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Simple Summary: DNA structural biology deals with the understanding of DNA and three-dimensional
chromatin structure, which can determine its function in the cell. The key structural properties of the
DNA fiber, such as stability, flexibility, and susceptibility to damage, largely rely on the composition
of the DNA sequence. Variations in the nucleotide sequence result in a patchy chromosome structure,
which is formed due to the differential GC content of exons, introns, regulatory elements, repeats, etc.
The compositional structure of a genome at different length scales may be revealed via the use of
entropic segmentation algorithms or fluctuation analysis of DNA walks. The former algorithms divide
the four-symbol nucleotide sequence, or its two-symbol variants, into an array of compositionally
homogeneous, non-overlapping domains, isochores, and compositional superstructures, all of which
are hierarchically organized in the chromosome. Once the compositional structure of a genome is
known, the compositional genome signature or sequence compositional complexity (SCC) can be
computed, enabling the comparison of genome structures.

Abstract: As the genome carries the historical information of a species’ biotic and environmental
interactions, analyzing changes in genome structure over time by using powerful statistical physics
methods (such as entropic segmentation algorithms, fluctuation analysis in DNA walks, or measures
of compositional complexity) provides valuable insights into genome evolution. Nucleotide frequen-
cies tend to vary along the DNA chain, resulting in a hierarchically patchy chromosome structure
with heterogeneities at different length scales that range from a few nucleotides to tens of millions of
them. Fluctuation analysis reveals that these compositional structures can be classified into three main
categories: (1) short-range heterogeneities (below a few kilobase pairs (Kbp)) primarily attributed
to the alternation of coding and noncoding regions, interspersed or tandem repeats densities, etc.;
(2) isochores, spanning tens to hundreds of tens of Kbp; and (3) superstructures, reaching sizes of
tens of megabase pairs (Mbp) or even larger. The obtained isochore and superstructure coordinates in
the first complete T2T human sequence are now shared in a public database. In this way, interested
researchers can use T2T isochore data, as well as the annotations for different genome elements, to
check a specific hypothesis about genome structure. Similarly to other levels of biological organi-
zation, a hierarchical compositional structure is prevalent in the genome. Once the compositional
structure of a genome is identified, various measures can be derived to quantify the heterogeneity
of such structure. The distribution of segment G+C content has recently been proposed as a new
genome signature that proves to be useful for comparing complete genomes. Another meaningful
measure is the sequence compositional complexity (SCC), which has been used for genome structure
comparisons. Lastly, we review the recent genome comparisons in species of the ancient phylum
Cyanobacteria, conducted by phylogenetic regression of SCC against time, which have revealed
positive trends towards higher genome complexity. These findings provide the first evidence for a
driven progressive evolution of genome compositional structure.
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1. Introduction

DNA structural biology focuses on the understanding of the three-dimensional struc-
ture of DNA, which plays a vital role in determining its function in the cell. Key structural
properties of the DNA fiber, such as its stability, flexibility, or susceptibility to damage,
largely depend on the composition of the DNA sequence (i.e., the specific arrangement
of nucleotides within the DNA sequence). Notably, regions of DNA that exhibit a high
proportion of guanine and cytosine (known as GC-rich regions) tend to possess a more
stable structure due to the stronger hydrogen bonding that occurs between these nu-
cleotides. The presence of histones or histone-like proteins in the genome can also have
a significant impact on genome structure organization and long-range genome interac-
tions. Recent advances have enabled chart maps of histone modifications and related
chromatin structures. These maps provide insights into the intricate relationship between
chromatin and genome function, emerging in the understanding of large-scale domains
and higher-ordered chromatin organization [1].

Since the genome encodes all historical information regarding a species’ biotic and
environmental interactions, the analysis of genome compositional changes may provide
important insights into the organization and evolution of genome structure over time [2–4].
Pioneering studies by Bernardi and collaborators [5–8] used the analytical ultracentrifu-
gation of bulk DNA to uncover the observation that mammalian genomes are made up
of isochores, which are long DNA segments of a typical size around 300 kb, and they are
fairly homogeneous in G+C content. Nucleotide composition has been related to important
genome features such as the so-called genomic code [9], the 3-D structure of DNA [10], or
the existence of topologically associating domains (TADs) in the genome [11,12]. The recent
achievement of the first complete 3.055 billion base pair sequence of a human genome [13]
now provides an unprecedented opportunity to examine the isochore theory and study
the evolution of DNA sequence structure. The application of statistical physics methods
(such as power spectra, fluctuation analysis in DNA walks, or entropic segmentation) has
facilitated the study of large-scale genome structures [14–17], revealing the presence of long-
range, power law correlations in DNA sequences and suggesting a fractal (scale-invariant)
structure of the genome. However, such a genome landscape directly contradicted the
well-known characteristic lengths observed in most genome elements (genes, exons, introns,
transposable elements, and so on). It was also particularly inconsistent with the isochore
theory of the genome, which describes the genome as a mosaic of compositionally homoge-
neous segments known as isochores [2,6,18–21]. The paradox between a scale-invariant
versus an isochore model for the genome was resolved by discovering that deviations
from power law behavior can be observed in correlations [22] and that such deviations
can be associated with isochore-like regions in, at that time, the best-sequenced eukary-
otic genome assemblies [21,23]. Subsequent studies revealed that isochores are not the
longest compositional domains in the genome as they are organized at even longer scales
into compositional superstructures that are about two orders of magnitude longer than
isochores [24]. By using a segmentation model that accounts for long-range correlations,
these authors were able to determine a genomic map of the chromosome boundaries of
superstructures based on rigorous statistical criteria.

Several measures of genome complexity are now available [25–28]; we refer the reader
to [29] for a recent review. Some of these measures rely on the frequencies of k-words or
k-mers. The complexity of the DNA sequence is computed at a length scale given by the
word size (k), which maximizes the variability of word frequencies. However, given the
presence of different length scales in the genome [15,21], choosing the right value for the
parameter k is not an easy task.
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An ideal measure of compositional structural complexity would consider the array
of homogeneous domains of different lengths and compositions along the genome. Sub-
sequently, it would calculate a complexity value based on statistical criteria. Sequence
compositional complexity, or SCC [25], fulfills these criteria. This method first decomposes
the nucleotide sequence into a number of homogeneous compositional domains under strict
statistical criteria and then incorporates an entropic measure that accounts for the length
and compositional differences among these domains. Recently, SCC has been employed to
assess genome complexity in Cyanobacteria [3], providing the first evidence for the driven
progressive evolution of genome compositional structure.

This review provides an overview of the theory and methods for DNA sequence
segmentation (Section 2) and the modifications of the original segmentation algorithm,
which can be used to find the largest genome compositional structures: isochores (Section 3)
and superstructures (Section 4). Sections 5 and 6 focus on the use of compositional segmen-
tation to quantify the compositional structure of genomes. Specifically, we show that the
distribution of segment G+C content has the desirable properties of a genome signature
(Section 5), while in Section 6, we review sequence compositional complexity (SCC), a
measure particularly convenient for quantifying the complexity of genome structure. In
Section 7, we show the usefulness of SCC for uncovering phylogenetic trends in the ancient
phylum Cyanobacteria, in which evidence for the driven progressive evolution of SCC was
first found. Finally, in Section 8, we present conclusions.

2. DNA Sequence Segmentation

Given the pervasive spatial heterogeneity in nucleotide composition found in most
genomes [30], the identification of compositional domains within a sequence is essential
to understand genome structure [2]. As a result, this task holds significant importance in
computational molecular biology [31], being the key step in understanding the spatial, large-
scale structure of the genome. In simple DNA sequences that lack long-range correlations,
such as those predominantly integrated by coding regions in prokaryotes, compositional
patches can be easily identified [32]. However, for complex long-range correlated DNA
sequences typical of eukaryotic genomes, the identification of homogeneous compositional
domains becomes more challenging given the lack of a characteristic patch length [33,34].
To overcome this problem, a statistical approach capable of estimating, with a given level of
confidence, the location of the boundaries separating compositional patches in a sequence
should be used.

