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Abstract. In 1979, Chargaff published a mathematical formulation of his second
rule, which states that in each of the complementary strands of two stranded DNA,
the amount of adenine is equal to the amount of thymine and the amount of
guanine is equal to the amount of cytosine. This rule has now been tested on
numerous groups of sequences belonging to various organisms and, with a small
number of exceptions, has been confirmed in most cases, but the conclusions about
the feasibility of the rule are qualitative rather than quantitative. To our knowledge,
no large-scale tests of the rule on bacterial genomes have been carried out. In the
proposed work, the rule is tested on 38830 non-degenerate bacterial sequences
extracted from the NCBI GenBank 2023 repository. We perform a more complete
statistical analysis of the feasibility of the rule in bacterial genomes than is
customary in the literature. A new approach to assessing the validity of the rule is
proposed.
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INTRODUCTION

Formulation of the Chargaff’s second parity rule (PR2) rests on the grounds of the
biochemical experiments involving chromosomes [1]. It is stated by the rule that for the
genomic sequences longer than 100 kb, the amounts of guanine and cytosine are equal, and
the amounts of adenine and thymine are equal [2].

When accumulating the sequenced data, testing of PR2 on various sequences resulted in a
reliable level of compliance with this rule [3-6]. Further on, and up to now, the rule has been
actively tested using the sliding windows technique, in the coding and non-coding regions, on
viruses, bacteria, archaea, in human mitochondria and chromosomes [7-18]. The vast
majority of the authors involved into testing have reported compliance with the PR2 rule.
Still, some deviations from the rule have been detected as well. For instance, in organelles and
mitochondria [11, 12], in some bacterial genes [16], as well as in some bacterial genomes
[17]. Feasibility of the Chargaff’s rule has stimulated the search for certain supporting
mechanism [6, 7, 19-22].

Independent of availability of the numerous research papers in this field of studies, there
has been no formal numerical criterion obtained to specify feasibility, or non-feasibility, of
PR2 to date. This is caused by the fact that such studies evaluate only some very limited
sample sequences, and there is no sense of direction in doing research in overall: the ‘limited
set of sequences; purely qualitative results, flawed quantitative analysis, or lack of
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characterization’ [9]. It needs to be added here that the methods in use to evaluate feasibility
of the Chargaff’s rule are not of the statistical kind, which means that applicability of PR2 is
not being evaluated by conducting such studies [17].

Consistent with the above, the approach to argumentation in relation to PR2 feasibility in
Prabhu’s early research [3] shall be reviewed. This method has become typical because of its
adaptation by the authors to follow. With 32 organisms in focus, Prabhu provides the G- and
C-compositions for the corresponding strands, and reports occurrence of the linear regression
between the G- and C-compositions with the coefficient of correlation being close to 1. At
that, the regression coefficients have not been provided for some reason. Given the above,
Prabhu concludes that PR2 for both G- and C-compositions is feasible in this case.

Our calculations prove that the following (C,G)—regression takes place, namely
C =-1065.80 + 1.023G, the coefficient of correlation equals to 0.9974. We can see that the
slope of the line differs little from one. This indicates that the G- and C-compositions are
close. Nonetheless, we believe this information is insufficient enough to conclude that PR2 is
feasible. In fact, we note that in this case, |G —C| ranges from 20 to 3296. This proves
considerable heterogeneity in the G- and C-compositions in the proposed sequences.
Consequently, further data analysis could likely change our opinion on feasibility of PR2 for
the given sample.

Application of the linear (G,C)—, (AT)—regressions, in order to evaluate PR2, is

discussed below in a separate section. It has been proven that this method can only function as
a qualitative assessment of PR2 feasibility.

The statistical analysis of the Chargaff’s rule is yet more informative. For instance, the
research papers [17, 23] reveal that in the groups of chromosomes there are samples
manifesting significantly different PR2 feasibility. Such studies define the regions of varying
deviations from the rule based on the a-priori determined level of significance. The author
[17] introduces one other additional, to the given one, parameter, and namely, the length of
fragments into which the chromosomes are divided, so that the Kolmogorov—-Smirnov test can
be applied.

