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Abstract We test the validity of a possible schematization of DNA structure and dynamics
based on the Chern–Simons theory, that is a topological field theory mostly considered in the
context of effective gravity theories. By means of the expectation value of the Wilson Loop,
derived from this analogue gravity approach, we find the point-like curvature of genomic
strings in KRAS human gene and COVID-19 sequences, correlating this curvature with the
genetic mutations. The point-like curvature profile, obtained by means of the Chern–Simons
currents, can be used to infer the position of the given mutations within the genetic string.
Generally, mutations take place in the highest Chern–Simons current gradient locations and
subsequent mutated sequences appear to have a smoother curvature than the initial ones, in
agreement with a free energy minimization argument.

1 Introduction

Genomic strings schematization methods represent one of the most controversial and dis-
cussed branch of science. In this scenario, the application of those methods to DNA align-

a e-mail: lucia.altucci@unicampania.it
b e-mail: capozziello@na.infn.it
c e-mail: carlo.altucci@unina.it (corresponding author)

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-021-01960-5&domain=pdf
http://orcid.org/0000-0003-2270-9128
mailto:lucia.altucci@unicampania.it
mailto:capozziello@na.infn.it
mailto:carlo.altucci@unina.it


 1080 Page 2 of 30 Eur. Phys. J. Plus        (2021) 136:1080 

ment is still not fully uncovered. Several approaches aim to exhaustively predict the evolution
of macromolecules, in order to get information regarding their spatial configuration [1–4].
However, a complete theory capable of predicting the interactions occurring among macro-
molecules and the corresponding biological implications is still missing. Biological systems,
such as nucleic acids or protein, often exhibit complicated topological structures, since several
parts of the same molecule may assume a non-trivial three-dimensional shape, called tertiary
structure. When two or more tertiary structures interact, the resulting system fold into a qua-
ternary structure. In this framework, schematization approaches are particularly important in
view of understanding the spatial configuration assumed by the system and, consequently,
the interactions occurring among neighboring elements which may be located hundreds of
kilobases away from each other and, in some cases, also in different chromosomes [5].

As an example, from the spatial configuration assumed by the DNA, it is possible to infer
the place in which genomic mutations might occur, as well as the consequent difference
among phenotypes. Schematization approaches can also help to provide the genetic (and epi-
genetic) probability to develop a certain disease. Another example is given by the interaction
between proteins and virus genome which, if well described, can lead to a comprehension
of the corresponding infection evolution. Standard modeling techniques are mostly based
on probability considerations, aimed at outlining the many body interactions by means of
statistical mechanics [6–8].

In this paper, we want to test an innovative method for the schematization of biomolecule
configurations, based on the topological Chern–Simons theory. It mainly relies on the curva-
ture assumed by biological systems, using the numerical value of the Chern–Simons current,
namely the expectation value of the Wilson loop [9–12].

Indeed, from very general and basic theories such as classical and quantum theories
of gravity, ideas can lead to far beyond closely related fields, such as theoretical physics,
cosmology, and astrophysics, to push concepts and applications to complex systems, there
including the interactions between biomolecules, such as nucleic acids and proteins. This
model is significant because it introduces a new approach to treat biological systems, which
differs from standard bioinformatics methods as it is not based on approaches typical of
statistical mechanics applied to complex systems, but rather on first principles of field theories
of physics. This novel point of view might be used completing outputs derived from statistical
methods, to address issues of biological and medical sciences, such as preventing diseases,
predicting the evolution of a genetic string or investigating the docking among biological large
molecules, potentially implementing the nowadays knowledge of the biological scenario. The
link between gravitational theories and the dynamics/interactions of complex biomolecules
is the topological nature of the former which can be essential to describe the complicated
physical–chemical and biological behavior of the latter, very much relying on their topology.
Basically, the main idea is to describe the DNA curvature by using the same formalism used
for the space-time, treating the interactions occurring in biological systems as driven by the
same general principles that govern the gravitational interaction.

Moreover, the deterministic approach based on Chern–Simons gravity can be also merged
with the intrinsic probabilistic aspect of standard bioinformatic techniques in different ways.
As an example, using topological field theories to describe DNA configuration can provide
the exact position in which mutations take place, by means of the comparison between two
sequence curvatures. Once the position of the mutation is identified, bioinformatics is able to
predict the probabilistic evolution and the clinical impact of that mutation. Another potential
application which can be considered in the context of Chern–Simons formalism, is the dock-
ing between macromolecules [13]. The latter can be understood as the interaction among
different points, which tend to attract each other only where the corresponding curvatures are
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similar (by analogy with the gravitational interaction). Also in this regard, the probabilistic
vision provided by bioinformatic techniques can be combined with the prediction given by
topological field theories, in order to develop a coherent scheme capable of predicting where
and when a disease could manifest.

Although the application of Chern–Simons gravity to complex systems seems to be
unusual, topological field theories are deeply studied in several branches of physics, due to
their suitability at ultraviolet (UV) and infrared (IR) scales [14–18]. In general, they involve
Topological Invariants, namely quantities which are conserved under homeomorphism trans-
formations. Topological invariants, indeed, only depend on the spacetime topology, indepen-
dently of the point-like geometry [19]. They find their best application in the description
of the gravitational interaction, and are considered to the purpose of finding alternatives to
general relativity (GR) which better adapt to the quantum formalism [20–28].

Moreover, although the theoretical predictions of GR are perfectly consistent with obser-
vations at the level of solar system, the theory suffers some shortcoming at larger scales. As
an example, the late-time accelerated expansion of the universe is nowadays addressed to a
never detected form of energy, called Dark Energy. Similarly, incompatibilities in the galaxy
rotation curve led to the introduction of Dark Matter, which is supposed to account for the
85% of matter in the Universe and to have had a high influence in the evolution of the latter.
These are two of the biggest problems suffered by GR; for a complete discussion, see, e.g.,
[29–33]

With the aim to solve part of these issues, mainly those related to a self-consistent quanti-
zation of the gravitational interaction, in the first half of twentieth century, S.S. Chern and J.H.
Simons developed a topological field theory capable of describing gravity as a gauge invari-
ant theory of different gauge groups [34]. It turns out that n-dimensional Lagrangians whose
exterior derivative gives n +1-dimensional topological invariants, are quasi-gauge invariant,
i.e., they only change by a surface term after performing a gauge transformation. However,
the lack of non-trivial topological invariants in even dimensions, restricts the validity of the
formalism to odd dimensions, only. This is the main obstacle toward the construction of a 3+1-
dimensional topological theory of gravity, though odd-dimensional topological theories find
large applications in several fields. See, e.g., [14–18] for basic foundations of Chern–Simons
gravity and [35–38] for applications.

Due to the applications to the three-dimensional electromagnetic theory [39,40], one of the
most studied Chern–Simons Lagrangian is the 2+1-dimensional U (1)-invariant Lagrangian,
namely:

L
(3)
C S = AdA, (1)

with A being the one-form connection and dA its exterior derivative. Notice that the exterior
derivative of L (3)

C S provides the four-dimensional Pontryagin density, namely P(4) = F ∧ F ,
where F represents the two-form curvature defined as F = dA.

