RpR/YpY are suppressed throughout the chromosome,
and this profile is remarkably constant and stable. (b) KM binary component: The dinucleotides
KpM/MpK are suppressed, while KpK/MpM are enhanced throughout chromosome 22. (c) WS
binary component: Towards the telomeres and particularly at one end, there is more variation in the
signature, however, it still holds. Telomeres display more repeats and sequence structures that are
different, and the signatures highlight this. The WS component fluctuates the most in this regard.
The WS component shows more variations, particularly towards the telomeres.

Since there exists an inherent connection between sequence, structure, and function,
analysis of the DNA sequence and its signatures permits the understanding of structure
and function. The dinucleotide biases provide a genome signature that is characteristic
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of the bulk properties of an organism’s DNA. Furthermore, patterns and signatures help
build rules for how these sequences are constructed or assembled. It is thought that
these properties of the genomic signature may be due to the existence of genome-wide
factors. Examples include the replication and repair machinery, mutational tendencies, and
structural tendencies of genomic DNA. However, the genomic signatures also reveal more
about the information contained within the DNA.

There is a connection between DNA functionality and the non-randomness of sequence.
The RY binary component is the least random, and it suggests an RY code. This is likely a
structural code. In the genomic DNA, a chemical hydrogen-bonding code is also present,
but of lesser importance. Structure affects recognition rather than direct chemical bonding.
This recognition is crucial for information transfer. Since this is pervasive across all the
human chromosomes, we propose that RY is more important than presently believed as an
information content system for DNA, and is by far the most crucial aspect of its information
content. If we consider that DNA is an information-containing and programming system,
we conclude that recognition is key, and propose that the structure itself can be a code.

3.4. The Use of Binary Components Analysis: Theory of Breakdown of Information Content

The philosophy used in this research is to treat the DNA as a binary information system,
thereby making use of information theory tools. In a computer system, a binary code is
used to represent any data including text, images, or computer processor instructions.
When this is used, it assigns a sequence of binary digits or bits to each piece of data. It
permits the computer to both store the data, and also process it. This concept is applied
here to DNA as it helps reveal sequence design and function.

Information theory [41] represents communication systems analysis. This theory
permits analysis of the various components of such systems. It generally encompasses an
information source, with an encoder, a channel that contains random noise, then a decoder,
and a receiver. Within genomes, Shannon information is analyzed in two to ten letters
of DNA [42]. In this case, ‘word’ matches are far greater than equivalent randomized
sequences. Genomic signatures, such as those applied in this research, are considered to
possess Shannon information [43] as they comply with such a model.

With respect to genomic DNA, the receiver is a vast array of biological particles that
bind to it. Among these are transcription factors, transcription, replication, and repair
machinery. The information source is the DNA. The aim of this research is to decipher
basic codes, and so the information source is the focus of interest. In this way, information
theory has been applied via genomic signature analysis for the global characterization
of genomic chromosomal DNA. This research marks a step forward in understanding
non-coding DNA.

The DNA bases and their information content can be sub-divided via a binary system,
similar to the way a computer stores binary information, as described by information theory.
This principle is applied to the chemical and physical properties of DNA, and is applied
with the intention of studying these properties separately and in isolation. The information
is contained within it, literally within the bases or nucleotides. Therefore, separating this
into the simplest form, and utilizing binary components is a powerful methodology.

The genome is a vast source of information that is multi-layered with many patterns
and codes. By breaking down complex and layered information into the most basic
binary parts, we made progress in understanding DNA. Combined with this, the genomic
signatures and distances from randomness have revealed new insights into the nature
of the DNA. The approach here has been to understand general designs, patterns, and
signatures. The results have deepened our insight into general designs, and also developed
concepts and novel analyses for deciphering the information and programs contained in
the DNA.
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3.5. Assumptions, limitations and Future Research

Since sequence and function are intrinsically connected, it is possible to draw conclu-
sions regarding the relative importance of these chemical and physical DNA properties.
There are, however, some assumptions and limitations. The dinucleotide relative abun-
dance profile is a measure of the average enhancement or suppression of all possible
dinucleotides in a given sequence. It is, therefore, also a measure of the overall randomness
(or non-randomness). For the RY, KM, and WS component analyses, dinucleotide relative
abundance profiles were calculated for each of these, for the exact same sequences, in
order to evaluate the relative non-randomness with respect to each component. Here,
the assumption (and interpretation) is that relative non-randomness is synonymous with
the greater importance of that component. A further assumption is the connection of
components with chemical or physical properties. This includes that RY is synonymous
with structure. It makes sense in terms of existing evidence regarding DNA structure and
its connection with purine and pyrimidine properties of the base sequence of DNA. A
further assumption is that the KM and WS characteristics are synonymous with hydrogen-
bonding patterns. Again, this makes sense in terms of chemical properties, however, the
coherence is not necessarily exact, since KM and WS may have properties in addition to
hydrogen-bonding capability.

