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Abstract

Background: The nucleotide “words” (k-mers) of the genome exhibit two essentially universal properties that follow probabilistically
from the Conservation of Hartley-Shannon Information (CoHSI): (1) a Zipfian rank-ordered distribution of frequencies and (2) universal
inverse symmetry. Here, we address the presence of these 2 properties in the transcriptome, a question of interest given the strong and
specific structure/function constraints on RNAs, especially the protein-coding (CDS) sequences. Methods: CDS and ncRNA (non-
coding RNA) databases were accessed at e!Ensembl. For determination of a power-law, statistical tests of both necessity (linearity)
and sufficiency (confidence that a power-law distribution could not be rejected) were applied. Compliance with inverse symmetry was
assessed by linearity and residual standard error. Results: The CDS and non-coding RNAs for 53 species were analyzed separately
and the data presented as short movies. The results were consistent for all species analyzed, and taking the bonobo (Pan paniscus) as a
representative species, the following results were obtained. For the Zipfian distribution of k-mer frequencies, statistically robust tests of
both necessity (adjusted R-squared of 0.9932 and p < 2.2 x 10~ 5) and sufficiency were obtained for the CDS; for non-coding RNAs the
test of necessity was robust (adjusted R-squared = 0.9982 and p < 2.2 x 10~ ). Perturbations of inverse symmetry were observed in both
CDS (slope = 0.91, adjusted R? = 0.77) and non-coding RNAs (slope = 1.02, adjusted R? = 0.84). The disruption of inverse symmetry
in the CDS affected particularly the 3- and 6-mers and was shown to be associated with codon (especially stop codon) frequency in the
open reading frame. Conclusions: Whereas the CoHSI-predicted Zipfian distribution of k-mer frequencies was observed in both the
protein-coding and non-coding RNAs of 53 species, in contrast the compliance with inverse symmetry was weaker. This weakening of
compliance was seen to a greater extent in the CDS than in the non-coding portions of the transcriptome and may be associated with the
necessity to maintain the integrity of the reading frame in the CDS. These results illustrate the general principle that local perturbations
of an overall CoHSI-guided equilibrium state of a biological system can provide insight into the underlying causes of such perturbations.
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mation; CoHSI; mRNA; non-coding RNA

1. Introduction cRNA) and miscellaneous other RNAs (misc RNA), docu-

. S . https://useast.ensembl.org/info/g y i
The different stages by which information flows from mented at https://useast.ensembl.org/info/genome/genebui

the genome through to the fully developed organism are
complex and subject to diverse evolutionary constraints.
While the genome is primarily a store of information
that must be faithfully replicated and transmitted inter-
generationally, it must also allow for the precisely regulated
activation and transcription of the genes that are engaged in
both baseline cellular function, the differentiation of cells
and the development of the organism.

In contrast the transcriptome (the totality of RNA in
the cell) contains, in addition to the protein-coding mRNAs,
a diverse collection of non-coding RNAs (ncRNA) most of
which are known to have important functional roles. The
ncRNA includes ribosomal RNA (rRNA), transfer RNA
(tRNA), transfer RNA located in the mitochondrial genome
(Mt-tRNA), small cytoplasmic RNA (scRNA), small nu-
clear RNA (snRNA), small nucleolar RNA (snoRNA), mi-
croRNA (miRNA), long intergenic non-coding RNAs (lin-

ld/ncrna.html, accessed 08-Aug-2025.

Given the primary role of the genome as a stable store
of essential information that can be accessed (through tran-
scription) in a highly regulated manner, it came as a surprise
to find that the structure of DNA conforms to near-universal
patterns that were not clearly associated with these vital
functions. While DNA conforms to the familiar double he-
lical structure (stabilized by Watson-Crick (W-C) hydrogen
bonding between complementary bases on the 2 strands), it
also shows in its structure two universal patterns associated
with a single strand of the double helix and whose signifi-
cance is a matter of debate.