The Lagrangian in Eq. (1) can be also applied to standard electromagnetic theory, providing
a massive wave equation which carries extra polarization modes. Specifically, in coordinates
representation, the Chern–Simons term can be considered along with the free electromagnetic
Lagrangian to provide a massive wave equation of the form (� + m2)εμνρ Fμν = 0, with
m being a constant having mass dimension, � the d’Alembert operator � ≡ ∂μ∂μ, Fμν the
electromagnetic tensor and εμνρ the Levi-Civita symbol.

Another well studied Lagrangian is the SU (N )-invariant three-dimensional Chern–
Simons Lagrangian
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L
(3)
C S = tr

[
AdA + 2

3
A ∧ A ∧ A

]
, (2)

whose exterior derivative yields the SU (4)-invariant Pontryagin density P(4) = tr [F ∧ F].
Lagrangian in Eq. (2) is mostly studied due to the applications to supergravity and string
theory [18,41,42].

Another topological invariant, used to construct a gauge-invariant Lagrangian, is the
four-dimensional Euler density, which turns out to be the exterior derivative of the three-
dimensional Anti de Sitter-invariant Chern–Simons Lagrangian, that is:

L Ad S
3 = εμνρ

(
Rμν ∧ eρ + 1

3l2 eμ ∧ eν ∧ eρ

)
, (3)

with εμνρ being the Levi-Civita symbol, Rμν the two-form curvature, ∧ the exterior product
and l a real constant with dimension of length. In general, the 2n − 1-dimensional Chern–
Simons Lagrangian, invariant under the local Anti de Sitter group, reads:

L Ad S
2n−1 =

n−1∑
i=0

α̃iL
(2n−1,i) , α̃i = (±1)i+1l2i−n

n − 2i

(
n − 1

i

)
. (4)

Due to the AdS/CFT1 correspondence, the above Lagrangian is mainly considered in five
dimensions, where cosmological and spherically symmetric solutions can be analytically
found [43–53].

The Chern–Simons approach, as we are going to discuss, can represent a starting point
for the analysis of biological systems. From a conceptual point of view, the issue comes out
because Quantum Mechanics, being a linear theory, could not be sufficient to approach the
high nonlinearity of biological systems. Due to this, the latter can be suitably described by
nonlinear theories like GR or Chern–Simons.

For instance, by means of the Chern–Simons formalism, some biological problems can
be addressed, such as the presence of knotted DNAs and their interactions with proteins [54].
Furthermore, in [55] the interactions of unknotted RNAs with knotted proteins have been
analyzed in the process of codon and correction of RNA in methyl transfer, as well as a
general equation to solve the dynamics of knotted proteins has been proposed by Lin and
Zewail [56], based on the Wilson loop operator for gene expression with a boundary phase
condition.

On the other hand, basic foundations lying behind the application of Chern–Simons theory
to biology can be found in [57] and [13]. In these references, the authors develop the formal
structure of the theory and consider some application to biological system, in order to unveil
the mechanism of DNA–RNA transcriptions. They also provide some insights to specifically
describe the junk area within the DNA sequence [57]. In [57], the theory is applied to the
docking mechanism of biological macromolecules, such as the configurational dynamics
occurring in protein–protein interactions.

Without claiming completeness, in Sect. 2, we outline the main properties of the theory,
with the aim to subsequently test its validity by considering DNA sequences and introducing
known mutations. The introduction of a mutation yields a change in the point-like curva-
ture of the given sequence, which may give important information regarding the biological
impact carried by such mutation. From the mutated sequence, it is possible to infer the fre-
quency/probability of the mutation to occur, as well as to predict the evolution of the system
towards a given configuration.

1 Anti-de Sitter/Conformal Field Theory.
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This paper is organized as follows: in Sect. 2 we briefly review the application of Chern–
Simons theory to DNA and RNA systems; in Sect. 3 the formalism is then applied to different
strings of KRAS human gene and to SARS-CoV-2 virus sequences. In the former case, we
apply the model to analyze mutations occurring in few regions of the KRAS human gene.
The latter is a gene acting as an on/off switch in cell signaling which, among its functions,
controls cell proliferation. When KRAS is mutated, negative signaling is disrupted, with the
consequence that cells can continuously proliferate, often degenerating into tumors [58,59].

In our analysis KRAS sequences with mutations are thus compared with reference
sequences, with the aim to use Chern–Simons theory to infer predictions of biological inter-
est. As for the latter case, which is naturally one of the most studied RNA sequence to date
due to pandemic, using a genome wide approach, Bobay et al. [60] examined SARS-CoV-2
RNA, observing that recombination events account for approximately 40% of the polymor-
phisms, and gene exchange occurs only within strains of the same subgenus (Sarbeco virus).
Moreover, frequent mutations tend to increase the likelihood of convergent mutations, in
regions exposed to a major positive selection, causing analogies in the sequences that could
be misinterpreted as it was a recombination, and introduce new diversifying mutations which
might accumulate, hiding past recombination events [60].

Genomic sequences of various SARS-CoV-2 strains from all over the world are available
on specific platforms (e.g., https://www.gisaid.org/GISAID) and increasingly monitored to
timely track SARS-CoV-2 variants [61]; as large databases and systematic sequencing are
required, irregular sampling in time and space represents a crucial limitation to track pan-
demic evolution. Genetic diversity observed in SARS-CoV-2 populations across distinct
geographic areas suggests independent events of SARS-CoV-2 introduction occurred, with
few exceptions including China, being the original source, and, to a lesser extent, the early
involved Italy [62]. Quantitatively, amino acid mutations were found to be significantly more
frequent over the entire viral sequence in SARS-CoV-2 genomes tracked in Europe (43.07%),
than in Asia (38.08%) and in North America (29.64%) [61].

Here we compare sequences of single filament RNA SARS CoV-2 viruses coming from
different countries, using Chern–Simons currents to potentially explain the reason why
SARS-CoV-2 variants seem to exhibit a higher incidence during the 2020/2021 pandemic.
Finally in Sect. 4, we conclude the work discussing results and future perspectives.

2 The Chern–Simons theory for DNA systems

In this section we overview the application of Chern–Simons theory to DNA/RNA systems,
outlining the main results obtained in [57]. The first step is to use quaternion fields to define
a set of nitrogen bases over the DNA or RNA, namely

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ADN A := e
π
2 iβn ARN A := e

π
2 jαn

TDN A := i e− π
2 iβn URN A := i e− π

2 jαn

CDN A := j eiπβn CRN A := j e jπαn

G DN A := k e2π iβn G RN A := k e2π jαn ,

(5)

being [h] ∈ H: [h] = a + b i + c j + d k and a, b, c, d ∈ R. The one-form connection A
can be thought as a state of the above written nitrogen bases, namely A ∈ {A, T/U, C, G});
consequently the DNA curvature in the configuration space of nitrogen bases is represented
by the two-form curvature F = dA, which in coordinates representation can be written as:
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Fμν = ∂[μ Aν] + A[μ Aν]. (6)

Therefore, taking into account the SU (2)-invariant Chern–Simons three-dimensional action

SSU (2) =
∫

Tr

[
AdA + 2

3
A ∧ A ∧ A

]
, (7)

it is possible to define the Chern–Simons current as the measurable, gauge-invariant quantity
that can be obtained from the expectation value of the Wilson loop:

J ≤ [W (A)] ≥
∫ DA ei S	n W (An)∫ DA ei S

. (8)

Wilson loop is the trace of a path-ordered exponential of the gauge connection and represents
the only gauge invariant of the theory:

W (A) = tr

[
exp

{
P

∮
A

}]
. (9)

Wilson Loops can be obtained from the holonomy of the gauge connection around a given
loop and are mainly used in gauge lattice theories and quantum chromodynamics [9–12].
They have been formerly introduced to address a nonperturbative formulation of quantum
chromodynamics [63], but nowadays play an important role in the formulation of loop quan-
tum gravity, particle physics, and string theory.