To divide a four-symbol DNA sequence into an array of compositionally homogeneous,
non-overlapping domains, a heuristic, iterative segmentation algorithm [19,35–37] can be
used. In brief, given a DNA sequence S of size N, a sliding cursor is moved along the se-
quence (i = 1, . . . , N), and the position, i, that optimizes a proper measure of compositional
divergence between the left (S1) and right (S2) parts is selected. We choose the Jensen–
Shannon divergence [36] as a divergence measure, as it can be directly applied to symbolic
nucleotide sequences. The Jensen–Shannon divergence (JS) between two sequences, S1 and
S2, is defined as follows:

JS(S1, S2) = H(S)−
[n1

N
H(S1) +

n2

N
H(S2)

]
(1)

where n1 and n2 are the sizes of sequences S1 and S2, S is the sequence of size N = n1 + n2
obtained by putting together S1 and S2, and H(·) is the Shannon entropy of the distribution
of the relative frequencies of symbol occurrences:

H(S) = − ∑
i=A,T,C,G

filog2 fi (2)

If the divergence is statistically significant at a given significance level (e.g., s = 0.95),
the sequence is split into two segments. Note that each pair of resulting segments is
more homogeneous than the original sequence. The two resulting segments are then



Biology 2023, 12, 849 4 of 15

independently subjected to a new round of segmentation. The process continues iteratively
over the new segments while sufficient significance continues appearing. Since Shannon
entropy is invariant under symbol interchange, the segmentation algorithm and the SCC
values derived from it are invariable relative to sequence orientation. Note that this
segmentation algorithm can be easily generalized to accommodate other alphabets that are
different from the standard four-letter one (A, T, C, and G) while preserving its properties.
For instance, a twelve-letter alphabet (the four letters in the three codon positions) can
be used to determine coding region borders [38]. In addition, if the sole interest lies in
the compositional structure of G+C content, the algorithm can be adapted to a two-letter
alphabet: Prior to segmentation, the four-letter DNA sequence is converted into a binary
sequence with only two symbols comprising S (strong) when the nucleotide is C or G and
W (weak) when the nucleotide is A or T. This mapping of the DNA sequence into a binary
sequence is commonly known as strong/weak or simply the S/W rule. Specifically, this
alphabet is used in the prediction of isochore boundaries (Section 3) and the search for
compositional superstructures (Section 4.1).

The statistical significance level, s, represents the probability that the difference be-
tween adjacent domains is not solely due to statistical fluctuations, assuming the null
hypothesis that the sequence is random and i.i.d. (independent and identically distributed).
By adjusting the value of this parameter, one can obtain the underlying distribution of
segment lengths and nucleotide compositions at different levels of detail [37], thus con-
veniently fulfilling one of the key requirements of a complexity measure [28]. Choosing
a random i.i.d. sequence as the null hypothesis serves as a reference for homogeneity.
In other words, a sequence is considered heterogeneous (and therefore, should be seg-
mented) when differences in composition exceed what would be expected in a random i.i.d.
sequence. Recent improvements to this segmentation algorithm [37] have enabled the seg-
mentation of sequences with long-range correlations. The presence of correlations makes
these sequences much more heterogeneous than random i.i.d. sequences; consequently,
the method for computing significance level s, i.e., the reference for homogeneity, needs
to be modified, as the algorithm may otherwise identify segments that appear trivially
in the sequence due to the correlations. In such cases, the model adopted for homoge-
neous sequences is fractional Gaussian noise. Implementation details, source codes, and
executable binaries for different operating systems can be downloaded from the follow-
ing website: https://github.com/bioinfoUGR/segment (accessed on 20 April 2023) and
https://github.com/bioinfoUGR/isofinder (accessed on 20 April 2023).

In all cases, the result is the segmentation of the original sequence into an array
of contiguous, non-overlapping segments (or compositional domains) for which their
nucleotide composition is homogeneous at the chosen significance level, s.

3. Prediction of Isochore Boundaries at the Sequence Level

The genomes of warm-blooded vertebrates (such as mammals and birds) are made up
of isochores, which are long DNA segments (~300 kb) that are fairly homogeneous in G+C
content and that were first revealed by the analytical ultracentrifugation of bulk DNA [5–8].
The relevance of isochores is derived from the distinctive frequencies of genes, SINE (short
interspersed repetitive elements), and recombination frequency, which are all higher in
(G+C)-rich isochores, whereas LINEs (long interspersed repetitive elements) are denser in
(G+C)-poor isochores [7]. Beyond compositional differences, the boundaries of isochore
often correspond to chromosome regions that differ in replication timing, as observed in
the isochores of the human major histocompatibility complex (MHC) locus [39], or in re-
combination rates, as observed in the human neurofibromatosis NF1 region [40]. Isochores
can be found in a large variety of taxa, including unicellular eukaryotes [41], plants [42],
and cold-blooded vertebrates [43], although they are more conspicuous in the genome
of warm-blooded vertebrates (see [7] and references therein). The isochore theory has
expanded our understanding of the complexity and compositional variability of eukaryotic
genomes [44], and it is considered a fundamental level of genome organization [45,46]. The

https://github.com/bioinfoUGR/segment
https://github.com/bioinfoUGR/isofinder
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evolutionary origin and maintenance of isochores in present-day genomes has been subject
to active debate [20,45,47–50].

The advent of large-scale DNA sequencing projects generating a substantial number
of large DNA sequences [51] has led to the search for a direct test of the isochore theory.
Our group developed an algorithm, based on the compositional segmentation described
above, that is able to predict isochore boundaries at the sequence level [19,25,36,52]. Most
large homogeneous genome regions predicted by this algorithm were identified with
Bernardi’s isochores, showing correlations with biological features such as gene density,
SINE and LINE (short, long interspersed repetitive elements) densities, recombination rate,
and SNP (single nucleotide polymorphism) variability [52,53]; its accuracy as compared
with other methods when applied to natural as well as simulated sequences has been
proven [31,52,54,55]. Note however that if one chooses to conduct simulation experiments,
a problem arises in which the sequences generated in the experiment have to be at least
as complex as the natural ones, which is not an easy task because the sequences of higher
organisms (mainly mammals and birds) usually have long-range power law correlations. In
this way, a complete, reliable test for the isochore theory requires high-quality T2T genome
sequences (see below).

The IsoFinder algorithm is designed to predict isochore boundaries [19,52,53], and
it works as follows. Since we are interested in segments with defined G+C content, in
the first place, the sequence to be analyzed is converted into a binary sequence using the
S/W rule (Section 2). As we wish to detect only isochore-like DNA segments, we need to
modify the original segmentation algorithm in order to avoid the influence of short-scale
G+C heterogeneities on statistical significance. Thus, we filter nucleotide heterogeneities
below a given minimum length, L0, and then compute the GC% content in left and right
windows. In this way, we convert the subsequence of length Lleft (Lright) into an array of
Lleft/L0 (Lright/L0) real numbers corresponding to the GC% content of each window of
size L0. IsoFinder allows the user to choose among three different values of L0 (1, 2, and
3 kb) to perform the filtering procedure. It is advisable, however, to use L0 = 3 kb, which
corresponds to a homogeneity criterion for mammalian isochores, and it is derived from
the ultracentrifugation of DNA of different molecular weights [6].