In the discussed research, we also find heterogeneity in feasibility of PR2 in the bacterial
genome dataset under consideration. This is shown as two regions: the typical and extreme
deviations. The so-called threshold zone is seen between them. At that, we do not introduce
any a-priori values for the parameters, yet use the a-posteriori approach. It constitutes in
determining the boundaries of the regions of varying degrees of PR2 feasibility on the
grounds of the analysis of distribution of certain statistics. The algorithm for the region
determination is based on EVT, i.e., the extreme value theory.

We remain hopeful, that the research under discussion will be of practical use when
addressing the fundamental question arising from the multiple tastings involving the
Chargaff’s rule: whether this rule reflects any fundamental law of nature, as Koonin [24]
reports, ‘or it is just a kind of statistical regularity’.

MATERIALS

In focus of our PR2 testing are 38,830 bacterial chromosomes, free of any degenerate
nucleotides (S, W, R, Y, K, M, B, D, H, V, N), with the total length of 150484510033 bp and
the lengths ranging from 61247 to 16040666. They are followed by the Ch23 dataset. The
nucleotide sequences of Ch23 are retrieved from NCBI GenBank as of October 2023.

The GCAT composition of a chromosome strand is a quadruple (G, C, A, T) of the amount
of nucleotides of each species in the sequence G+C+ A+T =sgL, where sgL is the
sequence length.

Testing of the Chargaff’s rule is undertaken by examining the values and the areas
|G, —C,|and | A —T,|, where s runs over the chromosomes from Ch23. Table 1 below shows

the values of these quantities for eight chromosomes.
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Table 1. The nucleotide composition values for eight chromosomes in Ch23

NCBI Id sqL IG-C] NCBI Id sqL IA-T]|
LN890288.1 650317 0 CP011853.1 4428727 0
CP104509.1 | 5138011 0 CP039716.1 | 4789195 0
CP098482.1 | 5369373 173789 CP013196.1 | 4298263 153117
CP072117.1 8896274 175032 CP040450.1 3741012 200122

Given that the second Chargaff’s rule is equivalent to the equations |[G-C| =0, |A-T| =0,
we can observe some significant variations in deviation from PR2.

COVENANTS AND NOTATIONS

Let us denote N =|Ch23]|, so it represents the quantity of chromosomes within a dataset.
The numerical sampling of the N amount is deemed to be a vector, i.e.: X = (X, X,...Xy) . The

x symbol, throughout the wording, also represents the reference to an arbitrary component of
the vector ¥, as, for instance, it is shown below, when defining regression.
In order to define the relation between X and vy, the linear regression Y =a+bx and the

quadratic regression Y =a+bx+cx? are used, where the coefficients a, b, ¢ are calculated
using the least squares technique. The regression error is estimated by the value as follows:
err =100> [1-Y; / y;|/ N.

Normally, the mean and standard deviations of a sample are denoted by p and o,
log() =log,,(). The p—value, for a sample value of x,, represents the probability of exceeding
the value of x., p(x)=Pr(t>x.). Further on, we shall deal with the unimodal samples of X.

In such a case, following the Vysochanskij—Petunin inequality [25], the following is
generated:

p(x)<4/9(1+72%), z=(x—p)/o.

By means of numbering the chromosomes in Ch23, the GCAT-composition of a dataset is
generated as a quadruple of (G,C),(AT), so that (G,,C,),(A,T,) demonstrate the GCAT-
composition of the selected strand of the st chromosome. At that, the GCAT-composition of
the alternative strand numerically shall be given as (C,,G,),(T,, A,) . Consequently, we have

2" of probable quadruples of the vectors, representing the GCAT-composition of a dataset.
The findings of our research bear no dependence on selecting such a quadruple, in other
words they do not depend on the choice of the chromosome strand.