The choice of the three-dimensional action is the key point of the method: standard biol-
ogy suggests that nitrogen bases combine each other in triplets, forming therefore a three-
dimensional space of configurations that can be described by means of the Chern–Simons
three form. Any point of the space is, thus, labeled by a given triplet. Sixty-four possible
combinations arise after combining the nitrogen bases in triplets, and correspond to the com-
binations occurring in the genetic code. For this reason, the space turns out to be discrete and
finite.

By means of Eq. (5), it is possible to define a discrete superstate of configurations, in which
the nitrogen bases represent the dynamical variables, so that the genetic code is labeled by the
Chern–Simons currents only. After few calculations, the curvature spectrum of the genetic
code can be obtained [57], as reported in Table 1.

The same analysis can be also pursued by considering the amino acids, so that the genetic
code is equivalently described by 21 different Chern–Simons currents. The simplest way to
construct a curvature spectrum with respect to amino acids, is to take the average values
of the Chern–Simons currents which refer to triplets coding for the same amino acid. The
Chern–Simons currents of the amino acids are listed in Table 2.

Notice that the formalism permits to assign a numerical value to each component of the
genetic code, finding a point by point correspondence between triplets and curvature. Such
a curvature of the DNA is the key parameter of our approach, as it may provide several
predictions about the docking between two different parts of DNA or between DNA and
RNA. The genomic curvature can be also used to find out those positions having highest
probability to exhibit a mutation. The introduction of the mutation, indeed, leads to a local
variation of the curvature, whose value might suggest the clinic importance and the impact of
the corresponding disease. Moreover, the curvature spectrum can provide important insights
regarding the evolution of the genomic strings: those points with highest curvature are the
best candidates to evolve toward a stabler configuration, making the entire sequence more
uniform in the configuration space of all the possible triplets.
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Table 1 Value of Chern–Simons current for the triplets of the genetic code

Amino acid CS Current Amino acid CS Current Amino acid CS Current Amino acid CS Current

Phe (UUU) 0.7071 Ser (UCU) 0.0534 Tyr (UAU) 0.0214 Cys (UGU) 0.0122

Phe (UUC) 0.5000 Ser (UCC) 0.0495 Tyr (UAC) 0.0205 Cys (UGC) 0.0118

Leu (UUA) 0.3717 Ser (UCA) 0.0460 Sto (UAA) 0.0197 Sto (UGA) 0.0115

Leu (UUG) 0.2887 Ser (UCG) 0.0429 Sto (UAG) 0.0189 Trp (UGG) 0.0112

Leu (CUU) 0.2319 Pro (CCU) 0.0402 His (CAU) 0.0182 Arg (CGU) 0.0109

Leu (CUC) 0.1913 Pro (CCC) 0.0377 His (CAC) 0.0175 Arg (CGC) 0.0106

Leu (CUA) 0.1612 Pro (CCA) 0.0354 Gin (CAA) 0.0169 Arg (CGA) 0.0103

Leu (CUG) 0.1382 Pro (CCG) 0.0334 Gin (CAG) 0.0163 Arg (CGG) 0.0010

Ile (AUU) 0.1201 Thr (ACU) 0.0316 Asn (AAU) 0.0157 Ser (AGU) 0.0098

Ile (AUC) 0.1057 Thr (ACC) 0.0299 Asn (AAC) 0.0152 Ser (AGC) 0.0096

Ile (AUA) 0.0939 Thr (ACA) 0.0284 Lys (AAA) 0.0147 Arg (AGA) 0.0093

Met (AUG) 0.0841 Thr (ACG) 0.0270 Lys (AAG) 0.0142 Arg (AGG) 0.0091

Val (GUU) 0.0759 Ala (GCU) 0.0257 Asp (GAU) 0.0138 Gly (GGU) 0.0089

Val (GUC) 0.0690 Ala (GCC) 0.0245 Asp (GAC) 0.0134 Gly (GGC) 0.0087

Val (GUA) 0.0630 Ala (GCA) 0.0234 Glu (GAA) 0.0129 Gly (GGA) 0.0085

Val (GUG) 0.0579 Ala (GCG) 0.0224 Glu (GAG) 0.0126 Gly (GGG) 0.0083

Table 2 Value of Chern–Simons current for the amino acids

Amino acid CS Current Amino acid CS Current Amino acid CS Current Amino acid CS Current

Phe (F) 0.60355 Ser (S) 0.0352 His (H) 0.01785 Giu (E) 0.01275

Leu (L) 0.2305 Pro (P) 0.036675 Gin (Q) 0.0166 Cys (C) 0.012

Ile (I) 0.106567 Thr (T) 0.029225 Asn (N) 0.01545 Trp (W) 0.0112

Met (M) 0.0841 Ala (A) 0.024 Lys (K) 0.01445 Arg (R) 0.01005

Val (V) 0.06645 Tyr (Y) 0.02095 Asp (D) 0.0136 Gly (G) 0.0086

3 Application of the Chern–Simons theory to biological systems

3.1 The Chern–Simons current in mutated KRAS human gene

The first application of the above described method is focused on the comparison between
mutated and standard DNA sequences. In particular, first we consider the KRAS gene, whose
details are reported in Appendix 1. It is located in the 12th chromosome, from the base
25,205,246 to 25,250,929 and represents one of the most mutated human genes [58,64,65].
Then we introduce some known mutations into the original sequence, causing a change
in the Chern–Simons current. Being the current linked to the curvature of the DNA, the
configuration space made of nitrogen bases changes the point-like curvature wherever a
mutation is introduced.

By means of physical considerations, we theoretically expect the mutation to level out
the graph, providing smoother variations of the current with respect to those of the original
sequence. By analogy with other physical systems, the curved point is surrounded by a non-
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Fig. 1 Chern–Simons current in KRAS gene. Figure 1a shows the comparison between the original sequence
(black dashed line) and the mutated one (red solid line), while Fig. 1b shows the Chern–Simons current
variation, obtained comparing the point-like differences between contiguous points of the original and mutated
sequences. The region considered is 25,245,274–25,245,384 of the 12th chromosome

equilibrium region, which in turn tends to mutate in order to reach a minimum free energy
state.