First we can consider the frequency distribution of
short sequence motifs. The linear sequence of bases on a
single strand of DNA can be considered as a series of short
motifs or “words”, typically known as k-mers (synonymous
with n-tuples). For example, the sequence AATGCC is a 6-
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Fig. 1. Frequency distribution of k-mers in the genome of the bonobo Pan paniscus. (a) The rank-ordered frequency distribution of

k-mers 1-8 plotted on log-log scales. The frequency of each k-mer is plotted on the Y-axis and the rank-order of frequencies is plotted

on the X-axis. Statistical analyses: Applying criteria of both necessity and sufficiency for power-laws in the region 100 to 10,000 amino

acids gave the following results. For linearity, adjusted R? = 0.9996 (p < 2.2 x 107'%) and for sufficiency in the Clauset-Gillespie

procedure p = 1.0. (b) The inverse symmetry of k-mers 1-8, plotted on log-log scales. The frequency of the forward sequence of each

k-mer is plotted on the Y-axis and the frequency of its inverse complementary sequence is plotted on the X-axis. Statistical analyses: The

compliance with inverse symmetry is illustrated by the linearity of the plot which is statistically robust. The slope of the line = 0.999942,

and the adjusted R? = 0.9995 (p < 2.2 x 10716).

mer, one of 4096 such possible 6-mers. If one takes a well-
characterized genome and counts the frequencies of each
of the possible k-mers of a given length, the observed rank-
order distribution of these frequencies follows closely the
mathematical form of a power-law [1] an observation asso-
ciated with the work of the linguist George Zipf on word
frequencies in texts [2]. When a pure power law is plotted
on log-log scales a characteristic straight line is observed,
and when the frequency of k-mers in a genome is plotted in
rank order on log-log scales a distribution dominated by the
straight line of a power law is obtained, as illustrated for the
genome of the bonobo Pan paniscus in Fig. 1a.

This distribution (termed Zipfian) also displays a char-
acteristic droop in the tail of the lowest occupied ranks, and
is one of the two canonical distributions observed, essen-
tially universally, in discrete systems [1,3,4]. The second
intriguing property of a single strand of DNA is that of in-
verse symmetry. Over 50 years ago [5,6] it was realized
that the composition of a single strand of DNA showed
roughly equivalent amounts of the complementary bases
(i.e., G=C, A=T), an observation that was subsequently ex-
tended to complementary pairs of k-mers [7—11]; applying
W-C rules, the inverse complementary sequence of AAT-
GCC reads GGCATT. This phenomenon of equivalence be-
tween inverse complementary bases or k-mers on a single
strand of the double helix was known originally as Char-
gaff’s Second Parity Rule, now abbreviated to PR2. This
presence of equivalent numbers of inverse complementary
k-mers on a single strand of DNA is known as inverse sym-

metry (sometimes Universal Inverse Symmetry) and when
the frequencies of k-mers is plotted against the frequencies
of their inverse complementary k-mers on the same strand,
perfect inverse symmetry will give rise to a straight line
plot, with a slope of unit value, as illustrated in Fig. 1b for
the genome of the bonobo.

These two properties of k-mers are intimately linked;
first, the Zipfian distribution of k-mer frequencies arises
purely probabilistically in qualifying discrete systems from
the Conservation of Hartley-Shannon Information (CoHSI)
[1,3] and then inverse symmetry follows from the impo-
sition of W-C base pairing between the complementary
strands of the DNA helix [1]. Thus, in DNA we have the
interesting condition in which, despite the undoubtedly rig-
orous evolutionary selection that has been imposed on DNA
structure and function, these two universal patterns that are
the probabilistic fingerprints of CoHSI are present despite
the undeniable constraints of basic biochemical structure
and function, as well as the history of natural selection char-
acterizing the myriad lineages of living organisms. What
role might inverse symmetry have played in the evolution
of the genome? Forsdyke [12] has suggested that although
inverse symmetry may have arisen non-adaptively, early in
evolution it assumed essential functional roles, for example
in recombination-mediated error correction.

In contrast RNA (writ large) is at the nexus of a num-
ber of essential cellular functions for which inverse sym-
metry is essential. It appears integral to the structure and
function of essentially all the diverse components of the
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transcriptome, primarily by enabling the formation of stem-
loop hairpin structures and pseudoknots. These play essen-
tial roles in the secondary and tertiary structures of RNAs
[13,14] and in their interactions with other components of
the cellular machinery. Despite their apparent simplic-
ity stem-loop and pseudoknot structures are fundamental
to a highly diverse range of functions. For example they
have an important role in regulating the translation of mR-
NAs [15-18] and in the programmed frameshifts in pro-
tein translation that are prominent in some viruses [19,20].
MicroRNAs are processed from stem-loop precursor struc-
tures [21]. In evolutionary terms, Seligmann and Raoult
[22] have postulated that stem-loop hairpin RNAs were es-
sential ancestral structures to both ribosomal RNAs and the
RNA viruses, and Forsdyke [12] suggests that selection for
protein-coding function would have forced the migration of
stem-loop structures into non-coding introns.