One of the main limiting factors relative to validating the isochore theory was the lack
of high-quality DNA sequences. To overcome this problem, we applied Isofinder to the
first complete 3.055 billion base pair T2T sequence of a human genome [13]. The obtained
isochore and superstructure coordinates were then shared in a public database (https:
//genome.ucsc.edu/s/oliver/T2T%20human%20isochores (accessed on 20 April 2023)).
Using PacBio HiFi and Oxford Nanopore, ultralong-read sequencing gapless assemblies
were obtained for all chromosomes (except Y) of the homozygous CHM13hTERT cell line,
which corrects errors in the prior references and introduces nearly 200 million base pairs of
additional sequences [13]. Table 1 shows the lengths and GC% of T2T human isochores by
chromosome, while Table 2 shows a summary statistic. The T2T human isochore map of
chromosome 1, obtained with IsoFinder and plotted with the help of the UCSC Genome
Browser [56,57], is shown in Figure 1. The online isochore maps for all chromosomes are
available at the UCSC Genome Browser: https://genome.ucsc.edu/s/oliver/T2T%20h
uman%20isochores (accessed on 20 April 2023). Note that besides the image of isochore
maps for every chromosome, this website provides access to tables with specific genome
coordinates for each isochore by using Table Browser (https://genome.ucsc.edu/cgi-bi
n/hgTables?hgsid=1627501187_vJA8raAFaxmpp4jAbRjEuzBiYujn (accessed on 20 April
2023)). In this way, interested researchers can now use T2T isochore data, as well as the
annotations for different genome elements available on this website, to check a specific
hypothesis about genome structure.

https://genome.ucsc.edu/s/oliver/T2T%20human%20isochores
https://genome.ucsc.edu/s/oliver/T2T%20human%20isochores
https://genome.ucsc.edu/s/oliver/T2T%20human%20isochores
https://genome.ucsc.edu/s/oliver/T2T%20human%20isochores
https://genome.ucsc.edu/cgi-bin/hgTables?hgsid=1627501187_vJA8raAFaxmpp4jAbRjEuzBiYujn
https://genome.ucsc.edu/cgi-bin/hgTables?hgsid=1627501187_vJA8raAFaxmpp4jAbRjEuzBiYujn
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Table 1. Lengths and GC% of T2T human isochores by chromosome.

Length GC%

Chromosome N Min Median Max Min Median Max

chr1 1113 30,004 102,983 5,403,580 32.80 43.02 67.96

chr2 897 30,004 128,804 4,304,270 31.57 41.20 66.39

chr3 656 30,004 127,485 5,001,190 21.54 41.23 62.17

chr4 427 30,004 234,223 5,642,550 23.80 39.15 72.64

chr5 561 30,004 164,800 7,206,270 30.21 40.70 62.46

chr6 510 30,004 163,262 3,500,380 32.19 40.85 58.39

chr7 596 30,004 119,830 3,412,220 33.19 42.44 68.05

chr8 449 30,004 147,916 4,875,420 33.27 41.36 63.98

chr9 501 30,004 107,885 22,256,800 31.74 42.57 65.87

chr10 562 30,004 121,504 3,195,210 32.63 42.09 72.51

chr11 551 30,004 109,143 3,008,680 33.64 42.81 62.56

chr12 505 30,005 115,060 3,649,550 32.99 42.49 63.91

chr13 317 30,004 128,955 10,449,500 21.22 40.27 60.57

chr14 426 30,004 101,284 3,881,480 21.89 42.01 63.58

chr15 461 30,004 104,795 7,482,370 21.37 42.62 62.03

chr16 457 30,004 82,508 12,645,100 33.24 44.86 66.31

chr17 517 30,004 82,785 4,713,850 33.08 45.61 62.57

chr18 237 30,004 180,918 3,584,850 34.03 40.14 56.08

chr19 313 30,004 101,006 2,676,290 35.20 48.09 65.30

chr20 314 30,004 101,682 2,232,290 32.89 44.17 65.15

chr21 178 30,004 95,755 4,852,870 21.63 42.14 63.20

chr22 342 30,004 68,700 1,690,830 21.25 46.26 64.72

chrX 366 30,004 166,946 14,835,700 22.41 40.66 62.24
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Figure 1. T2T human isochores. The image shows the isochore map of the T2T-CHM13 DNA
sequence of human chromosome 1, obtained by plotting the isochores predicted by IsoFinder [19]
with the help of the UCSC Genome Browser [56,57]. Blue line indicate the GC content of each
isochore. The complete chromosome sequence was obtained by the Telomere-to-Telomere (T2T)
Consortium [13], which includes gapless assemblies for all chromosomes except Y. The completed
regions include all centromeric satellite arrays and recent segmental duplications. Tracks for G+C
density in 5-base windows, genes, and CpG islands, taken from the UCSC Genome Browser database,
are also plotted for comparison. The online isochore maps for all chromosomes are available at the
UCSC Genome Browser: https://genome.ucsc.edu/s/oliver/T2T%20human%20isochores (accessed
on 20 April 2023).

https://genome.ucsc.edu/s/oliver/T2T%20human%20isochores


Biology 2023, 12, 849 7 of 15

Table 2. Basic length and GC% statistics in T2T human isochores.

N Minimum Median Maximum

Length (bp) 11,256 30,005.00 116,447.00 22,256,800.00

GC% 11,256 21.22 42.24 72.64

4. Long-Range Correlations and Compositional Superstructures in the Genome

The application of statistical physics methods to DNA sequences led to the discovery of
long-range correlations, i.e., correlations between nucleotides over long distances along the
DNA chain [15–17,33,58]. The stochastic properties of nucleotide sequences were studied by
constructing a 1:1 map of the nucleotide sequence onto a walk (DNA walk). In this way, the
mapping was used to provide a quantitative measure of the correlation between nucleotides
over long distances along the DNA chain. Long-range power law correlations uncovered
by these powerful methods imply a new scale-invariant property of DNA. However, from
the point-of-view of genome structure, these long-range, power law fractal correlations
also imply that compositional segments should appear at all scales (i.e., showing a power
law distribution of segment lengths), a prediction that was confirmed by analyzing the
length distributions of compositional domains resulting from sequence segmentation [36].

The emerging genome landscape of genome structure challenges the conventional
notion of characteristic lengths shown by most genomic elements (such as genes, exons,
introns, transposable elements, etc.), but above all, it is particularly incompatible with the
view of the genome as a mosaic of long homogeneous segments or isochores with a typical
size [6,18]. This apparent contradiction was solved by using detrended fluctuation analysis
(DFA [34]), which revealed the presence of at least three characteristic scales in human
chromosomes: short-scale elements (genes, introns, exons, repeats, etc.), medium-scale
lengths (corresponding to the typical isochore size), and very-large-scale genome elements
(compositional superstructures [21]).

4.1. Detection of Genome Compositional Superstructures by Segmentation

DFA analysis shows that isochores with a median length of 116 Kbp (Table 2) are not
the largest compositional structures in the genome. Two independent methods were used to
show that isochores are in fact organized into longer compositional structures [24]. On one
hand, compositional autocorrelation analysis was employed to examine the G+C content
of isochores. This analysis revealed that the G+C content of isochores is not independent
between each other but exhibits correlations over very large distances, indicating the
existence of the clusters of isochores of similar G+C compositions. On the other hand, DNA
walks [15] were used to demonstrate the existence of enormous DNA segments (median
size ~6 Mbp, Tables 3 and 4) with a defined G+C composition and typical sizes that are
consistent with the sizes of the isochore clusters obtained via autocorrelation analysis. These
segments, called compositional superstructures [24], were obtained by means of a modified
segmentation algorithm applied to the DNA sequence that was previously converted into
a binary S/W sequence (see Section 2). In brief, this modification consists of changing the
criterion to evaluate the significance level. While the regular segmentation considers that a
sequence is homogeneous (i.e., it remains unsegmented) when its heterogeneity is similar
to that in a random sequence, the modified segmentation algorithm takes into account
long-range correlations in the DNA chain. In this way, the model for homogeneous DNA
sequence comprises fractional Gaussian noise instead of a pure i.i.d. random sequence [37].

This algorithm, when applied to entire chromosome sequences, is capable of sys-
tematically detecting the boundaries between the above-mentioned large compositional
superstructures using rigorous statistical criteria. The coordinates for the 113 superstruc-
tures detected in T2T human chromosome sequences are shown in Table S1. Table 3 shows
the statistics of lengths and GC% of human T2T superstructures grouped by chromosome,
while Table 4 shows a summary statistic.
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Table 3. Length and GC% statistics of human T2T genome superstructures by chromosome.