Moreover, this prescription is in agreement with the general criterion which governs
thermodynamic transformations, according to which any spontaneous transformations must
minimize the Gibbs free energy. This statement can be simply proved by considering the
definition of the Gibbs free energy G, that is

G = U − T S + pV, (10)

with p being the pressure, V the volume, T the temperature, S the entropy and U the free
energy. Neglecting the contribution of p and setting T = const. (as standard for biological
systems), it turns out that for the system to undergo a spontaneous transformation, the entropy
must increase as the free energy decreases. The latter can be thought as the expectation value
of the Hamiltonian of the system, which includes potential and kinetic energies. Therefore,
requiring the Gibbs free energy to decrease spontaneously is equivalent to require the gravi-
tational potential to decrease spontaneously. This means that, as the system evolves toward a
configuration with 
G < 0, the potential energy decreases. By applying these considerations
to the formalism developed in Sect. 2, a spontaneous transformation must yield an evolution
of the system toward flat regions in the configuration space.

For these reasons, mutations of DNA/RNA sequences occur to render the graph smoother
and to bring the general state toward an equilibrium configuration. Reversing the argument,
those mutations which make the sequence more peaked than the original one, are supposed
to occur less frequently, since they lead to a higher free energy configuration. Therefore,
significant variation should not occur in flat regions of the curvature spectrum, which are
closer to an equilibrium state. The result of the analysis in KRAS human gene via Chern–
Simons current method is reported in Fig. 1a.

Most significant mutations occur in the regions comprised between the 5th and the 15th
amino acid, and between the 30th and the 35th. For this reason, within these intervals, the
original sequence differs from the mutated one. This is due to the fact that the presence
of the point-like mutation (see, e.g., position 7, 14 and 33) also influences the curvature
of the surrounding regions. Nevertheless, the Chern–Simons currents of the two sequences
converge again in correspondence of those points which are not affected by mutations. This
shift between original and mutated sequence is more evident in Fig. 1, due to the large amount
of mutations introduced in a short sequence made of few amino acids (see Table 3). Further
details are reported in Appendix 1.
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Fig. 2 Chern–Simons current in KRAS gene. Figure 2a shows the comparison between the original sequence
(black dashed line) and the mutated one (red solid line), while Fig. 2b shows the Chern–Simons current
variation, obtained comparing the point-like differences between contiguous points of the original and mutated
sequences. The region considered is 25,245,274 - 25,245,384 of the 12th chromosome

As expected by the free energy minimization argument, mutations occur, whereas the
curvature is most peaked, providing a smoother general trend, with respect to the original one.
Notice, however, that mutations are not directly correlated to peaks, but rather to curvature
gradients, namely they are mostly located near those points whose curvature is very much
higher (or lower) than their contiguous. By computing the differences between contiguous
points, it is possible to associate mutations to peaks, as reported in Fig. 1b.

In the same region of the twelfth chromosome, another set of mutations occurs (Fig. 2).
Figures 1, 2 refer to the same region of KRAS, though different mutations are introduced

in the two cases. More precisely, mutations occurring in these selected regions are split in
two different sets, in order to facilitate reading and visualizing the curvature spectrum.

In the second half of the plot, the mutated sequence results shifted with respect to the
original one. This can be physically motivated by considering the features of the mutations
introduced in position 22 and 26. Specifically, both mutations (see Table 4 for details) provide
Chern–Simons current values which largely differ from the corresponding original ones.
Therefore, though the variation is point-like, the overall trend is highly influenced by the
occurrence of such mutations, with the consequence that also the surrounding regions result
shifted. However, in position 21 and in position 23 (where no mutations occur) original and
mutated sequences have the same current again (Table 5).

It is worth noticing that, even in this case, a mutation corresponds to each peak, as theo-
retically inferred. Moreover, the mutated sequence makes the overall trend smoother than the
original one, in agreement with theoretical predictions. To confirm this result, two other differ-
ent regions of human KRAS are analyzed in Figs. 3, 4, where the original sequences are again
compared with the corresponding mutated ones. Mutations are carefully chosen according to
the database https://hive.biochemistry.gwu.edu/biomuta/proteinview/P01116BioMuta. Also
in this case, further details can be found in Appendix 1.

The last region analyzed, corresponding to the region 25,227,263-25,227,379 of the 12th
chromosome, yields the graph in Fig. 4.

Notice that, in both cases, mutations occur where the sequence is peaked, in agreement
with theoretical predictions. This is particularly evident in the former case (Fig. 3), where
almost all peaks correspond to a mutation (see also Table 6 ). Moreover, the introduction of
the mutations has the effect to avoid abrupt differences in the overall trend of the curvature
spectrum.
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Fig. 3 Chern–Simons current in KRAS gene. Figure 3a shows the comparison between the original sequence
(black dashed line) and the mutated one (red solid line), while Fig. 3b shows the Chern–Simons current
variation, obtained comparing the point-like differences between contiguous points of the original and mutated
sequences. The region considered is 25,215,468–25,215,560 of the 12th chromosome

Fig. 4 Chern–Simons current in KRAS gene. Figure 4a shows the comparison between the original sequence
(black dashed line) and the mutated one (red solid line), while Fig. 4b the Chern–Simons current variation,
obtained comparing the point-like differences between contiguous points of the original and mutated sequences.
The region considered is 25,227,263–25,227,379 of the 12th chromosome

On the contrary, notice that few mutations also occur in flat regions. This may be due
to other factors that induce mutations, not taken into account by our model at the moment,
which is only based on the curvature gradient variation and the free energy minimization.

3.2 The Chern–Simons current in mutated COVID-19 sequences

In this subsection we discuss the results provided by the application of the Chern–Simons
formalism to different variants of SARS-CoV-2 virus. Let us start by introducing the main
features of the latter.

The S glycoprotein is a Class I fusion protein, composed by two subunits (S1,S2) [66];
the S1 subunit contains the receptor binding domain (RBD), directly binding to the main
receptor human angiotensin-converting enzyme 2 (hACE2) and determinant for both host
range and cellular tropism [67]; the S2 subunit is directly involved in membrane fusion and
virus endocytosis [68,69]. Receptor binding triggers conformational changes; specifically,
host proteases (such as furin) will mediate its functional transition by cleaving the interface
between the two subunits (S1, S2). Additionally, the RBDs of SARS-CoV and SARS-CoV-2
are highly similar, despite few key residues, appearing to enhance the transmissibility of the
novel CoV [70,71]. The spike glycoprotein is the main inducer for neutralizing antibodies
[72]; unwillingly, it shows the highest mutation rate among SARS-CoV-2 proteins [73,74],
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Fig. 5 Evolution of the first-detected Wuhan sequence (19A) to other variants which spread out during the
2020 pandemic

and a variable glycosylation can create novel CTL epitopes, possibly altering hACE2 binding
and accessibility to proteases and neutralizing antibodies [68,75] .

The purpose here is to find a correlation in terms of Chern–Simons current among the
mutations of the sequences, a correlation that could possibly give insights aiming at localizing
and predicting mutation sites in the new variants of the virus. We analyze eleven strings, which
underwent mutations with respect to the original sequence of SARS-CoV-2, firstly detected
in Wuhan at the end of 2019. They all correspond to the same RNA region and was selected in
accordance with Fig. 5. In particular, we compare the difference of Chern–Simons currents,
considering variants from Asia, Europe, Oceania and North America. Specifically, sequence
19A is the first one which arose in Wuhan and have been spreading during the initial 2020
outbreak; 19B is the first detected variant in China; 20A dominated mostly in Europe from
march 2020, to subsequently spreading out globally; 20B and 20C are variants of 20A which
mainly spread in the early 2020; finally, 20D, 20E, 20F, 20G, 20H, 20I occurred on summer
2020 as variants of 20B, 20C and 20A. Among them, 20I and 20H are English and south-
African variants. To be more precise, we used the tool https://clades.nextstrain.orgNextclade,
yielding the graph of Fig. 5. This figure shows the aforementioned evolution of the sequences
(https://github.com/nextstrain/ncov/blob/master/defaults/clades.tsv).