The hypothesis that we address in this study is that
the two essentially universal properties of DNA (Zipfian k-
mer frequency distribution and inverse symmetry) will (1)
also be present collectively in the transcriptome but (2) that
these properties will also demonstrate different degrees of
compliance in the coding and non-coding RNAs. These
differences should be informative of the different and di-
verse constraints imposed on them during evolution, with
the caveat that the category of non-coding RNAs is highly
diverse in structure and function. Thus we focus primar-
ily on the mRNAs, where there is both a homogeneity of
primary function (encoding proteins) and a sufficiency of
data.

2. Methods
2.1 Databases

FASTA files for CDS and ncRNA of 53 species were
downloaded from e/Ensembl at https://www.ensembl.org/
info/data/ftp/index.html?redirect=no. The species whose
data were analyzed are identified both in the .mp4 files and
in the reproducibility deliverables for this MS.

2.2 Statistical Analyses

We cannot simply assert power-law behaviour based
on the property of a statistically supported straight line on a
log-log plot. While statistically robust linearity is a neces-
sary condition for the presence of a power-law [23], a cri-
terion of sufficiency such as that described by the Clauset-
Gillespie procedure poweRlaw() in R is required [24]. In
this test, when a p-value greater than 0.1 is obtained, we
cannot exclude the presence of a power-law.

We considered the possible relevance of Bonferroni
correction (https://en.wikipedia.org/wiki/Bonferroni_corre
ction, accessed 26-Oct-2025). However, we are extracting
only one or two parameters from the same dataset and the
p-values that we found are with one exception so small that
they are below the minimum normally quoted by R (<2.2
x 10716) leaving a lot of headroom between this and the
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normally accepted p-value of significance of 0.05. In the
case of the exception, the #-test of differences in GC ra-
tios between CDS and ncRNA regions, more than 50 inde-
pendently acquired datasets are involved so again the sig-
nificance of the results presented are unaffected. We note
finally that the p-value extracted by the Clauset-Gillespie
procedure is not subject to the same arguments.

3. Results

The influence of CoHSI on the fine structure of the
genome is seen in two linked phenomena. First, in the Zip-
fian rank-order of k-mer frequencies and second, in the in-
verse symmetry that results from the combination of the
Zipfian distribution of k-mer frequencies and Watson-Crick
bonding [1]. These linked phenomena were demonstrated
for 178 genomes in [1] and for purposes of illustration rep-
resentative results are presented here for the bonobo (Pan
paniscus). The rank-ordered distribution of k-mer frequen-
cies in the bonobo genome Fig. 1a shows a linearity that is
clearest in the case of the 7- and 8-mers, where the linear
region extends over 3 decades in rank order. The presence
of a robust power-law in the case of the 8-mers is statis-
tically strongly supported as documented in the legend to
Fig. 1a. Considering inverse symmetry for k-mers 1-8 in
the bonobo genome, this is emphatically demonstrated in
Fig. 1b. Robust statistical support for the linearity of the
relationship between the frequency of forward and reverse
complementary k-mers is presented in the legend to Fig. 1b.

While these linked phenomena represent the CoHSI-
predicted most-likely equilibrium state of k-mers in the
genome, the CoHSI equilibrium is susceptible to pertur-
bation by functional constraints and selective pressure [4].
The question that we address here is the extent to which
these equilibrium properties of the genome as a whole might
be perturbed in the 2 broad compartments of the transcrip-
tome, i.e., the protein-coding mRNAs (CDS) and the non-
coding ncRNAs. Whilst CoHSI exerts its influence as a
purely probabilistic constraint we might expect that the evo-
lutionary forces that have constrained the structure/function
relationships of these two classes of RNAs will perturb the
CoHSI equilibrium, not only to different extents, but in a
manner that provides insight into specific functional con-
straints.