Length GC%

Chromosome N Min Median Max Min Median Max

chr1 4 328,708.00 23,816,031.50 200,426,557.00 40.02 45.53 58.20

chr2 4 3,360,333.00 51,107,636.50 137,121,146.00 38.23 43.43 50.92

chr3 3 36,078,355.00 73,698,202.00 91,329,391.00 35.28 39.59 41.28

chr4 4 489,000.00 4,883,872.00 183,318,201.00 37.50 44.89 55.27

chr5 6 1,719,665.00 10,580,851.50 128,874,195.00 38.12 44.70 53.09

chr6 5 4,367,830.00 18,410,867.00 104,707,592.00 37.67 41.22 46.35

chr7 4 2,840,530.00 7,380,668.00 142,965,562.00 39.85 46.63 54.87

chr8 5 532,709.00 18,506,340.00 74,252,182.00 38.17 41.71 55.45

chr9 5 745,901.00 7,358,207.00 105,799,637.00 37.88 48.44 56.06

chr10 6 31,699.00 790,594.50 122,866,079.00 41.00 45.76 72.51

chr11 3 230,004.00 3,096,068.00 131,801,697.00 41.22 42.54 55.51

chr12 5 295,312.00 8,431,710.00 98,848,568.00 39.05 45.18 52.94

chr13 7 167,828.00 3,576,422.00 99,522,852.00 21.87 42.77 57.94

chr14 6 935,799.00 5,282,438.00 78,687,833.00 39.51 45.26 55.98

chr15 1 99,753,195.00 99,753,195.00 99,753,195.00 42.12 42.12 42.12

chr16 8 2,323,621.00 6,794,467.50 37,570,616.00 36.35 46.71 57.98

chr17 3 10,136,275.00 22,311,188.00 51,829,434.00 41.51 45.56 52.19

chr18 6 299,493.00 2,825,872.00 64,251,224.00 35.92 42.88 53.05

chr19 7 33,056.00 4,915,345.00 30,358,228.00 35.71 47.91 56.35

chr20 4 2,912,961.00 16,593,634.00 30,110,026.00 40.53 45.21 55.82

chr21 9 307,155.00 1,240,965.00 22,967,603.00 21.63 43.15 58.18

chr22 2 17,629,880.00 25,662,463.00 33,695,046.00 41.31 44.77 48.23

chrX 6 272,109.00 1,306,918.50 148,323,701.00 39.21 46.71 55.04

Table 4. Summary statistics of length and GC% in human T2T genome superstructures.

N Minimum Median Maximum

Length (bp) 113 31,699.00 6,111,300.50 200,427,000.00

GC% 113 21.63 45.10 72.51

4.2. Hierarchical Organization of Compositional Genome Structures

It is widely known that the GC content of nucleotide sequences usually varies between
different genomic elements or regions within the chromosome: exons vs. introns; early vs. late
replication genes; regions rich in short- vs. long-interspersed repeats; CpG-poor vs. CpG-rich
regions; G- vs. R-chromosome bands; and between different classes of chromosome territo-
ries [59,60], isochores [6], and genome superstructures [24].

The lower lengths of isochores compared to superstructures mean that both composi-
tional structures are imbricated in the chromosome, usually being the first contained within
the second ones. Table S1 shows the number, length, and GC% of isochores embedded
within each superstructure of the T2T human genome, showing again that superstructures
are nothing more than the high-level organization of isochores in the genome [24]. There is
a median average of 33 isochores by superstructure, reaching a maximum of 796 isochores
within the largest superstructure (>200 Mbp) of human chromosome 1. Note that there
also exist some superstructures devoid of isochores, above all in the 5′ and 3′ ends of
some chromosomes.
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The isochores’ organization within superstructures in the genome is beautifully illus-
trated by wavelet analysis (Figure 2), as well as by the genome maps of both structures
obtained with the help of the UCSC Genome Browser (Figure 3).
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Figure 3. Comparison of isochore and superstructure maps in human T2T chromosome 21 by
means of the UCSC Genome Browser. The online image can be observed at the following website:
https://genome.ucsc.edu/cgi-bin/hgTracks?db=hub_3267197_GCA_009914755.4&lastVirtModeTy
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20 April 2023). The blue lines indicate the GC content of each isochore or superstructure. The orange
arrows point to a region of chromosome 21 with low GC content, known as the big “gene desert”.
The green arrows indicate a region where isochore and superstructure boundaries overlap.

The organization of all these interdependent structural compositional components
into different length scales, ranging from individual nucleotides to entire chromosomes,
leads to a complex compositional structure of the genome. This genome complexity is
hierarchically organized, as shown by the existence of domains within domains [36,61]
and isochores within genome superstructures [24]. In this way, as it occurs in other levels
of biological organization [62], hierarchical complexity is the rule for the compositional
structure of the genome.

4.3. Functional Significance of Compositional Structures

The significant variations in gene, SINE, and LINE densities [7,63], as well as differ-
ences in replication timing [39] and recombination rates [40], all point to the biological
meaning of the compartmentalized genome structure.

https://genome.ucsc.edu/cgi-bin/hgTracks?db=hub_3267197_GCA_009914755.4&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr21%3A1%2D45090682&hgsid=1583990213_Mq2SxT3AB7CVJP4gui2lAeO3ZljM
https://genome.ucsc.edu/cgi-bin/hgTracks?db=hub_3267197_GCA_009914755.4&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr21%3A1%2D45090682&hgsid=1583990213_Mq2SxT3AB7CVJP4gui2lAeO3ZljM
https://genome.ucsc.edu/cgi-bin/hgTracks?db=hub_3267197_GCA_009914755.4&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr21%3A1%2D45090682&hgsid=1583990213_Mq2SxT3AB7CVJP4gui2lAeO3ZljM
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On the other hand, the analysis of gene ontology (GO) terms [64] suggests functional
significance for the compartmentalization of the genome into both isochores and super-
structures as well. Gene pairs embedded in both isochores and superstructures have a
higher probability of sharing functional GO terms than random samples of genes, thus
pointing to its biological functional relevance [24].

5. Segment Compositional Signature (DJS)

In general terms, the genome signature refers to a given pattern or characteristic
associated with DNA sequences that can be used to identify and compare distinct species
or individuals. Its main advantage is that it works without the need to perform an align-
ment. Sometimes, genomic signatures can differentiate single individuals, as in forensic
science, that are usually compared to tumor cells in medicine, etc. In comparative ge-
nomics and evolutionary biology where the objective is to carry out comparisons among
different species, genome signatures are based on statistical properties of DNA sequences
that are species-specific; for example, the distribution of k-words along the genome is
widely used [29].

However, despite the numerous applications of the k-word distribution in phylogenetic
studies [65,66], as well as in the classification of unknown DNA fragments in metagenome
studies [67] or horizontal DNA transfer [68], the main limitation of all genome signature
representations based on oligomer frequencies is the lack of divergence among some
distantly related species [69]. This effect may be due to the fact that the spatial information
retained by distributions of k-words is limited to very short scales (actually, k nucleotides
of distance) and completely ignores the presence of structures at larger scales.

We briefly reviewed a new signature based on compositional genome structure called
segment compositional signature, which has been recently proposed [70]; it is defined as
the distribution of the G+C composition of DNA segments obtained by means of the
segmentation algorithm defined above [35,36,71]. We have observed that the histograms of
the G+C composition for segments are similar for closely related species, while histograms
for distantly related species show different patterns (Figure 4).
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Figure 4. G+C composition histograms of the segments obtained by means of a segmentation
algorithm at the s = 0.95 significance level of the complete genomes of three primates: human (a),
gorilla (b), and chimpanzee (c); three carnivorous: cat (d), dog (e), and polecat (f); and three rodents:
rat (g), mouse (h), and Chinese hamster (i). Note that all histograms in the same row, which correspond
to closely related species in terms of evolutionary divergence time (http://www.timetree.org (accessed
on 20 April 2023)), look quite similar to each other.

http://www.timetree.org
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To quantify the difference between the two species [70], we use the square root of the
Jensen–Shannon divergence between their histograms (DJS). This measure is known to have
all properties of a distance in the mathematical sense [72]; thus, it is a good candidate for a
molecular sequence metric [73], i.e., a measure of the “distance” between DNA sequences.

A good correlation was observed between the distance, DJS, between Homo sapiens
and a set of mammals for which a complete genome is available and the evolutionary
divergence time (time from the common ancestor) [70].