Mutations of the triplets which caused the occurrence of variants are reported in
Appendix B. In our analysis, because of the large amount of nitrogen bases, we only compute
the difference of Chern–Simons currents between the original sequence and the mutated one.
Specifically, we consider the slope of the current for each mutation, namely the number

Slope = Mutated Seq. − Original Seq.

Original Seq.
. (11)
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Specifically, high values of the slope represent a large discrepancy between the original
sequence and the mutated one in the curvature spectrum, while lower values account for
small differences. We perform the one-to-one comparison between contiguous sequences
(showed in Fig. 5), with the aim to find out a correlation between slopes and mutations. Each
variant is compared with the corresponding predecessor, so that no comparison is carried on
between sequences which are not directly evolving from one another, according to Fig. 5.
For example, sequence 19A is not compared with 20I, as well as 20D is not compared with
20H (Fig. 6).

The analysis shows that mutations occur with highest probability where the slope (as
defined in Eq. (11)) of Chern–Simons current assumes extreme values, namely when its
modulus is extremely high or extremely low2.

This means that even those mutations which do not cause significant current variations can
support variants. In particular, the one-to-one comparison between the original and the cor-
responding mutated sequences shows that approx 70% of mutations corresponds to extreme
values of current. Such percentage increases up to 80% if we consider only those mutations
which will effectively spread out (denoted in italic bold and highlighted in light yellow),
as showed in Appendix B, Figs. 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17. Consequently, this
statistic can be used to point out which occurred mutation of the sequence can be more likely
to evolve in a real, spread out variant of the virus. To be more precise, once we know the
position of a given mutation, Chern–Simons currents can suggest which type of triplets will
arise from such mutation. In particular, as provided by the analysis, the mutated sequences
should exhibit mutations whose related Chern–Simons currents provide extremely high or
extremely low percentage variations, with respect to the original ones. Therefore, we do
not expect the sequence to evolve such that mutations cause intermediate values of current
variations; rather, if the position of the mutation is known, we expect the triplet to mutate
towards those possible configurations whose Chern–Simons current is either very close or
very far from the initial one (in terms of percentage). This means that from a given triplet we
can select a set of possible mutations, namely those which cause either high or low current
variations.

The above results constitute a part of the analysis of SARS-Cov-2 virus, which mainly
relies on the evolution of given sequences towards mutated configurations. As mentioned
above, this first part turns out to be useful to restrict all possible mutations within a given
range, but can provide suitable information only if the position of the mutation is known
a priori. From this point of view, no information regarding the mutation position can be
provided. Now, in the next part, we use Chern–Simons formalism to select regions where
mutations are most likely to occur.

With the aim to link the currents with the probability to exhibit mutations, we analyze only
those sequences which generate variants, i.e., 19A, 20A, 20B and 20C. Specifically, as we
can infer from Fig. 5, 19A generates 19B and 20A; 20A generates 20B, 20C and 20E; 20C
generates 20H and 20C. Similarly to the previous analysis of KRAS human gene, we aim to
relate the curvature spectrum with the likelihood to find out mutations. To this purpose, we
calculated the Chern–Simons currents of 19A, 20A, 20B and 20C sequences and computed
the current variations in those points affected by known mutations. Specifically, let n be the
position of a given mutation along the sequence and jn the corresponding Chern–Simons

2 As reported at the beginning of Appendix B, we define current variations as “low” if they are included in
the range [-11%,11%], and as “high” if they are > 100% or < −100%. Also notice that there is no upper limit
to the modulus of the current variation, since it represents the percentage of current increase with respect to
surrounding points

123



Eur. Phys. J. Plus        (2021) 136:1080 Page 13 of 30  1080 

Fig. 6 Tertiary structure of the spike protein of SARS-CoV-2 virus (as taken from [76], Fig. 3 therein). Green,
orange and pink colors refer to the oligomannose content. Specifically, glycan sites labeled in green contain
80–100% of oligommannose, those labeled in orange 30–79% and those labeled in pink 0–29%. Light blue
denotes ACE2 binding sites

current. The normalized current variations are computed in accordance to the formulas:

Variation (%)1 = jn+1 − jn
jn

(12)

and

Variation (%)2 = jn − jn−1

jn−1
. (13)

This means that we are investigating the current variations where the mutations occur, with
respect to the previous and the subsequent points, respectively. The comparison between
these values, calculated for the triplets affected by mutations and the surrounding points, can
be used to relate the current variation with RNA mutations.

This prescription is suggested by the analysis performed on human KRAS regions, where
it turns out that points far from the equilibrium state in the curvature spectrum are the best
candidates to provide mutations. Here, given the large amount of amino acids, the curva-
ture spectrum cannot be computed entirely. For this reason, we only focused on noticeable
mutations, namely preferred points which exhibit known triplet variations.

The analysis again shows that mutations mostly occur where the current variation, as cal-
culated in Eqs. (12) and (12), is high-valued. More precisely, in a set of 125 total mutations,
59% of them (74/125, see Tables 7, 8, 9, 10) are located in points where the curvature under-
goes abrupt variations. This percentage increases up to 69%, if only noticeable mutations
which had more impact in the development of the corresponding variants are considered.
Indeed, among 25 mutations with the greatest impact in generating the variants, 17 exhibit
high percentage variations of current with respect to surroundings points. These results are
reported in Appendix B, Tables 7, 8, 9, 10.

This result can be explained based on the achievements of the previous section, where
non-equilibrium points turned out to be best candidates to provide nitrogen bases mutations.
More precisely, large values of the current variations account for peaked regions, which
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tend to evolve to a lower curvature, that is a lower current. Reversing the argument, large
variations of current are exhibited by points which are far from the minimum of energy,
which is supposed to occur where the trend is constant.

In this framework, the application of Chern–Simons theory to DNA/RNA systems such
as SARS-CoV-2 or KRAS, can give important information about the positions where the
mutation is more likely to manifest. The consequent biological impact naturally follows,
since this prediction can be used to prevent the occurrence of variants or to know in advance
the probability for the sequence to evolve towards another configuration.

Taking into account these results, let us evaluate the spike region of SARS-CoV-2 virus
only, with the aim to analyze the tertiary structure. In particular, we rely on the interaction
points reported Ref. [76], according to which the amino acids of the spike protein are interact
as reported in Fig. 6 3.

In light of the results provided by Ref. [76], we analyzed 11 contact points, namely 22
corresponding amino acids. The features of these latter, such as position, current or percentage
variation with respect to the surrounding triplets are reported in Table 11.