LINEAR REGRESSION

Taking a particular case-study of the eight bacterial chromosomes from the dataset Ch23,
we shall discuss the widely cited method of linear regression applied for evaluation of
feasibility of the Chargaff’s second rule of the AT-composition.

Table 2. The sample consisting of eight chromosomes

Ne NCBI Id sqL A T A-T

1 CP040450.1 3741012 1283900 1083778 200122
2 CP013196.1 4298263 1597731 1444614 153117
3 CP098482.1 5369373 1582052 1457550 124502
4 CP090316.1 2611810 688706 567580 121126
5 CP072850.1 1036449 274363 274363 0

6 CP090495.1 3201356 934710 934710 0

7 CP040551.1 3116035 493411 493411 0

8 CP011853.1 4428727 708664 708664 0
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For the purposes of evaluating PR2, in pursuance of the acknowledged methodology, it is
required to calculate the linear regression T =a-+bA, where T and A are taken from the
corresponding columns of Table 2. Depending on the choice of a strand, in this particular
case, we have 28 = 256 table alternatives, and, consequently, the same amount of regressions.
It is required to agree on the choice of any particular option. When drafting Table 2, we
considered such a strand within the chromosome, for which A>T. Following the calculation
of the coefficients of a and b for Table 1, it would have been reasonable to wonder about the
regression coefficients a and b for the remaining 255 tables. There is no need to recourse to
the table-by-table examination, yet the obvious option constitutes in regression for an optional
table, that is, with the strands similar to the strands of Table 2. It is obvious, that regression
for the optional table coincides with the regression of the type A=a+bT for Table 2. The
total of the calculations is provided in Table 3 below.

Table 3. Calculations

Sample, Coef. b Optional Correlation Mean value
chromosomes for coef. b coefficient from
T=a+bA| A=a+bT A-T
14 0.98 1.01 0.99637 149716.75
1+8 0.8747 1.1246 0.99187 83525.6
1,5+8 0.822 1.18 0.985

The table shows the following, yet undesirable for the PR2 feasibility, properties of the
linear regression:

I) Given the information provided by the linear regression calculated for some specific
table, and namely the chromosomes 1 to 8, this information does not contribute to
identification of the groups of chromosomes, with significantly different degrees of the PR2
feasibility in the sample.

I1) Obviously, when including the chromosomes with the zero deviation from PR2 into the
sample, the rule feasibility for the extended sample, as presupposed by the average value of
A-T, has improved. Simultaneously, the changes in the b coefficient demonstrate some
increase in deviation of the regression line from the A =T line. Consequently, given this
perspective, feasibility of the rule has deteriorated. Some unclear contradiction is present.

I11) The correlation coefficient simply reflects the presence of the chromosomes 1 to 8,
with the zero deviation from PR2 in the sample.

IV) The bottom row of the table demonstrates some very significant dependence of the b
coefficient on the choice of the chromosome strand in forming the AT composition.

V) Absence of the PR2 feasibility criterion makes it impossible to undertake comparison
of the degree of the rule feasibility in the chromosomes of different samples.

STATEMENT OF THE PROBLEM

In the statistical framework, the PR2 rule could be defined as a null assumption, which,
when applied to the GC-composition, is given as G =C. Let us review two options for
processing this assumption.

The first option constitutes in evaluation of equivalence of the distributions G and C. In
this case the null assumption turns into the dist(G,C)>A assumption, [26], where the
Hellinger distance, the total variation, the Kulback—Leibler divergence, and so on, can
function as dist [27]. We find this option unacceptable for two reasons. As seen from the
possible options, dist is, in fact, the sum of the local distances between the components of
(G,,C,), 1<s<N. Their summing up ‘averages out, smooths over’ heterogeneity in the

dist(G,,C,) distribution, which we would expect to find in the bacterial chromosomes. And
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the second reason constitutes that the numerical value of A specifies the PR2 feasibility
criterion, which, as mentioned above in Introduction, has not been established yet.