6. Sequence Compositional Complexity (SCC)

Once a sequence is segmented into an array of m homogeneous compositional domains
{S1S2, . . . , Sm}, a reliable measure of sequence compositional complexity, or SCC [25],
can be computed using the generalization of the Jensen–Shannon divergence relative to
m sequences:

SCC = H(S)−
m

∑
i=1

ni
N

H(Si) (3)

where S denotes the entire genome sequence, N denotes its length, ni denotes the length
of the ith domain Si, and H(·) denotes again the Shannon entropy of the distribution of
the relative frequencies of symbol occurrences, which are denoted by { fA, fT , fC, fG} in the
corresponding (sub)sequence (Equation (2)). It should be noted that the above expression is
the same as the one used in the segmentation process, and it is applied to the two tentative
new subsequences (m = 2) to be obtained in each step. Thus, the two steps of the SCC
computation are based on the same theoretical background.

SCC has particularly convenient properties for measuring compositional genome
structure complexity:

1. The SCC value is 0 if no segments are identified in the sequence, indicating that it is
compositionally homogeneous, such as a random sequence.

2. By using a statistical significance threshold over the segmentation step, SCC ensures
that the difference between each pair of adjacent domains is not merely due to statisti-
cal fluctuations.

3. SCC has a high sensitivity to sequence changes. A single nucleotide substitution, or a
small indel, can often be sufficient to alter the number, length, or nucleotide frequen-
cies of compositional domains and, consequently, affect the resulting SCC value.

4. It increases/decreases with both the number of segments and the degree of composi-
tional differences among them. In this way, SCC is analogous to the measure used by
McShea and Brandon [74] for obtaining complexity estimates based on morphological
characters: an organism is more complex if it has a greater number of parts and/or a
higher differentiation among these parts.

5. It is based on analyzing the underlying distribution of segment lengths and nucleotide
compositions at various levels of detail [37], thus fulfilling one of the key requirements
for a reliable complexity measure [28].

7. Phylogenetic Trends of Compositional Genome Structure

Phylogenetic trends (evolutionary changes arising within a group of organisms over
time) are usually found for morphological, anatomical, physiological, or biochemical traits,
which allow establishing whether the selection is acting on a given trait. The compositional
structure of genomes is a complex trait that, when measured by SCC, enables the detection
of increasing or decreasing phylogenetic trends, thereby revealing the influence of positive
or negative selection pressure on the compositional structure of entire genomes.

We review here the evolutionary trends towards higher SCC that were recently found
in some species of the ancient Cyanobacteria phylum [3]. These microbes were essential
for the development of life on Earth. According to the fossil record, the phylum’s origins
occurred more than 2.5 billion years ago (Bya) [75,76]. Cyanobacteria altered the course of
life on Earth by re-releasing oxygen via photosynthesis, which resulted in the Great Oxida-
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tion Event about 2.3 billion years ago [77]. This critical event allowed for the emergence of
complex multicellular life forms [78].

Using ridge regression of SCC against time on a maximum likelihood phylogenomic
tree of ninety-one cyanobacterial genomes, positive trends towards higher genome com-
plexity in more evolved clades with long-branch distances with respect to the root of the
tree were found [3]. Furthermore, three standard tests to distinguish passive vs. driven
progressive evolution provide evidence for the progressive evolution of SCC driven by
natural selection.

8. Conclusions

DNA structural biology attempts to understand the three-dimensional structure of
DNA, which can determine its cellular function. While the DNA sequence composition
determines key structural properties of the DNA fiber, such as its stability, flexibility, or
susceptibility to damage, the chart maps of DNA-binding proteins and related chromatin
structures show the interplay between chromatin and genome function. Both approaches
can jointly reveal emerging roles for large-scale compositional domains and higher-ordered
chromatin organization.

The analytical ultracentrifugation of bulk DNA and application of statistical physics
methods (power spectra, fluctuation analysis in DNA walks, and entropic segmentation)
on the first long DNA sequences were able to reveal a large-scale compositional, power
law genome structure formed by isochores (of a typical size of ~300 Kbp) and larger
superstructures (around several Mbp). The application of these statistical physics methods
to the recently obtained first complete 3.055 billion base pair sequence of a human genome
provides an unprecedented opportunity to validate both compositional models. To this end,
we shared a database with the genome coordinates of both isochores and superstructures
in the T2T sequence, as well as an interactive genome map, thus allowing interested
researchers to retrieve data to test specific hypotheses about genome structure.

Short-scale structures for genome elements, long-scale structures for isochores, and
very-long-scale structures for superstructures are all imbricated and hierarchically orga-
nized in the chromosome, as shown by the existence of domains within domains and
isochores within genome superstructures. Thus, similarly to what occurs at other levels of
biological organization, the genome exhibits a hierarchical compositional structure. Once
such a compositional structure is determined, a measure of its sequence compositional com-
plexity (SCC) can be derived, which can be also used for comparisons between genomes.
Finally, as a case study, we reviewed the positive evolutionary trends towards higher SCC
that were recently found in species of the ancient Cyanobacteria phylum, which provided
the first evidence for the driven progressive evolution of genome compositional structure.

The availability of complete T2T genomes [13] in an increasing number of species,
together with pangenome projects [79], which capture known variants and haplotypes and
reveal new alleles at structurally complex loci, will hopefully soon provide DNA sequences
of sufficient length and quality to allow a further, robust validation of specific hypotheses
on genome structure.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biology12060849/s1. Table S1: Superstructure coordinates and
the number, length (bp), and GC% of the isochores embedded within superstructures in T2T hu-
man chromosomes.

Author Contributions: Conceptualization, J.L.O., P.B.-G. and P.C.; methodology, P.B.-G. and P.C.;
software, P.B.-G., P.C. and C.G.-M.; writing—original draft preparation, J.L.O.; writing—review and
editing, J.L.O., P.B.-G., P.C. and C.G.-M. All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/biology12060849/s1
https://www.mdpi.com/article/10.3390/biology12060849/s1


Biology 2023, 12, 849 13 of 15

Funding: This research was funded by grants provided from the Spanish Minister of Science, Innova-
tion and Universities (former Spanish Minister of Economy and Competitiveness) for JLO (Project
AGL2017-88702-C2-2-R) and Stitching Cancer Center Amsterdam for CGM (CCA2021-9-77). PC
and PB acknowledge financial support from the Spanish Ministerio de Ciencia e Innovación (Grant
no. PID2020-116711GB-I00) and the Spanish Junta de Andalucía (Grant no. FQM-362).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The most time-demanding computations were carried out on the servers of the
Laboratory of Bioinformatics, Dept. of Genetics and Institute of Biotechnology, Center of Biomedical
Research, 18100, Granada, Spain, and Dept. of Applied Physics II, University of Malaga, Spain.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhou, V.; Goren, A.; Bernstein, B. Charting Histone Modifications and the Functional Organization of Mammalian Genomes. Nat.