We considered 22 sites and calculated the Chern–Simons current variation of each amino
acid with respect to the surrounding points in the linear structure. Beside the first amino
acid (position 19), none of them is affected by known mutations. It is interesting to observe
that the amount of large variations in those sites which are not affected by mutations is
7/21, namely 33%. Note that such a percentage is quite lower than the previously discussed
one, which is of the order of 72%. This confirms that Chern–Simons current variations is
high-valued, whereas mutations develop. Moreover, these seven sites which undergo large
percentage variations are oligomannose-type, as pointed out in Ref. [76]. This, in principle,
could be the reason of such large values. For instance, the high value of current variation in
position 234 might be due to the proximity of the site with ACE-2, or to the high percentage
of glycosylation occurring in such amino acid.

Moreover, it turns out that the docking points have same or similar values of current,
which means low percentage variation. This is expected from a physical point of view, since
those points with same curvature tend to interact in order to reach a stabler configuration.
Also here, the analogy with gravitational interaction is simply understood.

4 Conclusions and perspectives

In this work we apply the schematization method of the nucleic acids representation, based
on the Chern–Simons theory as developed in [13,57]. Our main purpose is to analyze DNA
sequences, such as those contained in the KRAS human gene, and some RNA noticeable
sequences such as those of the most known SARS-CoV variants. In particular, we compare
known windows of the reference sequences with the corresponding noticeable mutations,
reported in well-known and reputed genetic databases. To develop the formalism, the nitrogen
bases are recast as quaternion fields, combined in triplets as dictated by biology golden rules.
These triplets form a three-dimensional space of configuration that can be described through
the Chern–Simons three form. The expectation value of the only observable of the theory,
the Wilson Loop, provides the so called Chern–Simons current. The latter gives point-like
information of the curvature of the genetic code, and can be used to compute the curvature
spectrum of a given genetic string. If some triplet of the initial sequence changes due (for
example) to the replacement of a nitrogen base, the point-like curvature changes accordingly.

3 Numbers refer to the positions on the spike protein only.
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Therefore, the introduction of some mutations yields a variation in the Chern–Simons current.
The difference between the original and the mutated sequence can be used to infer where
DNA-DNA (or DNA-RNA) interactions take place, or to predict the evolution probability
toward a given configuration.

On the one hand, the latter application of our method can shed light on the possibility to
develop proper vaccination strategies against, for instance, SARS-CoV-2 virus; on the other
hand it can potentially be used to monitor pharmacological therapies and to quantify the risk
of developing DNA/RNA mutations between remission and relapsing phases.

The result of the analysis of four different regions of KRAS human gene, an important
gene acting as on/off switch in cell signaling and controlling cell proliferation, shows that
common features are shared in all analyzed cases. Specifically, in almost all cases, a curvature
peak of the regions corresponds to a known mutation, which often yields a new smoother
curvature spectrum with respect to the reference. This can be theoretically motivated by
physical considerations: the most peaked regions represent non-equilibrium points, which
tend to evolve toward stabler configuration of minimum free energy.

Consequently, it follows that the variations in the curvature spectrum, leading to genetic
mutations, likely take place in those regions with higher curvature. This means that, as an
effect of the mutations, the overall trend of the curvature spectrum of the sequence tend to
become smoother and smoother with no avoid abrupt variations, making nearby points to
have similar values of current. As mentioned above, this happens for most of the analyzed
cases; however, DNA and RNA evolution can certainly also depend on many other factors
that cannot be taken into account by this method. The application of Chern–Simons theory to
DNA systems, indeed, only relies on the intrinsic curvature calculation assumed by biological
systems in the configuration space made of nitrogen bases. A free energy minimum principle,
then, leads to the evolution of the configurations and may suggest likely positions for possible
mutations.

We utilize our method also to analyze RNA sequences: in this case we pick the COVID-
19 virus, a striking example of the present time, and apply the same prescription to more
than 20Kbases of the COVID-19 virus, coming from different countries. Due to the intrinsic
attitude of RNA viruses to change their sequence with replication, mutations of various types
can occur such as recombination and reassortment, rendering more complex the related
genomic analyses.

Rather than analyzing the entire RNA sequence of the virus, which is very long, we
prefer to focus on the regions that are reported to exhibit the most significant mutations, such
as the region coding for the SARS-CoV-2 spike protein. Interestingly, the analysis shows
that most of mutations occur where the slope of the Chern–Simons current takes extremely
high values, which accounts for peaked regions in the curvature spectrum. This result can
be explained again considering the principle of minimum free energy, according to which
amino acids in correspondence of peaks of the Chern–Simons current value are intrinsically
unstable and therefore tend to evolve towards a stabler configuration. Furthermore, we note
that few mutations are also exhibited in correspondence of low current values. This may
happen because some regions with low current values, namely having a small curvature and
being rather flat, often are the border with areas with steep gradients of the current value
denoting high curvature. Then, in some cases, even regions with very small curvature may be
affected by a close instability, due to the presence of a current gradient nearby. By comparing
low current variations listed in Figs. 7, 8, 9, 10, 11, 12, 13,14,15,16 with Tables 7, 8, 9, 10,
it turns out that 47% of points which exhibit low current variations (between mutated and
original sequences), are unstable due to the presence of a current gradient nearby.
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Notice that, in our analysis, we only considered 2020 sequences of SARS-CoV-2 virus.
This is mostly due to the fact that the best part of variants spread out during 2020, thus a
comparison like the one reported in Fig. 5 turns out to be more interesting.

As a final remark, the importance of the applications here discussed is twofold. On the
one hand, it tests the capability of a topological theory in schematizing DNA and RNA
configurations to correctly represent their interactions and mutations. On the other hand,
it suggests a general criterion to predict the location in genetic sequences where it could
be most likely a mutation to take place. This novel method, based on analogue gravity,
can be helpful in addressing biological issues, especially when combined with standard
bioinformatic approaches. For instance, the probable evolution of a given string, provided by
the Chern–Simons formalism, can be approached to mathematical and statistical techniques to
increase the likelihood to localize the mutations. In this sense, the approach is deterministic
and based on the dynamics of structures, rather than on their mere description. In future
works we plan to provide further confirmation of the validity of our approach, by extending
the analyses to other genetic sequences both for DNA- and RNA-based systems. We also aim
to study the interactions between macromolecules, in order to check whether their point-like
curvature values can provide information regarding the docking probability, or predict the
points where interactions occur.
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Appendix A: sequences used and corresponding mutations in KRAS

KRAS HUMAN
SOURCE FOR THE SEQUENCES: Genome Browser
SOURCE FOR THE MUTATIONS: BioMuta
ORIGINAL SEQUENCE 1: Chr12: 25,245,274 - 25,245,384
CUCUAUUGUUGGAUCAUAUUCGUCCACAAAAUGAUUCUGAAUUAGCUGU

AUCGUCAAGGCACUCUUGCCUACGCCACCAGCUCCAACUACCACAAGUUU
AUAUUCAGUCAU

First set of mutations Fig. 1)
CUCUAAUGUUGGAUCAUAUUGGUCCACAAAAUGAUUCUGAUUUAGCUGU

AUCGUCAAGACACUCUUGCUUACGCCAACAGCUCCAACUACCCCAAGAUU
AUAUUCAGUCAU

Second set of mutations Fig. 2)
CUCUAUUGUUGGAUCAUAUUGGUCCACAAAAUGAUUCUGAUUUAGCUUUA