We settled on the second option, which is supported by the extreme value theory (EVT)
[28-30].

EVT is widely applied to evaluate financial risks and to predict natural disasters that are
likely to follow some specific pattern. Ordinary developments of the observed phenomenon
shape the right tail of the distribution’s body, with the exponentially decreasing probability,
but without reaching up to any improbable values. At that, the distribution contains the
extreme tail of the unlikely events, which diminishes at a lesser rate than the exponential
curve [31]. The densities of probability for the extreme tails are classified by the Fisher-
Tippett-Gnedenko theorem [32].

Our task lies in determination of the threshold values separating the extreme tail from the
body for the variations in PR2 feasibility in the GC- and AT-composition samples.

TESTING THE CHAGRAFF’S SECOND RULE

The approaches to determine the threshold values which would divide the distribution
body and the extreme tail are widely discussed in the reference sources, with [33-35] among
those. Still, the goal of such studies is not the threshold value, but the type of the extreme tail
distribution, which is needed for assessing various risks. There is no universally related
technique, and in this regard the methods described in these research studies are relevant to
the data under consideration therein. Moreover, the approach for determining the threshold
depends on the assumption associated with the tail distribution.

In contrast to the said, in order to determine the thresholds, we shall take the distribution
body, and not the extreme tail, as the basis. It should be noted right away, that determining a
specific threshold value without the a-priori assigned parameters and significance level is,
generally speaking, impossible. Consequently, it is only realistic to calculate the interval
(hereinafter referred to as the threshold zone) which divides the body and the extreme tail.

Success of the calculation is defined by the statistics that is sensitive to heterogeneity of

PR2 performance. Let us define the statistics. We shall take X = X, or = X, , where

Xls :|G5_Cs |/\’(Gs+cs) and X2$ :l'%_Ts |/\/(A+Ts) , 1<s<N.

The histogram of the X distribution for the dataset Ch23 is unimodal.
It is noteworthy, that if and when evaluating the (G,,C;)—,(A,T,)—compositions of the

chromosome, and following PR2, the assumption about some random equally probable
occurrence of guanine and cytosine alike is put forward, as well as of the equally probable

occurrence of adenine and thymine; then X represents the distribution of the chi-square
type, with one degree of freedom.

Table 4. Statistical parameters for X

X | variation X | variation p-value n o ut+3c variation
X1 | 0.0+198.71 0.00042 - 0.44 4.215 6.011 22.250 |G-C| 0-175032
X2 | 0.0+130.06 0.00047 - 0.44 3.510 4.117 15.860 |A-T]| 0-200122

Some very insignificant p-values shall signify presence of the extreme tail in the X
statistic distribution.

In order to determine the threshold zones, we shall use the following statistics: R=R, or
= RZ'
R, =log(X,)<24 and R,=log(X,)<2.1.
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Given the uniformity of the log() function, the transition from X to R represents, in fact,
the transition onto a different scale. Consequently, the histogram of the R distribution appears
unimodal as well.

The method we propose for determining the threshold zone is based on the following
indication associated with presence of the tail [36]: if F(x)=Pr(R>x), then

lim F(x)e™ = o0, Ve >0, while the rate of probability diminishment in the right tail area of the

body is much higher. It can be summarized by saying that there is no chance to approximate
the distribution for R with some single function. This takes place because such a function
decreases rapidly, which leads to the unacceptable approximation error at the extreme tail.
Choosing the function based on the Fisher-Tippett-Gnedenko theorem, however, yields some
feasible approximation of the extreme tail, yet the unacceptable approximation error for the
body.

Figure 1 shows the different rates of decrease in probability in the right tail of the R
distribution.

110 n(R)

01

02 03 04 05 06 07 08 09 1 1.1 1.2 1.3 14 15 18 .7 18 19 2 21 22 23

Fig. 1. The function curve 100F(x) for the R statistics. The red line represents the quadratic regression

of the function, with an error at % 118663, and the fundamentally incorrect approximation of the extremal
tail.