Rev. Genet. 2010, 12, 7–18. [CrossRef]
2. Bernardi, G. Structural and Evolutionary Genomics: Natural Selection in Genome Evolution; Elsevier: Amsterdam, The Netherlands,

2004; ISBN 9780444512550.
3. Moya, A.; Oliver, J.L.; Verdú, M.; Delaye, L.; Arnau, V.; Bernaola-Galván, P.; de la Fuente, R.; Díaz, W.; Gómez-Martín, C.;

González, F.; et al. Driven Progressive Evolution of Genome Sequence Complexity in Cyanobacteria. Sci. Rep. 2020, 10, 19073.
[CrossRef] [PubMed]

4. Elhaik, E.; Graur, D. A Comparative Study and a Phylogenetic Exploration of the Compositional Architectures of Mammalian
Nuclear Genomes. PLoS Comput. Biol. 2014, 10, e1003925. [CrossRef] [PubMed]

5. Thiery, J.P.; Macaya, G.; Bernardi, G. An Analysis of Eukaryotic Genomes by Density Gradient Centrifugation. J. Mol. Biol. 1976,
108, 219–235. [CrossRef]

6. Bernardi, G.; Olofsson, B.; Filipski, J.; Zerial, M.; Salinas, J.; Cuny, G.; Meunier-Rotival, M.; Rodier, F. The Mosaic Genome of
Warm-Blooded Vertebrates. Science 1985, 228, 953–958. [CrossRef] [PubMed]

7. Bernardi, G. Isochores and the Evolutionary Genomics of Vertebrates. Gene 2000, 241, 3–17. [CrossRef] [PubMed]
8. Clay, O.; Bernardi, G. The Isochores in Human Chromosomes 21 and 22. Biochem. Biophys. Res. 2001, 285, 855–856. [CrossRef]
9. Bernardi, G. The Genomic Code: A Pervasive Encoding/Molding of Chromatin Structures and a Solution of the “Non-Coding

DNA” Mystery. BioEssays 2019, 41, 1900106. [CrossRef]
10. Lamolle, G.; Sabbia, V.; Musto, H.; Bernardi, G. The Short-Sequence Design of DNA and Its Involvement in the 3-D Structure of

the Genome. Sci. Rep. 2018, 8, 17820. [CrossRef]
11. Bernardi, G. The Formation of Chromatin Domains Involves a Primary Step Based on the 3-D Structure of DNA. Sci. Rep. 2018,

8, 17821. [CrossRef]
12. Jabbari, K.; Bernardi, G. An Isochore Framework Underlies Chromatin Architecture. PLoS ONE 2017, 12, e0168023. [CrossRef]

[PubMed]
13. Nurk, S.; Koren, S.; Rhie, A.; Rautiainen, M.; Bzikadze, A.V.; Mikheenko, A.; Vollger, M.R.; Altemose, N.; Uralsky, L.;

Gershman, A.; et al. The Complete Sequence of a Human Genome. Science 2022, 376, 44–53. [CrossRef] [PubMed]
14. Li, W.; Kaneko, K. Long-Range Correlations and Partial 1/Fa Spectrum in a Noncoding DNA Sequence. Europhys. Lett. 1992, 17,

555–660. [CrossRef]
15. Peng, C.C.-K.K.; Buldyrev, S.V.S.; Goldberger, A.L.; Havlin, S.; Sciortino, F.; Simons, M.; Stanley, H.E. Long-Range Correlations in

Nucleotide Sequences. Nature 1992, 356, 168–170. [CrossRef] [PubMed]
16. Voss, R.F. Evolution of Long-Range Fractal Correlations and 1/Fnoise in DNA Base Sequences. Phys. Rev. Lett. 1992, 68, 3805–3808.

[CrossRef]
17. Bernaola-Galván, P.; Carpena, P.; Román-Roldán, R.; Oliver, J.L. Study of Statistical Correlations in DNA Sequences. Gene 2002,

300, 105–115. [CrossRef]
18. Filipski, J.; Thiery, J.P.; Bernardi, G. An Analysis of the Bovine Genome by Cs2SO4-Ag Density Gradient Centrifugation. J. Mol.

Biol. 1973, 80, 177–197. [CrossRef]
19. Oliver, J.L.; Carpena, P.; Hackenberg, M.; Bernaola-Galván, P. IsoFinder: Computational Prediction of Isochores in Genome

Sequences. Nucleic Acids Res. 2004, 32, W287–W292. [CrossRef]
20. Costantini, M.; Clay, O.; Auletta, F.; Bernardi, G. An Isochore Map of Human Chromosomes. Genome Res. 2006, 16, 536–541.

[CrossRef]
21. Carpena, P.; Bernaola-Galván, P.; Coronado, A.V.; Hackenberg, M.; Oliver, J.L. Identifying Characteristic Scales in the Human

Genome. Phys. Rev. E 2007, 75, 032903. [CrossRef]

https://doi.org/10.1038/nrg2905
https://doi.org/10.1038/s41598-020-76014-4
https://www.ncbi.nlm.nih.gov/pubmed/33149190
https://doi.org/10.1371/journal.pcbi.1003925
https://www.ncbi.nlm.nih.gov/pubmed/25375262
https://doi.org/10.1016/S0022-2836(76)80104-0
https://doi.org/10.1126/science.4001930
https://www.ncbi.nlm.nih.gov/pubmed/4001930
https://doi.org/10.1016/S0378-1119(99)00485-0
https://www.ncbi.nlm.nih.gov/pubmed/10607893
https://doi.org/10.1006/bbrc.2001.5176
https://doi.org/10.1002/bies.201900106
https://doi.org/10.1038/s41598-018-35864-9
https://doi.org/10.1038/s41598-018-35851-0
https://doi.org/10.1371/journal.pone.0168023
https://www.ncbi.nlm.nih.gov/pubmed/28060840
https://doi.org/10.1126/science.abj6987
https://www.ncbi.nlm.nih.gov/pubmed/35357919
https://doi.org/10.1209/0295-5075/17/7/014
https://doi.org/10.1038/356168a0
https://www.ncbi.nlm.nih.gov/pubmed/1301010
https://doi.org/10.1103/PhysRevLett.68.3805
https://doi.org/10.1016/S0378-1119(02)01037-5
https://doi.org/10.1016/0022-2836(73)90240-4
https://doi.org/10.1093/nar/gkh399
https://doi.org/10.1101/gr.4910606
https://doi.org/10.1103/PhysRevE.75.032903


Biology 2023, 12, 849 14 of 15

22. Viswanathan, G.M.; Buldyrev, S.V.; Havlin, S.; Stanley, H.E. Quantification of DNA Patchiness Using Long-Range Correlation
Measures. Biophys. J. 1997, 72, 866–875. [CrossRef] [PubMed]

23. Oliver, J.L.; Bernaola-Galván, P.; Hackenberg, M.; Carpena, P. Phylogenetic Distribution of Large-Scale Genome Patchiness. BMC
Evol. Biol. 2008, 8, 107. [CrossRef] [PubMed]

24. Carpena, P.; Oliver, J.L.; Hackenberg, M.; Coronado, A.V.; Barturen, G.; Bernaola-Galván, P. High-Level Organization of Isochores
into Gigantic Superstructures in the Human Genome. Phys. Rev. E 2011, 83, 031908. [CrossRef]

25. Román-Roldán, R.; Bernaola-Galván, P.; Oliver, J. Sequence Compositional Complexity of DNA through an Entropic Segmentation
Method. Phys. Rev. Lett. 1998, 80, 1344–1347. [CrossRef]

26. Bonnici, V.; Franco, G.; Manca, V. A Word Recurrence Based Algorithm to Extract Genomic Dictionaries. arXiv 2020, arXiv:2009.10449.
27. Almeida, J.S.; Carriço, J.A.; Maretzek, A.; Noble, P.A.; Fletcher, M. Analysis of Genomic Sequences by Chaos Game Representation.

Bioinformatics 2001, 17, 429–437. [CrossRef]
28. Gell-Mann, M.; Lloyd, S. Information Measures, Effective Complexity, and Total Information. Complexity 1996, 2, 44–52. [CrossRef]
29. de la Fuente, R.; Díaz-Villanueva, W.; Arnau, V.; Moya, A. Genomic Signature in Evolutionary Biology: A Review. Biology 2023,

12, 322. [CrossRef]
30. Bernardi, G. The Human Genome: Organization and Evolutionary History. Annu. Rev. Genet. 1995, 29, 445–476. [CrossRef]
31. Elhaik, E.; Graur, D.; Josić, K. Comparative Testing of DNA Segmentation Algorithms Using Benchmark Simulations. Mol. Biol.