3.1 The Frequency Distribution of k-mers in the
Transcriptome

The rank-ordered distribution of k-mer frequencies for
the protein-coding RNAs (CDS) and ncRNAs of 53 species
were analyzed and are shown in the short movies CDS_1-
8.mp4 and ncRNA_1-8.mp4, respectively, in the Supple-
mentary Materials. For consistency we show in Fig. 2
the results for the bonobo, these results also being repre-
sentative of the 53 species analyzed. The analysis of the
CDS is shown in Fig. 2a and for the ncRNA sequences in
Fig. 2b. In both of these distributions we see the canoni-
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Fig. 2. The Frequency Distribution of £-mers in the Coding (CDS) and Non-Coding Fractions of the Transcriptome of the Bonobo

Pan paniscus. (a) The distribution of k-mers 1-8 in the coding (CDS) fraction of the transcriptome plotted on log-log scales. On the

Y-axis is plotted the frequency of each of the k-mers and on the X-axis is plotted the rank-order of the frequencies. The data are shown

as complementary cumulative distribution functions. Statistical analyses: The plot for 7-mers between 20 and 2000 shows an adjusted
R-squared of 0.9932 and p < 2.2 x 1076, In the Clauset-Gillespie procedure p = 1.0. (b) The distribution of k-mers 1-8 in the non-
coding fraction of the transcriptome plotted on log-log scales. On the Y-axis is plotted the frequency of each of the k-mers and on the

X-axis is plotted the rank-order of the frequencies. The data are shown as complementary cumulative distribution functions. Statistical
analyses: The plot for 7-mers between 10 and 1000 shows an adjusted R-squared =0.9982 and p < 2.2 x 1076, In the Clauset-Gillespie

procedure p = 0.

cal CoHSI-predicted Zipfian pattern observed in a previous
analysis of over 150 genomes [1], as well as the genome
of the bonobo (Fig. 1a). This distribution is dominated by
a power law (extending over more than 3 orders of magni-
tude for the 8-mers), and statistical tests of both necessity
and sufficiency (detailed in the legend to Fig. 2) provide
reassurance for this interpretation in the case of the CDS.
However, in the case of the ncRNAs the Clauset Gillespie
test failed to exclude the possibility that the distribution was
not a power-law. A likely explanation of this failure is the
relatively low number of non-coding sequences, which is an
order of magnitude lower than for the CDS, although other
explanations cannot be excluded. The distributions shown
in Fig. 2 also both illustrate the characteristic droop in the
tails of the CoHSI distribution, i.e., in the ranks of lowest
occupancy (c.f- Fig. 1a). This droop is inherent to the math-
ematics of CoHSI [3] but is typically of a greater magnitude
than predicted, the potential reasons for which include the
under-representation of functionally disfavored sequences.

3.2 The Inverse Symmetry of k-mers in the Transcriptome

Next we analyzed the compliance of the protein-
coding CDS and ncRNAs with inverse symmetry; 53
species were analyzed and the results are shown in the
movies CDS_1-8-corr.mp4 and ncRNA 1-8-corr.mp4 in
the Supplementary Materials. When the correlation be-
tween the frequency of each k-mer is examined by compar-
ison with the frequency of the corresponding inverse com-

plement, strong compliance with inverse symmetry results
in a distribution of points close to a straight line of slope 1.
Again, for consistency we show the results for the bonobo,
which are representative of those for all 53 species ana-
lyzed. The results of examining the compliance with in-
verse symmetry for the CDS and ncRNAs of the bonobo are
shown in Fig. 3, and can be compared with the results for
the genome shown in Fig. 1b. While both the CDS and the
ncRNAs show compliance with inverse symmetry (statisti-
cally supported in both) it can be appreciated both visually
and statistically that the compliance with inverse symmetry
for both CDS (adj R? = 0.77) and ncRNAs (adj R? = 0.84)
is markedly weaker than when either is compared with the
genome (adj R%2=0.9995, c.f Fig. 1). The compliance with
inverse symmetry is also lower in the CDS than in the ncR-
NAs, with the spread of points above and below the line
of unit slope being particularly pronounced for both 3-mers
and 6-mers. The results shown in Fig. 3 are representative
of those for all 53 species analyzed. The possibility that
poor compliance with inverse symmetry seen with the 3-
mers and (especially) 6-mers may be related to the triplet
nature of codons is explored in Section 3.5 The Distribu-
tion of Codons Across Reading Frames.