The algorithm for calculating the threshold zone implies generation of the truncated
distributions for R by sequentially removing the rightmost point from the histogram plotted at
the previous stage. The truncated distribution for R is approximated by the quadratic
regression. The quality of the regression is assessed, and given that, the decision is taken
whether or not to continue the process of calculation.

Further on, the informal presentation of the algorithm is provided by means of
demonstration of the sequence of steps underpinning the calculations. Clarifications for the
steps are accompanied by the Figures. The purpose of the algorithm is to localize the body in
distribution of the R statistics.

As for the current truncated histogram hR of the R statistics, we shall calculate the
quadratic regression reghR (the red line). The quality of localization of the distribution body
R shall be assessed by means of the approximation error err% , and taking into account the
coordinates of the maximum point, maxAt, for the regression regh R.
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We shall review hR in the region of R e (0,2.3]=aR (Figure 2) because we are interested

in the right tail of the R distribution. The regression point on the graph (Y, X): Y =n (R)
equals to the amount of the events R within the interval (R—A,R], X =R,A=0.05.

2500 n(R)

1500
1000

500

0 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16 1.7 18 19 2 21 22 23 24

Fig. 2. Initiation of the calculations. Plotting of the initial histogram hR, R <(0,2.3].

Figure 2 demonstrates stepping of the algorithm at which the decision to remove the
rightmost point of the histogram is taken. For the purposes of further consideration, let us
consider the case of the initial histogram. We shall calculate reghR. Figure 2 proves, that the
impact from the extreme tail is quite considerable owing to err% = 1318.7 and maxAt < 0.
Whenever maxAt lies outside the aR region, then the right-most point of histogram shall be
removed. For the case as given, it is (n(R), R) = (4,2.3); hR:= from hR the point (4,2.3) is
removed.

Stepping of the algorithm, at which the decision to remove the rightmost point of the
histogram is taken, is plotted in Figure 3.
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n(R)

%00

0 0.1 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16 .7 18 19 2

Fig. 3. The current truncated histogram. Some of the rightmost points are removed. Calculation:
reghR =1527.67 —141.85R —462.84R*. Evaluation of the quality of regression: err% = 265.8 and

maxAt < 0. The decisions is, thus, as follows: it is required to remove the rightmost point of the
histogram.

Stepping of the algorithm, at which the right boundary of the histogram is determined is
plotted in Figure 4.

2500

n(R)

2000 L4

1000

o 01 02 03 04 05 06 o7 08 08 1 11 12 13 14 15 16 17 18

Fig. 4. The current truncated histogram. Calculation of reghR =1439.6+212.56R —694.84R?,

err% = 164.84 and maxAt = 0.153 appears for the first time within the histogram region. This is justified
by the increased impact from the body within the distribution of the R statistics within this area. The right
boundary rtR of the threshold zone is defined, rtR = 1.8 — A = 1.75. The value err% is significant. The
body of distribution is defined unsatisfactorily. It is required to proceed further with deletion of the
histogram points.
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Figure 5 demonstrates stepping of the algorithm at which the body of distribution of the R
statistics is localized, and in doing so the left boundary ItR of the threshold zone is
determined.

2 500

n(R)

1500

1000

500

a Q.1 0.2 0.3 a4 Q% 0% ar o8 g 1 1.1 12

Fig. 5. The current truncated histogram. Calculation: reghR =666.23+4123.92R —3987.5R?,

err% = 10.06 and maxAt = 0.517. Satisfactory approximation of the body of the distribution. Checking
the stability of the approximation maximum by removing several right-hand points from the histogram
(re. Figure 6).