In this research, we have sought to investigate the existence of baseline codes in
genomic DNA. The RY code that was discovered in this analysis is widespread in genomic
DNA. Any such baseline encoding is going to be stable and present in all relevant sequences,
where the code is present. For instance, while protein-coding sequences are different from
each other, they code for a huge variety of proteins. However, the triplet-code itself is
pervasive in all of these, so too with the RY code, it is present in genomic DNA in a general
sense, while the sequence is varied. This will of course be true in different individuals of a
given organism, in this case humans. However, there are sequence variations in genomic
DNA between individuals. These include both CNVs and SNPs. These are of great interest
in studying disease, for instance [44]. Such variations also assist us in furthering our
understanding of information content and transfer in the genome. CNVs, in particular, are
marked by differences in DNA structure. While the genomic DNA of all individuals in the
organism would possess the RY code, analysis of this variation is interesting, and holds
potential for future research.

This research forms a strong basis and foundation for further research in decoding
genomic DNA. These results pertain to a large-scale global analysis of chromosomal DNA.
For future work, it is of interest to analyze protein-coding sequences of the RY code, and
other binary components. The aim would be to see how these compare with the baseline
genome sequence, and also to other genomic regions. For this, an appropriate method
would be to devise and analyze short sequence fragments. Such analysis could also have
future applications for the identification of different genomic sequences.

With regard to coding DNA and the triplet code, this method also can be applied to
deepen our understanding. Beyond this, is future research that binarizes DNA sequences,
and examines if the DNA->RNA->Protein model generates a pattern, or connecting code.
This would be profoundly interesting, and has an impact on the fundamentals of biology.

Yet another area for further application of this result is the study and identification
of hypothetical formation of triple-stranded DNA [45]. This type of formation clearly has
structural characteristics that define it, and so an RY structural code is likely a determinant
of this tendency. The RY code and base-step dinucleotides are relevant to the secondary
and tertiary structure of DNA. The formation of such alternative helical structures may
be due to a bias, and particular application of the RY code. This is a strong area for
further investigation.

4. Conclusions

The use of binary components has been used to break down information content
within the bases of DNA, similar to the use of computer binary code for the transmission of



Mathematics 2022, 10, 2723 17 of 20

complex information. This may be layered or even multi-dimensional. This principle is to
isolate information stored within DNA bases into binary components, decipher patterns
and codes, and gain insight into their functionality.

This is a different way of thinking since we are so accustomed to the one-dimensional
relationships of the triplet code, which does not apply to the vast majority of genomic
sequences, yet there is so much depth to the information stored there. General designs are
powerful, and coupling them with a binary system allows us to isolate the information
content and decipher the language of the genome.

This research makes use of the inherent relationship between sequence, structure,
and function; therefore, biological meaning is successfully derived from sequence data.
This aids in the deciphering of codes in non-coding DNA. It also demonstrates the value
of large-scale sequence analysis for general designs of the genome. The RY, KM, and
WS binary components analyses reveal the relative importance of physical and chemical
properties of the bases of the DNA. These are three known categories of the bases of DNA.
However, here we bring to light some alternative properties within these known categories,
and utilize them in a novel way.

In genomic DNA across all chromosomes, it is concluded that an RY- structural code
is present. This is likely based on structural recognition of particles, which likely reflects
the general functionality of genomic DNA. This research marks a step forward towards
understanding the language of DNA.

This analysis is extremely important, since the underlying rules and codes for the vast
majority of genomic (non-coding) DNA are not yet understood. These sequences carry the
program for building an organism, and are known to be key to the regulation of genes. The
mechanisms of DNA function in gene regulation and protein-DNA binding are not well
understood. The elucidation of general designs, patterns, and codes is necessary in order
to understand gene regulation, and general DNA functionality.

The outcome is far-reaching, and includes a better understanding of general cell
biology, growth, and development. The wider impact includes insight into genetic causes
of human disease, and a leap forward in drug design. Furthermore, while codes and
general designs have some variation between species, general rules and principles are
likely similar across species, since these are fundamental biological principles.

Future investigation will be the analysis of the nature of the RY structural code.
DNA sequences may be examined further for patterns, including more complex sequence
patterns, signatures, and their related structural features. The structure of these RY patterns
may also be analyzed, in order to gain insight into the structural code. On a wider scope,
different genomic locations within the human genome may be studied for DNA signatures,
and an investigation conducted to see if there are any differences, for instance, between
coding and non-coding DNA. The signature analysis will also be further expanded to
other organisms.
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Appendix A

ANOVA results table for distance from randomness of binary components can be
found in the following attached file.

Table A1. Results of the one-way within subject ANOVA and the follow-up pairwise comparisons.