3.3 Inverse Symmetry of the Protein Coding Regions of the
Genome

As shown in Fig. 1b for the whole genome there
is strong compliance with inverse symmetry, whereas the
compliance with inverse symmetry is much weaker in the
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Fig. 3. Inverse symmetry of k-mers in the transcriptome of the bonobo Pan paniscus. (a) For the coding (CDS) fraction of the

transcriptome the frequency of the forward sequence of each k-mer 1-8 is plotted on the Y-axis, and the frequency of the corresponding

inverse complementary sequence is plotted on the X-axis, using log-log scales. Statistical analyses: Full compliance with inverse sym-
metry would result in a straight line of slope 1. The slope of the line = 0.91, and the adjusted R* = 0.77 (p < 2.2 x 107'9). (b) For
the non-coding fraction of the transcriptome the frequency of the forward sequence of each k-mer 1-8 is plotted on the Y-axis, and the

frequency of the corresponding inverse complementary sequence is plotted on the X-axis, using log-log scales. Statistical analyses: The
slope of the line is 1.02, and the adjusted R? = 0.84 (p < 2.2 x 1071).

protein-coding RNAs (CDS) (Fig. 3a). In order to confirm
that the decay of compliance with inverse symmetry in the
CDS reflects a similar status in the coding regions of the
genome, we compared directly the inverse symmetry com-
pliance of the whole genome with that of the genomic re-
gions that encode proteins. The results of such an analysis
for the bonobo genome, for 3-mers, are shown in Fig. 4.
This result illustrates that whereas the whole genome, col-
lectively, shows strong compliance with inverse symmetry
as represented by unit slope (slope =0.999921, adjusted R?
= 1.0, residual standard error = 0.00088), when the protein-
coding regions are considered in isolation this compliance
is substantially weaker (slope = 0.4, adjusted R? = 0.12,
residual standard error = 0.93). This result with the bonobo
is representative, as shown in the movie 178-codon-coding-
regions.mp4 in the Supplementary Materials. We note
that the coding region of the eukaryotic genome typically
constitutes only a few percent of the whole genome, and
thus would be expected to perturb to only a minor degree the
compliance with inverse symmetry when assessed across
the whole genome.

3.4 Stochastic Decay of Inverse Symmetry in the
Transcriptome

It is known that compliance with inverse symmetry in
the genome decays as the size of the genome decreases, a
result interpreted as primarily stochastic in nature [1]. To
investigate whether this effect is observable also in the tran-
scriptome as genome size decreases the standard error of
linear fit for inverse symmetry was calculated for the cod-
ing (CDS) and non-coding fractions of each of 53 transcrip-
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Fig. 4. Comparison of inverse symmetry of 3-mers in the whole
genome (purple) and the protein-coding portion of the genome
(green) of the bonobo Pan paniscus. The frequency of the for-
ward sequence of each 3-mer is plotted on the Y-axis, and the fre-
quency of the corresponding inverse complementary sequence is
plotted on the X-axis, using log-log scales. Full compliance with
inverse symmetry would result in a straight line of slope 1. For
the bonobo genome (purple) the slope of the line = 0.999921, the
adjusted R? = 1.0 and the residual standard error is 0.00088. For
the CDS (green) the slope of the line = 0.40, the adjusted R? =
0.12 and the residual standard error is 0.93.

tomes. The results are shown, for the CDS, in Fig. 5 and for
the non-coding RNAs in Fig. 6. The results for the 2 com-
partments of the transcriptome are quite different. For the
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non-coding RNA (Fig. 6) the compliance with inverse sym-
metry declines with genome size as seen for the full genome
sequences [ 1], but this is not the case with the CDS (Fig. 5)
in which there is an increased deviation from inverse sym-
metry with an increase in genome size. These results sug-
gest that whereas inverse symmetry in the non-coding RNA
may, similarly to the situation in the full genome, be sub-
ject to stochastic decay with decreasing size, this is not the
case for the CDS. Strong selection for the protein-encoding
function of the CDS would be a plausible explanation for
these results.
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Fig. 5. The standard error of linear fit for inverse symmetry
plotted against size of the coding (CDS) fraction of each of 53
transcriptomes. The shaded region is a 95% confidence interval

indicating increased standard error with increasing size.