2 500

n(R)

000 -

R

a 0.1 [} 0.3 0.4 [=E.3 0E o7 o8 [=F:}

Fig. 6. Checking the stability of the approximation maximum following removal of a number of the right-
hand points from the estimated distribution body for the R statistics. Calculation:

reghR = 526.65+5062.25R —5045.87R?, err% =5.11 and maxAt=0.502. Localization of maxAt
remains almost unchanged. Accepting: ItR = 1.15.
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The threshold area of the statistics R =R, is determined. Similarly, the threshold zone for

R =R, is calculated. In the forthcoming Pictures 7 and 8 the steps fixing the borders of rtR
and ItR of the threshold area are marked.

n(R)

500

0 01 02 03 04 05 06 0.7 08 09 1 11 12 13 14 15 16 1.7

Fig. 7. The current truncated histogram. Calculation: reghR =1537.48+160.1R—785.04R?,
err% = 426.15, maxAt = 0.101. The first occurrence of the regression maximum within the histogram area
of hR. Accepting: rtR = 1.7 — A = 1.65.

n(R)

2000

1500

500

0 R

0 01 02 03 04 05 06 07 08 09 1 11

Fig. 8. The current truncated histogram. Calculation: reghR =798.71+4077.66R —4254.66R?,

err% = 4.75, maxAt = 0.479. Satisfactory approximation of the body of the distribution. It was verified
that localization of the approximation maximum remains almost unchanged when several right points are
removed from the histogram. Accepted: ItR = 1.05.

The threshold area of the statistics R, is determined.

Tables 4 and 5 below provide the summary of the calculations, and which, on the grounds
of the statistics R, and R, , outline the areas of variation of the deviations from the Chargaff’s
rule.
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Table 5. The R, statistics. Deviations from PR2

.. total in
X —
deviation R 1 |G—C| seqlL Ch23
typical <1.15 <14.12 0 + 33849 61247+16040666 95.686 %
threshold 1.15+1.75 | 14.12 +56.23 | 2269 + 109854 61238+ 9857535 1597
extreme >1.75 > 56.23 13538 + 175032 | 121924+8896274 78
Table 6. The R, statistics. Deviations from PR2
.. total in
R X —
deviation ) 2 |A-T]| seql Ch23
typical <1.05 <11.22 0+ 22723 61247 + 16040666 96.013 %
threshold 1.05+1.65 | 11.22 +44.67 | 2922 = 81120 61238 + 9947447 1519
extreme > 1.65 > 44.67 13550 + 200122 | 121924 + 5369373 | 31

QUALITATIVE ASSESSMENT OF FEASIBILITY OF THE CHARGAFF’S RULE

This section touches upon evaluation of feasibility of the Chargaff’s rule involving the

linear regression for the (G,C)- and (A, T)-compositions.

For the pair of the vectors (y, X) the (y, x)-regression is calculated: Y =a+bx, with the

upper regression and the lower regression being distinct.

The upper regression. We shall review the (G,C) -regression. The component (G,,C,),
s € Ch23, depends on the chromosome strand; we shall select the one (the upper one) for
which G, >C,, thus marking the obtained (G,C)-composition as the upper pair (G,C),
G >C. The upper pair shall be obtained in the similar manner (A, T),A>T for the upper

(A, T)-regression.

The lower regression comes forth for the pairs (G,C),G<C and (A T),A<T. They are

generated by choosing the lower strands that are alternative to the strands for the upper pairs.
It is obvious that these regressions can be calculated as follows: the (C,G)— and (T,A) -

regressions for the upper pairs.

G
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Fig.9. The

1000 000
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regression

2000 000
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red line) for

G =4065.19+1.00132C, err = 0.63 %, corr = 0.99991.
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Figure 9 provides visualization of the calculated regressions.

Table 7. Coefficients of regressions for the chromosome nucleotide compositions

regression (G,C) upper (C,G) lower (AT) upper (T,A) lower
a 4065.19 —3883.29 3268.25 -3050.82

b 1.00132 0.99851 1.00136 0.99841

corr 0.99991 0.99991 0.99988 0. 99988

err % 0.63 0.65 0.43 0.44

It appears obvious that the quality of implementing the Chargaff’s rule should be assessed
primarily by closeness of the regression slope coefficient b to one.