Evol. 2010, 27, 1015–1024. [CrossRef]
32. Larhammar, D.; Chatzidimitriou-Dreismann, C. a Biological Origins of Long-Range Correlations and Compositional Variations in

DNA. Nucleic Acids Res. 1993, 21, 5167–5170. [CrossRef] [PubMed]
33. Stanley, H.E.; Buldyrev, S.V.; Goldberger, A.L.; Goldberger, Z.D.; Havlin, S.; Mantegna, R.N.; Ossadnik, S.M.; Peng, C.K.;

Simons, M. Statistical Mechanics in Biology: How Ubiquitous Are Long-Range Correlations? Phys. A Stat. Mech. Its Appl. 1994,
205, 214–253. [CrossRef] [PubMed]

34. Peng, C.; Buldyrev, S.; Havlin, S. Mosaic Organization of DNA Nucleotides. Phys. Rev. E 1994, 49, 1685. [CrossRef] [PubMed]
35. Oliver, J.L.; Román-Roldán, R.; Pérez, J.; Bernaola-Galván, P. SEGMENT: Identifying Compositional Domains in DNA Sequences.

Bioinformatics 1999, 15, 974–979. [CrossRef] [PubMed]
36. Bernaola-Galván, P.; Román-Roldán, R.; Oliver, J.L. Compositional Segmentation and Long-Range Fractal Correlations in DNA

Sequences. Phys. Rev. E 1996, 53, 5181–5189. [CrossRef]
37. Bernaola-Galván, P.; Oliver, J.L.; Hackenberg, M.; Coronado, A.V.; Ivanov, P.C.; Carpena, P. Segmentation of Time Series with

Long-Range Fractal Correlations. Eur. Phys. J. B 2012, 85, 211. [CrossRef]
38. Bernaola-Galván, P.; Grosse, I.; Carpena, P.; Oliver, J.L.; Román-Roldán, R. Finding Borders between Coding and Noncoding

DNA Regions by an Entropic Segmentation Method. Phys. Rev. Lett. 2000, 85, 1342–1345. [CrossRef]
39. Tenzen, T.; Yamagata, T.; Fukagawa, T.; Sugaya, K.; Ando, A.; Inoko, H.; Gojobori, T.; Fujiyama, A.; Okumura, K.; Ikemura, T.

Precise Switching of DNA Replication Timing in the GC Content Transition Area in the Human Major Histocompatibility
Complex. Mol. Cell. Biol. 1997, 17, 4043–4050. [CrossRef]

40. Eisenbarth, I.; Vogel, G.; Krone, W.; Vogel, W.; Assum, G. An Isochore Transition in the NF1 Gene Region Coincides with a Switch
in the Extent of Linkage Disequilibrium. Am. J. Hum. Genet. 2000, 67, 873–880. [CrossRef]

41. Costantini, M.; Alvarez-Valin, F.; Costantini, S.; Cammarano, R.; Bernardi, G. Compositional Patterns in the Genomes of
Unicellular Eukaryotes. BMC Genom. 2013, 14, 755. [CrossRef]

42. Zhang, R.; Zhang, C.-T. Isochore Structures in the Genome of the Plant Arabidopsis Thaliana. J. Mol. Evol. 2004, 59, 227–238.
[CrossRef]

43. Fortes, G.G.; Bouza, C.; Martínez, P.; Sánchez, L. Diversity in Isochore Structure among Cold-Blooded Vertebrates Based on GC
Content of Coding and Non-Coding Sequences. Genetica 2007, 129, 281–289. [CrossRef]

44. Nekrutenko, A.; Li, W.; Nekrutenko, A.; Li, W. Assessment of Compositional Heterogeneity within and between Eukaryotic
Genomes Assessment of Compositional Heterogeneity within and between Eukaryotic Genomes. Genome Res. 2000, 10, 1986–1995.
[CrossRef]

45. Eyre-Walker, A.; Hurst, L.D. The Evolution of Isochores. Nat. Rev. Genet. 2001, 2, 549–555. [CrossRef] [PubMed]
46. Costantini, M.; Musto, H. The Isochores as a Fundamental Level of Genome Structure and Organization: A General Overview.

J. Mol. Evol. 2017, 84, 93–103. [CrossRef]
47. Eyre-Walker, A. Evidence That Both G + C Rich and G + C Poor Isochores Are Replicated Early and Late in the Cell Cycle. Nucleic

Acids Res 1992, 20, 1497–1501. [CrossRef] [PubMed]
48. Francino, M.; Ochman, H. Isochores Result from Mutation Not Selection. Nature 1999, 400, 30–31. [CrossRef] [PubMed]
49. Fryxell, K.J.; Zuckerkandl, E. Cytosine Deamination Plays a Primary Role in the Evolution of Mammalian Isochores. Mol. Biol.

Evol. 2000, 17, 1371–1383. [CrossRef]
50. Piganeau, G.; Mouchiroud, D.; Duret, L.; Gautier, C. Expected Relationship between the Silent Substitution Rate and the GC

Content: Implications for the Evolution of Isochores. J. Mol. Evol. 2002, 54, 129–133. [CrossRef]
51. Kahl, G. Genomic Sequencing. In The Dictionary of Genomics, Transcriptomics and Proteomics; Markono Print Media Pte Ltd.:

Singapore, 2015; p. 1.
52. Oliver, J.L.; Bernaola-Galván, P.; Carpena, P.; Román-Roldán, R. Isochore Chromosome Maps of Eukaryotic Genomes. Gene 2001,

276, 47–56. [CrossRef]

https://doi.org/10.1016/S0006-3495(97)78721-6
https://www.ncbi.nlm.nih.gov/pubmed/9017212
https://doi.org/10.1186/1471-2148-8-107
https://www.ncbi.nlm.nih.gov/pubmed/18405379
https://doi.org/10.1103/PhysRevE.83.031908
https://doi.org/10.1103/PhysRevLett.80.1344
https://doi.org/10.1093/bioinformatics/17.5.429
https://doi.org/10.1002/(SICI)1099-0526(199609/10)2:1&lt;44::AID-CPLX10&gt;3.0.CO;2-X
https://doi.org/10.3390/biology12020322
https://doi.org/10.1146/annurev.ge.29.120195.002305
https://doi.org/10.1093/molbev/msp307
https://doi.org/10.1093/nar/21.22.5167
https://www.ncbi.nlm.nih.gov/pubmed/8255772
https://doi.org/10.1016/0378-4371(94)90502-9
https://www.ncbi.nlm.nih.gov/pubmed/11541307
https://doi.org/10.1103/PhysRevE.49.1685
https://www.ncbi.nlm.nih.gov/pubmed/9961383
https://doi.org/10.1093/bioinformatics/15.12.974
https://www.ncbi.nlm.nih.gov/pubmed/10745986
https://doi.org/10.1103/PhysRevE.53.5181
https://doi.org/10.1140/epjb/e2012-20969-5
https://doi.org/10.1103/PhysRevLett.85.1342
https://doi.org/10.1128/MCB.17.7.4043
https://doi.org/10.1086/303085
https://doi.org/10.1186/1471-2164-14-755
https://doi.org/10.1007/s00239-004-2617-8
https://doi.org/10.1007/s10709-006-0009-2
https://doi.org/10.1101/gr.153400
https://doi.org/10.1038/35080577
https://www.ncbi.nlm.nih.gov/pubmed/11433361
https://doi.org/10.1007/s00239-017-9785-9
https://doi.org/10.1093/nar/20.7.1497
https://www.ncbi.nlm.nih.gov/pubmed/1579441
https://doi.org/10.1038/21804
https://www.ncbi.nlm.nih.gov/pubmed/10403245
https://doi.org/10.1093/oxfordjournals.molbev.a026420
https://doi.org/10.1007/s00239-001-0011-3
https://doi.org/10.1016/S0378-1119(01)00641-2


Biology 2023, 12, 849 15 of 15

53. Oliver, J.L.; Carpena, P.; Román-Roldán, R.; Mata-Balaguer, T.; Mejías-Romero, A.; Hackenberg, M.; Bernaola-Galván, P. Isochore
Chromosome Maps of the Human Genome. Gene 2002, 300, 117–127. [CrossRef]

54. Wen, S.-Y.; Zhang, C.-T. Identification of Isochore Boundaries in the Human Genome Using the Technique of Wavelet Multiresolu-
tion Analysis. Biochem. Biophys. Res. Commun. 2003, 311, 215–222. [CrossRef] [PubMed]

55. Fearnhead, P.; Vasilieou, D. Bayesian Analysis of Isochores. J. Am. Stat. Assoc. 2009, 104, 132–141. [CrossRef]
56. Kent, J. Genome Browser Software. Available online: https://users.soe.ucsc.edu/~kent/ (accessed on 16 December 2016).
57. Nassar, L.R.; Barber, G.P.; Benet-Pagès, A.; Casper, J.; Clawson, H.; Diekhans, M.; Fischer, C.; Gonzalez, J.N.; Hinrichs, A.S.;

Lee, B.T.; et al. The UCSC Genome Browser Database: 2023 Update. Nucleic Acids Res. 2022, 51, D1188–D1195. [CrossRef]
58. Li, W.; Kaneko, K. DNA Correlations. Nature 1992, 360, 635–636. [CrossRef] [PubMed]
59. Cremer, T.; Cremer, C. Chromosome Territories, Nuclear Architecture and Gene Regulation in Mammalian Cells. Nat. Rev. Genet.