3.5 The Distribution of Codons Across Reading Frames

A plausible explanation for the relative lack of compli-
ance with inverse symmetry in the CDS (as compared to the
total genome and the ncRNAs) is that there has been strong
evolutionary pressure on the coding regions of the genome
arising from the necessity to transcribe mRNAs that encode
functional proteins. The coding sequence (CDS) files be-
gin with a start codon and terminate with a stop codon and
thus the concatenated CDS files for a species will be in an
open reading frame throughout. Selective pressure arising
from the necessity to correctly encode proteins would per-
turb the equilibrium state of inverse symmetry in the read-
ing frame of the CDS but frames other than the correct read-
ing frame would be predicted to lack such perturbations of
3-mer frequency. A comparison of codon (3-mer) distribu-
tion between the correct reading frame (ORF0) and a non-
reading frame (ORF1) can therefore provide insight into the
effects attributable to selection associated with protein cod-
ing function.
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Fig. 6. The standard error of linear fit for inverse symme-
try plotted against size for the ncRNA fraction of each of 53
transcriptomes. The shaded region is a 95% confidence interval
indicating marked decreasing standard error with increasing size.

If the frequency distribution of each of the possible
64 codons (3-mers) is the same in both of the two read-
ing frames analyzed then a correlation plot should show
the points clustering around a straight line of unit slope.
This result was observed for the ncRNAs of the bonobo
(Fig. 7b), a result representative of those seen for all of the
species analyzed as shown in the movie ncRNA 3 orf0-
1.mp4 in Supplementary Materials. This result is also
consistent with the observation that k-mer frequencies in
the whole genome are essentially identical across reading
frames [25]. However, when codon frequencies in the CDS
were compared between the correct reading frame (ORFO)
and a non-reading frame (ORF1) a weak correlation was
observed, shown in Fig. 7a. These results are representa-
tive for the CDS regions of all the species analyzed, as pre-
sented in the movie CDS 3 orf0-1.mp4 in Supplementary
Materials. In the CDS the majority of codon correlations
form a loose cluster as opposed to the linear relationship
observed with the ncRNAs, and in particular there are three
codons (circled in Fig. 7a) that show particularly poor cor-
relations; their representation in the correct reading frame
(ORFO) is an order of magnitude lower than their frequency
in the non-coding frame (ORF1). These three outliers are
the stop codons TGA, TAG and TAA.

While a possible explanation for the over-
representation of out-of-frame stop codons in the CDS
(which is not seen in the nc-RNA) is selection against inef-
ficient translation [26,27] objections to this interpretation
have been raised by Morgens ef al. [28]. It is also possible
that the representation of codons in different compartments
of the transcriptome is influenced by their GC content,
relevant to which is the low collective GC content of the
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Fig. 7. Frequency distribution of 3-mers in the correct reading frame and a non-reading frame of the transcriptome of the bonobo

Pan paniscus. (a) Coding (CDS) sequences: On the X-axis is plotted the frequency in reading frame (ORF0) of each codon and on the

Y-axis is plotted the frequency of the same codon in a non-reading frame (ORF1), plotted on log-log scales. The codons within the circle

are the 3 stop codons TAA, TAG and TGA. (b) The non-coding fraction of the transcriptome: On the X-axis is plotted the frequency

of each codon in reading frame ORFO and on the Y-axis is plotted the frequency of the same codon in reading frame ORF1, plotted on

log-log scales.

stop codons. To address this directly we measured the GC
content of the CDS and non-coding compartments of the
transcriptome, the results of which are shown in Fig. 8.
The CDS has a slightly higher (by less than 3%) mean
GC content than does the nc-RNA, which suggests that
differences in global GC content are unlikely to explain
the 10-fold or greater excess of out-of-frame stop codons
in the CDS.
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Fig. 8. The GC ratio plotted as a percentage for both the cod-
ing (CDS) regions and non-coding (ncRNA) regions for more
than 50 transcriptomes. Statistical analysis: A f-test reveals that
there is a small but significant difference in means with the CDS
data having a slightly higher mean of 50.068% compared with a
mean of 47.520% for ncRNA, t = 3.766, p-value = 0.0002873.
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4. Discussion

CoHSI theory predicts that, purely probabilistically,
discrete systems tend to an equilibrium state characterized
by one of the 2 described canonical CoHSI distributions [3]
both of which are dominated, albeit not completely, by a
power-law. Although discrete systems tend to this equilib-
rium in a manner independent of specific mechanism, con-
ditions specific to the discrete system can generate pertur-
bations of the equilibrium that can be informative of the
underlying causes [1,4,29,30]. In this study we have in-
vestigated, by comparing the protein-encoding (CDS) and
non-coding compartments of the transcriptome, the extent
to which pressures associated with the selective constraints
to maintain protein coding function may interact with the
CoHSI equilibrium.