UCGUCAAGACACUCCUGCCUACGCCAACAGCUCCAACUACCCCAAGGU
UAUAUUUAGUCAU

ORIGINAL SEQUENCE 2: Chr12: 25,215,468 - 25,215,560
CACACAGCCAGGAGUCUUUUCUUCUUUGCUGAUUUUUUUCAAUCUGUAUU

GUCGGAUCUCCCUCACCAAU GUAUAAAAAGCAUCCUCCACUCU
Third set of mutations Fig. 3)
CACACAGCCAGGAGUCUGUUCUUCUUUGCUGAUGUUUUUCAAUCUGUAUU

GUUGGAUCUCCUUCACCAAUGCAUAAAAAUCAUCCUCCACUGU

ORIGINAL SEQUENCE 3: Chr12: 25,227,263 - 25,227,379
AGUAUUAUUUAUGGCAAAUACACAAAGAAAGCCCUCCCCAGUCCUCAUGUA

CUGGUCCCUCAUUGCACUGUACUCCUCUUGACCUGCUGUGUCGAGAAUAUC
CAAGAGACAGGUUUC

Fourth set of mutations Fig. 4)
AGUAUUAUUCAUGGCAAAUACACAAAGAAAGCCCUCCCCAGUCAUCAUGCA

CUGGCCCAUCAUUGCACUGUGCUCAUCGUGACCUGCUGUGUUGAGAAUAUC
CAAGAGACGGGUUUC

Table 3 Comparison between original and mutated sequences in KRAS. Chr12: 25,245,274 - 25,245,384

Posi�on Ref. Base Muta�on Ref. Amino Muta�on Ini�al CS current Mutated CS current Current Varia�on (%)
25,245,279 UAU UAA Y Stop 0.0214 0.0197 -8
25,245,294 UUC UUG F L 0.5 0.2887 -42
25,245,314 AAU AUU N I 0.0157 0.1201 665
25,245,332 GGC GAC G D 0.0087 0.0134 54
25,245,342 GCC GCU A A 0.0245 0.0257 5
25,245,350 ACC AAC T N 0.0299 0.0152 -49
25,245,365 CAC CCC H P 0.0175 0.0377 115
25,245,370 UUU AUU F I 0.7071 0.1201 -83
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Table 4 Comparison between original and mutated sequences in KRAS. Chr12: 25,245,274 - 25,245,384

Posi�on Ref. Base Muta�on Ref. Amino Muta�on Ini�al CS current Mutated CS current Current Varia�on (%)
25,245,294 UUC UUG F L 0.5 0.2887 -42
25,245,314 AAU AUU N I 0.0157 0.1201 665
25,245,321 CUG CUU L L 0.1382 0.2319 68
25,245,332 GGC GAC G D 0.0087 0.0134 54
25,245,338 CUU CCU L P 0.2319 0.0402 -83
25,245,350 ACC AAC T N 0.0299 0.0152 -49
25,245,365 CAC CCC H P 0.0175 0.0377 115
25,245,370 UUU GUU F V 0.7071 0.0759 -89
25,245,378 UUC UUU F F 0.5 0.7071 41

Table 5 Comparison between original and mutated sequences in KRAS. Chr12: 25,215,468 - 25,215,560

Posi�on Ref. Base Muta�on Ref. Amino Muta�on Ini�al CS current Mutated CS current Current Varia�on (%)
25,215,485 CUU CUG L L 0.2319 0.1382 -40
25,215,501 UUU GUU F V 0.7071 0.0759 -89
25,215,520 UCG UUG S L 0.0429 0.2887 573
25,215,529 CCU CUU P L 0.0402 0.2319 477
25,215,539 UGU UGC C C 0.0122 0.0118 -3
25,215,547 AGC AUC S I 0.0096 0.1057 1001
25,215,559 UCU UGU S C 0.0534 0.0122 -77

Table 6 Comparison between original and mutated sequences in KRAS. Chr12: 25,227,263 - 25,227,379

Posi�on Ref. Base Muta�on Ref. Amino Muta�on Ini�al CS current Mutated CS current Current Varia�on (%)
25,227,272 UAU CAU Y H 0.0214 0.0182 -15
25,227,306 CCU CAU P H 0.0402 0.0182 -55
25,227,312 GUA GCA V A 0.063 0.0234 -63
25,227,318 GUC GCC V A 0.069 0.0245 -64
25,227,321 CCU CAU P H 0.0402 0.0182 -55
25,227,334 GUA GUG V V 0.063 0.0579 -8
25,227,338 CUC AUC L I 0.1913 0.1057 -45
25,227,341 UUG GUG L V 0.2887 0.0579 -80
25,227,355 GUC GUU V V 0.069 0.0759 10
25,227,373 ACA ACG T T 0.0284 0.027 -5

Appendix B: mutations SARS-CoV-2

Comparison between original sequences and mutated ones

The pie graphs of Figs. 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17 show the percentage of large
and small values of current variations; large variations (> 100%∨ < −100%) are labeled by
light blue squares, small variations ([-11%;11%]) by solid red, other intermediate values by
grey lines.
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Fig. 7 Comparison between 19A and 19B sequences, with related Chern–Simons current and percentage
variation

Fig. 8 Comparison between 19A and 20A sequences, with related Chern–Simons current and percentage
variation

Fig. 9 Comparison between 20A and 20B sequences, with related Chern–Simons current and percentage
variation

Fig. 10 Comparison between 20A and 20C sequences, with related Chern–Simons current and percentage
variation

Fig. 11 Comparison between 20A and 20E sequences, with related Chern–Simons current and percentage
variation
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Fig. 12 Comparison between 20B and 20D sequences, with related Chern–Simons current and percentage
variation

Fig. 13 Comparison between 20B and 20F sequences, with related Chern–Simons current and percentage
variation

Fig. 14 Comparison between 20B and 20I sequences, with related Chern–Simons current and percentage
variation
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Fig. 15 Comparison between 20C and 20G sequences, with related Chern–Simons current and percentage
variation

Fig. 16 Comparison between 20C and 20H sequences, with related Chern–Simons current and percentage
variation
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Fig. 17 Details of the whole set of mutations occurring in all sequences

Table 7 Chern–Simons currents and their corresponding percentage variations (with respect to the surround-
ing points) in 19A sequence of SARS-CoV-2 virus. Large values are highlighted in red

19A Mutations
Position 19A Triplet 19A Current Variation (%) with

respect to previous
position

Variation (%) with
respect to
subsequent position

925 TTC 0.5 836 −96

2840 AGC 0.0096 6213 70

3607 TTT 0.7071 0 −97

3840 AAA 0.0147 −97 1201

4716 CTA 0.1612 821 −90

5829 CTG 0.1382 362 68

5866 ATG 0.0841 436 −62

5933 TCT 0.0534 299 596

7714 GAT 0.0138 −15 450

8847 CAG 0.0163 −37 889

9294 TTT 0.7071 412 −96

9697 TAT 0.0214 −9 −31

9762 TAC 0.0205 53 39

Chern–Simons current variations in the surroundings of expected mutations
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Table 8 Chern–Simons currents and their corresponding percentage variations (with respect to the surround-
ing points) in 20A sequence of SARS-CoV-2 virus. Large values are highlighted in red