As seen, the linear regression conceals the extreme deviations from PR2, b =1.00132 ~ 1.
These extreme deviations are almost invisible within the regression. This follows from
G =2992.08+1.00123C, err =0.41%, corr =0.99998 as calculated for the pair (G,C),

G >C only for the typical deviations from PR2. Consequently, the sample containing the
extreme deviations, as well as the sample with the extreme deviations removed from it,
exhibit, to the point, the equal coefficients of the regression slope.

CONCLUSIONS

This research paper proposes the new approach to statistical evaluation of feasibility of the
Chargaff’s second rule (PR2) in the genomes. This approach is applied for the purposes of
assessment of the PR2 stability in the bacterial genomes.

As mentioned in Introduction to this paper, validity of PR2 has been extensively tested for
the chromosomes and for the specific chromosomal sites alike, in various organisms.

The overwhelming majority of cases prove agreement with the rule, yet some deviations
have been identified as well. We came across only two works in which the statistical analysis
of feasibility of the rule was undertaken. These are [17] and [23], where both the regions of
agreement with the rule and the regions with the extreme deviations from the rule are
identified in the sequence of the studied samples. On the downside, in our opinion, these
works apply the subjective parameter, the statistical significance level, with the a-priori
assigned value. In this case, the limits of PR2 feasibility represent the function of the
significance level. Still in other studies as available to our knowledge, the linear regression is
applied to assess feasibility, and which, as we have demonstrated, does not reveal the regions
of the rule feasibility, yet merely reflects whether the rule is feasible, or not.

Notwithstanding numerous research papers studying the Chargaff’s rule, the formal
numerical criterion specifying feasibility or non-feasibility of PR2 has not yet been obtained.
This is justified by the fact that such papers discuss very limited samples of the sequences,
and there is no general sense of direction in that research.

Our statistical method makes it possible to identify the regions of the varying PR2
feasibility. The calculated boundaries of these regions can function as a criterion for
feasibility of the Chargaff’s rule. The advantages of this method constitute the a-posteriori
approach to establishing the regional boundaries, and the use of the intuitive clear R statistic
in that regard.

The a-posteriori approach comprises observation of the distribution of the selected R
statistic. Pursuant to the extreme value theory (EVT), such distribution consists of a body (the
underlying distribution) and a tail. The algorithm is proposed that distinguishes between the
body in the R distribution and, consequently, outlines the boundaries of the different PR2
feasibility.

In order to clarify the intuitive nature of this approach, the research paper [17] is
reviewed, in which, for the needs of assessing the feasibility of the A=T rule, the
chromosome sequence is divided into the fragments, and the A- and T-compositions are
calculated for each fragment. Eventually, the distributions of composition for the
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chromosomes are generated. The closeness of such distributions is assessed involving the
Kolmogorov—-Smirnov criterion. In our opinion, application of this criterion does not provide
any intuitive sense of the extent of the rule feasibility.

Evaluation of the feasibility for the Chargaff’s second rule as undertaken by us in the
sample consisting of 38,830 bacterial chromosomes revealed the region of the typical PR2
feasibility, which comprised 96 % of the chromosomes, as well as the region of the extreme
deviation from the rule, which included 78 chromosomes in the case of the G-, C-
composition, and 31 chromosomes in the case of the A-, T-composition.

When it comes to the a-priori assigned level of significance, the researcher obtains the
precise boundaries for the regions within which the Chargaff’s rule is satisfied. This
demonstrates considerable volatility, as it is, in principle, impossible to identify the exact
value of the statistical quantity.

In the a-posteriori approach applied to determine the limits of the rule feasibility, the area
separating the typical and extreme regions emerges naturally. In this research paper, this zone
iIs referred to as the threshold zone. The threshold zone comprised 1,597 chromosomes for the
G- and C-compositions, and 1,519 chromosomes for the A- and T-compositions.

In conclusion, the approach as proposed in this research paper represents a fairly efficient
tool for identification of the limits of feasibility in relation to the Chargaff’s second rule.
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