The genome is a classical discrete system (i.e., a sys-
tem composed of countable pieces), the components of
which are the individual nucleotides or, by extension, the
nucleotide sequences or “words” that are typically called
k-mers. The genome, considered as a whole, conforms
to the predicted canonical Zipfian CoHSI distribution [1];
Watson-Crick base pairing between strands then generates
the characteristic inverse symmetry of each strand con-
sidered separately (Chargaff’s Second Parity Rule, PR2,
sometimes characterized as universal inverse symmetry)
that is distinctive of genomes [5—11]. Perfect compliance
with inverse symmetry can be visualized as a straight line
of slope 1 in a plot of the relative frequencies of forward
and inverse complementary k-mer sequences, as in Fig. 1b.
We know that inverse symmetry decays as genome size de-
creases and k-mer length increases, a result interpreted as
essentially stochastic in nature [1].
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The transcriptome, as an essentially faithful RNA
copy of a subset of genomic sequences, allowed us in this
study to examine and quantify perturbations of inverse sym-
metry associated particularly with selection to maintain
protein-encoding function in the CDS fraction of the tran-
scriptome. We considered separately the protein-coding
(CDS) and non-coding (ncRNA) compartments of the tran-
scriptome, in comparison with the properties of the whole
genome or of the non-transcribed portion of the genome.

Our results showed that while the frequencies of k-
mers in both the ncRNA and the CDS were compatible
with the CoHSI-predicted rank-ordered Zipfian distribu-
tion, departures from compliance with inverse symmetry
were observable in both of these compartments of the tran-
scriptome. These departures from compliance with inverse
symmetry were small in the ncRNAs, but of considerably
greater magnitude in the CDS. The characteristics of the de-
partures from inverse symmetry in the CDS were associated
most strongly with 3-mers and 6-mers, and were particu-
larly pronounced in the correct reading frame of the CDS.
A plausible interpretation of these results is that the more
pronounced departures from compliance with inverse sym-
metry seen in the CDS are associated with the necessity to
correctly encode functional proteins. We found no evidence
to suggest that biases in GC content might explain these ob-
servations.

That the pressure to maintain function in the CDS was
a driving factor in the departures from inverse symmetry
is supported by the observation that compliance with in-
verse symmetry was strongly disrupted in the correct read-
ing frame. This result is compatible with the observation
that the composition of the E. coli genome is distorted for
k-mer sequences up to 6 nucleotides, primarily reflecting
codon usage [31]. The inverse symmetry of RNAs is asso-
ciated with the formation of functionally important stem-
loop structures, which sets up a tension between the se-
lection of protein-coding mRNAs for two sets of func-
tions that are not readily compatible; the conservation of
protein-encoding functions (which would tend to degrade
inverse symmetry, as we argue here) and the selection of
mRNA sequences to conserve functionally important stem-
loop structures (which would tend to conserve inverse sym-
metry). Forsdyke and Mortimer [32] reviewed this issue
and concluded that the sequence of mRNAs represents a
balance between these 2 selective forces, sometimes to the
detriment of the protein-coding function.

More generally, the results presented here provide an
additional illustration of the fact that although (under the
influence of CoHSI) diverse discrete systems tend to the
predicted equilibrium state, this equilibrium can be locally
perturbed in a manner that provides insight into the mecha-
nisms underlying these perturbations [1,4,29,30,33].

5. Conclusions

The genome exhibits 2 emergent global properties
that follow from the constraints of CoHSI; a Zipfian
rank-ordered distribution of k-mer frequencies and essen-
tially universal inverse symmetry of the k-mers. Analyses
showed that whereas both protein-coding and non-coding
compartments of the transcriptome preserved the Zipfian
distribution of k-mers, the inverse symmetry showed clear
perturbation of the equilibrium state, especially in the CDS
where the evidence suggests that this is related to strong
pressure to maintain the integrity of the reading frame.
These results provide an illustration of the effect that lo-
cal selective pressures are able to exert in perturbing the
CoHSI-guided equilibrium state of biological systems.
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