Chromosome No. ANOVA RY vs. WS RY vs. KM WS vs. KM

1. F(1.87, 4303.25) = 9896.044, p < 0.001, η2
p = 0.811 0.063 0.033 −0.03

2. F(1.94, 4669.58) = 13,948.031, p < 0.001, η2
p = 0.853 0.06 0.025 −0.035

3. F(1.85, 3662.67) = 10,741.541, p < 0.001, η2
p = 0.844 0.058 0.025 −0.033

4. F(1.87, 3550.4) = 9521.713, p < 0.001, η2
p = 0.834 0.053 0.02 −0.033

5. F(1.63, 2954.66) = 6436.407, p < 0.001, η2
p = 0.78 0.056 0.023 −0.032

6. F(1.95, 3319.54) = 10,573.787, p < 0.001, η2
p = 0.862 0.06 0.025 −0.036

7. F(1.72, 2733.99) = 6212.169, p < 0.001, η2
p = 0.796 0.059 0.024 −0.034

8. F(1.84, 2662.38) = 6442.536, p < 0.001, η2
p = 0.817 0.055 0.024 −0.031

9. F(1.77, 2155.44) = 5441.261, p < 0.001, η2
p = 0.817 0.06 0.027 −0.033

10. F(1.66, 2216.09) = 5461.652, p < 0.001, η2
p = 0.804 0.061 0.026 −0.035

11. F(1.8, 2423.01) = 4060.935, p < 0.001, η2
p = 0.751 0.058 0.032 −0.025

12. F(1.77, 2357.78) = 4766.399, p < 0.001, η2
p = 0.782 0.061 0.029 −0.032

13 F(1.72, 1681.74) = 3222.249, p < 0.001, η2
p = 0.767 0.052 0.018 −0.034

14. F(1.7, 1534.44) = 3065.551, p < 0.001, η2
p = 0.772 0.061 0.028 −0.033

15. F(1.63, 1377.82) = 3458.144, p < 0.001, η2
p = 0.804 0.065 0.03 −0.036

16. F(1.63, 1329.35) = 3076.435, p < 0.001, η2
p = 0.79 0.061 0.029 −0.031

17. F(1.51, 1250.69) = 2419.446, p < 0.001, η2
p = 0.745 0.072 0.04 −0.031

18. F(1.65, 1316.46) = 2266.129, p < 0.001, η2
p = 0.739 0.055 0.025 −0.03

19. F(1.64, 956.8) = 1505.212, p < 0.001, η2
p = 0.721 0.069 0.037 −0.032

20. F(1.59, 1013.05) = 2682.895, p < 0.001, η2
p = 0.808 0.062 0.031 −0.03

21. F(1.52, 605.95) = 692.452, p < 0.001, η2
p = 0.634 0.053 0.021 −0.031

22. F(1.49, 581.68) = 806.02, p < 0.001, η2
p = 0.674 0.06 0.035 −0.025

X. F(1.93, 2979.63) = 5842.198, p < 0.001, η2
p = 0.791 0.055 0.02 −0.035

Y. F(1.79, 471.43) = 291.074, p < 0.001, η2
p = 0.525 0.041 0.011 −0.029

Note: η2
p partial eta squared; All ANOVA results are based on the Greenhouse-Geisser correction. All and post

hoc pairwise comparisons are corrected using the Bonferroni method and are statistically significant at p < 0.001.

Table A2. Descriptive statistics of distance from randomness (relative abundance profile) analysis for
each chromosome.

Chromosome
RY WS KM

N
Mean Std. Deviation Mean Std. Deviation Mean Std. Deviation

1. 0.124 0.020 0.060 0.024 0.091 0.009 2303
2. 0.116 0.017 0.056 0.016 0.091 0.009 2405
3. 0.116 0.018 0.058 0.019 0.091 0.009 1980
4. 0.108 0.016 0.055 0.017 0.088 0.009 1897
5. 0.114 0.018 0.058 0.025 0.091 0.009 1812
6. 0.115 0.017 0.055 0.016 0.090 0.008 1700
7. 0.117 0.019 0.058 0.024 0.093 0.010 1589
8. 0.114 0.017 0.059 0.018 0.091 0.009 1447
9. 0.119 0.018 0.059 0.022 0.093 0.010 1217

10. 0.120 0.017 0.059 0.025 0.094 0.009 1332
11. 0.123 0.022 0.065 0.027 0.090 0.010 1345
12. 0.120 0.020 0.059 0.026 0.091 0.010 1331
13. 0.107 0.017 0.055 0.020 0.089 0.010 979
14. 0.119 0.019 0.058 0.024 0.091 0.010 905
15. 0.124 0.017 0.059 0.026 0.094 0.008 846
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Table A2. Cont.

Chromosome
RY WS KM

N
Mean Std. Deviation Mean Std. Deviation Mean Std. Deviation

16. 0.126 0.018 0.066 0.026 0.097 0.012 818
17. 0.136 0.021 0.064 0.034 0.096 0.010 829
18. 0.116 0.022 0.061 0.026 0.091 0.009 800
19. 0.139 0.020 0.070 0.035 0.102 0.009 584
20. 0.129 0.016 0.067 0.026 0.098 0.009 639
21. 0.115 0.020 0.062 0.030 0.093 0.015 400
22. 0.133 0.018 0.073 0.031 0.098 0.014 391
X. 0.112 0.020 0.057 0.019 0.092 0.009 1548
Y. 0.108 0.018 0.068 0.030 0.097 0.015 264
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