2001, 2, 292–301. [CrossRef] [PubMed]
60. Cremer, T.; Cremer, M. Chromosome Territories. Cold Spring Harb. Perspect. Biol. 2010, 2, a003889. [CrossRef]
61. Li, W.; Stolovitzky, G.; Bernaola-Galva, P.; Oliver, L. Compositional Heterogeneity within, and Uniformity between, DNA

Sequences of Yeast Chromosomes. Genome 1998, 8, 916–928. [CrossRef]
62. Wolf, Y.I.; Katsnelson, M.I.; Koonin, E.V. Physical Foundations of Biological Complexity. Proc. Natl. Acad. Sci. USA 2018, 115,

E8678–E8687. [CrossRef]
63. Hackenberg, M.; Bernaola-Galván, P.; Carpena, P.; Oliver, J.L. The Biased Distribution of Alus in Human Isochores Might Be

Driven by Recombination. J. Mol. Evol. 2005, 60, 365–377. [CrossRef]
64. Ashburner, M.; Ball, C.A.; Blake, J.A.J.; Gene, T.; Consortium, O.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.;

et al. Gene Ontology: Tool for the Unification of Biology. Nature 2000, 25, 25–29. [CrossRef] [PubMed]
65. Deschavanne, P.J.; Giron, A.; Vilain, J.; Fagot, G.; Fertil, B. Genomic Signature: Characterization and Classification of Species

Assessed by Chaos Game Representation of Sequences. Mol. Biol. Evol. 1999, 16, 1391–1399. [CrossRef] [PubMed]
66. Bonnici, V.; Manca, V. Informational Laws of Genome Structures. Sci. Rep. 2016, 6, 28840. [CrossRef]
67. McHardy, A.C.; Martín, H.G.; Tsirigos, A.; Hugenholtz, P.; Rigoutsos, I. Accurate Phylogenetic Classification of Variable-Length

DNA Fragments. Nat. Methods 2007, 4, 63–72. [CrossRef] [PubMed]
68. Dufraigne, C.; Fertil, B.; Lespinats, S.; Giron, A.; Deschavanne, P. Detection and Characterization of Horizontal Transfers in

Prokaryotes Using Genomic Signature. Nucleic Acids Res. 2005, 33, e6. [CrossRef]
69. Mrazek, J. Phylogenetic Signals in DNA Composition: Limitations and Prospects. Mol. Biol. Evol. 2009, 26, 1163–1169. [CrossRef]
70. Bernaola-Galván, P.; Oliver, J.L.; Gómez-Martín, C.; Carpena, P. Segment Compositional Signature. 2023; in preparation.
71. Grosse, I.; Bernaola-Galván, P.; Carpena, P.; Román-Roldán, R.; Oliver, J.; Stanley, H.E. Analysis of Symbolic Sequences Using the

Jensen-Shannon Divergence. Phys. Rev. E 2002, 65, 16. [CrossRef]
72. Lin, J. Divergence Measures Based on the Shannon Entropy. IEEE Trans. Inf. Theory 1991, 37, 145–151. [CrossRef]
73. Beyer, W.A.; Stein, M.L.; Smith, T.F.; Ulam, S.M. A Molecular Sequence Metric and Evolutionary Trees. Math. Biosci. 1974, 19, 9–25.

[CrossRef]
74. McShea, D.W.; Brandon, R.N. Biology’s First Law: The Tendency for Diversity and Complexity to Increase in Evolutionary Systems;

University of Chicago Press: Chicago, IL, USA, 2010; ISBN 9780226562278.
75. Sergeev, V.N.; Gerasimenko, L.M.; Zavarzin, G.A. Proterozoic History and Present State of Cyanobacteria. Microbiology 2002, 71,

623–637. [CrossRef]
76. Schirrmeister, B.E.; de Vos, J.M.; Antonelli, A.; Bagheri, H.C. Evolution of Multicellularity Coincided with Increased Diversification

of Cyanobacteria and the Great Oxidation Event. Proc. Natl. Acad. Sci. USA 2013, 110, 1791–1796. [CrossRef] [PubMed]
77. Bekker, A.; Holland, H.D.; Wang, P.-L.; Rumble, D.; Stein, H.J.; Hannah, J.L.; Coetzee, L.L.; Beukes, N.J. Dating the Rise of

Atmospheric Oxygen. Nature 2004, 427, 117–120. [CrossRef] [PubMed]
78. Hedges, S.; Blair, J.E.; Venturi, M.L.; Shoe, J.L. A Molecular Timescale of Eukaryote Evolution and the Rise of Complex Multicellular

Life. BMC Evol. Biol. 2004, 4, 2. [CrossRef] [PubMed]
79. Liao, W.-W.; Asri, M.; Ebler, J.; Doerr, D.; Haukness, M.; Hickey, G.; Lu, S.; Lucas, J.K.; Monlong, J.; Abel, H.J.; et al. A Draft

Human Pangenome Reference. Nature 2023, 617, 312–324. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0378-1119(02)01034-X
https://doi.org/10.1016/j.bbrc.2003.09.198
https://www.ncbi.nlm.nih.gov/pubmed/14575716
https://doi.org/10.1198/jasa.2009.0009
https://users.soe.ucsc.edu/~kent/
https://doi.org/10.1093/nar/gkac1072
https://doi.org/10.1038/360635b0
https://www.ncbi.nlm.nih.gov/pubmed/1465125
https://doi.org/10.1038/35066075
https://www.ncbi.nlm.nih.gov/pubmed/11283701
https://doi.org/10.1101/cshperspect.a003889
https://doi.org/10.1101/gr.8.9.916
https://doi.org/10.1073/pnas.1807890115
https://doi.org/10.1007/s00239-004-0197-2
https://doi.org/10.1038/75556
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/oxfordjournals.molbev.a026048
https://www.ncbi.nlm.nih.gov/pubmed/10563018
https://doi.org/10.1038/srep28840
https://doi.org/10.1038/nmeth976
https://www.ncbi.nlm.nih.gov/pubmed/17179938
https://doi.org/10.1093/nar/gni004
https://doi.org/10.1093/molbev/msp032
https://doi.org/10.1103/PhysRevE.65.041905
https://doi.org/10.1109/18.61115
https://doi.org/10.1016/0025-5564(74)90028-5
https://doi.org/10.1023/A:1021415503436
https://doi.org/10.1073/pnas.1209927110
https://www.ncbi.nlm.nih.gov/pubmed/23319632
https://doi.org/10.1038/nature02260
https://www.ncbi.nlm.nih.gov/pubmed/14712267
https://doi.org/10.1186/1471-2148-4-2
https://www.ncbi.nlm.nih.gov/pubmed/15005799
https://doi.org/10.1038/s41586-023-05896-x

	Introduction 
	DNA Sequence Segmentation 
	Prediction of Isochore Boundaries at the Sequence Level 
	Long-Range Correlations and Compositional Superstructures in the Genome 
	Detection of Genome Compositional Superstructures by Segmentation 
	Hierarchical Organization of Compositional Genome Structures 
	Functional Significance of Compositional Structures 

	Segment Compositional Signature (DJS) 
	Sequence Compositional Complexity (SCC) 
	Phylogenetic Trends of Compositional Genome Structure 
	Conclusions 
	References