20A Mutations
Position 20A Triplet 20A Current Variation (%) with

respect to previous
position

Variation (%) with
respect to
subsequent position

61 GTT 0.0759 772 280

266 ACC 0.0299 123 1572

2008 ACC 0.0299 90 −63

2130 GCT 0.0257 0 195

3840 AAG 0.0142 −97 1247

6098 ACA 0.0284 −51 −38

6161 ACG 0.027 −78 98

6590 CCC 0.0377 −55 67

6773 TGA 0.0115 −19 1302

6800 CTA 0.1612 927 −57

6998 CGT 0.0109 −87 67

7069 TGA 0.0115 −88 6049

7322 GCT 0.0257 −40 1346

8036 GAC 0.0134 −21 243

8434 AGA 0.0093 −98 141

8437 CCA 0.0354 −85 −58

8847 CAG 0.0163 −51 1179

9516 GGC 0.0087 0 13

9540 AGG 0.0091 −7 272

9546 AGA 0.0093 −64 804

9557 GCT 0.0257 −89 1023

9708 GAC 0.0134 −6 10

9795 GTA 0.063 273 −78
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Table 9 Chern–Simons currents and their corresponding percentage variations (with respect to the surround-
ing points) in 20B sequence of SARS-CoV-2 virus. Large values are highlighted in red

20B Mutations
Position 20B Triplet 20B Current Variation (%) with

respect to previous
position

Variation (%) with
respect to
subsequent position

217 TCC 0.0495 −83 −74

301 ATT 0.1201 1191 −91

1002 ACT 0.0316 0 280

1247 ACT 0.0316 145 −55

1306 AAG 0.0142 −3 81

1668 ATT 0.1201 125 −88

1709 GCT 0.0257 0 −41

1908 TTC 0.5 2236 −94

2148 AAC 0.0152 −93 −3

2231 ATA 0.0939 −22 28

2426 ACT 0.0316 11 280

3279 GGT 0.0089 −29 37

3892 TGT 0.0122 −28 466

4425 ACA 0.0284 33 −71

4805 CCG 0.0334 120 89

4993 ACA 0.0284 0 −57

5006 ACC 0.0299 −84 1143

5305 CTT 0.2319 717 −93

5462 CGC 0.0106 −28 334

5785 AGC 0.0096 −90 3772

6098 ACA 0.0284 −51 −38

6299 ATT 0.1201 586 15

6479 TCA 0.046 −71 708

6590 CTC 0.1913 127 −67

7120 ACC 0.0299 5 −69

7170 GTC 0.069 279 −23

7577 AGC 0.0096 8 196

7601 AAT 0.0157 −50 −43

7670 GCT 0.0257 −79 −48

7713 CAG 0.0163 −24 −45

7781 CCT 0.0402 −25 −75

7816 ACA 0.0284 −25 −45
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Table 9 continued

20B Mutations
Position 20B Triplet 20B Current Variation (%) with

respect to previous
position

Variation (%) with
respect to
subsequent position

7823 ACC 0.0299 −61 −5

8036 GAT 0.0138 −19 233

8081 CTT 0.2319 119 −80

8082 TCA 0.046 −80 −76

8218 GAC 0.0134 −53 13

9237 TCA 0.046 124 −38

9262 TAG 0.0189 97 −22

9283 GTA 0.063 37 −71

9516 GGT 0.0089 2 10

9571 ATG 0.0841 472 −37
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Table 10 Chern–Simons currents and their corresponding percentage variations (with respect to the surround-
ing points) in 20C sequence of SARS-CoV-2 virus. Large values are highlighted in red.

20C Mutations
Position 20C Triplet 20C Current Variation (%) with

respect to previous
position

Variation (%) with
respect to
subsequent position

220 CTG 0.1382 717 −90

555 ACT 0.0316 145 −19

810 ACA 0.0284 −55 −46

1323 ACA 0.0284 −20 −53

1656 AAG 0.0142 −3 −21

1978 CCC 0.0377 33 42

2047 CCA 0.0354 141 95

2130 GTT 0.0759 195 0

2454 GTT 0.0759 522 −79

2597 AAT 0.0157 −79 72

3353 CTT 0.2319 1533 −94

3354 AAG 0.0142 −94 435

3378 GTG 0.0579 26 542

3451 GAC 0.0134 −82 −32

4236 AAC 0.0152 −96 0

5168 TAG 0.0189 −73 −41

5475 GTA 0.063 −25 358

6054 CTA 0.1612 821 −42

6092 TTG 0.2887 3004 −93

6098 ATA 0.0939 62 −81

6129 CTG 0.1382 931 −93

6161 ATG 0.0841 −30 −37

6398 CGT 0.0109 −93 478

6773 TTA 0.3717 2518 −57

7118 CTT 0.2319 1377 −88

7167 GCT 0.0257 41 265

7180 GAT 0.0138 −98 10

7315 GAT 0.0138 27 1286

7331 ATA 0.0939 165 −91

7517 AAG 0.0142 67 746

7584 GAA 0.0129 −83 −31

7601 AAT 0.0157 −50 −43

7620 GCA 0.0234 29 51

7801 GCA 0.0234 163 −45

8437 CTA 0.1612 −30 −91

8548 CAG 0.0163 −93 255
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Table 10 continued

20C Mutations
Position 20C Triplet 20C Current Variation (%) with

respect to previous
position

Variation (%) with
respect to
subsequent position

8549 GTG 0.0579 255 45

8556 TTT 0.7071 339 −80

8732 CTG 0.1382 −72 −24

8897 GAT 0.0138 13 191

9234 GTC 0.069 143 22

9331 CAT 0.0182 −97 786

9404 CCT 0.0402 −92 −74

9542 ACT 0.0316 272 69

9536 CCA 0.0354 12 −75

9809 AGT 0.0098 −91 491

Table 11 List of amino acids of 19A sequence in the spike protein, with corresponding positions, Chern–
Simons currents and their variations with respect to surrounding positions. Listed amino acid are those involved
in forming the tertiary structure, according to Ref. [76]

Position 19A Variation (%) with respect to Variation (%) with respect to
Triplets Currents the previous position the subsequent position

17 AAT 0.0157 −79 1377

61 AAT 0.0157 −68 383

74 AAT 0.0157 −47 −43

122 AAC 0.0152 −3 69

149 AAC 0.0152 0 −3

165 AAT 0.0157 0 −25

234 AAC 0.0152 −87 595

282 AAT 0.0157 22 −46

331 AAT 0.0157 −61 665

343 AAC 0.0152 −98 61

603 AAT 0.0157 −45 101

616 AAC 0.0152 −80 −22

657 AAC 0.0152 −78 0

709 AAT 0.0157 −71 −3

717 AAT 0.0157 −45 4404

801 AAT 0.0157 −98 4404

1074 AAC 0.0152 7 3189

1098 AAT 0.0157 −66 −45

1134 AAC 0.0152 −78 0

1158 AAT 0.0157 11 16

1173 AAT 0.0157 −87 64

1194 AAT 0.0157 −96 −18
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