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A B S T R A C T   

From the perspectives of molecular biology, genetics and biothermodynamics, SARS-CoV-2 is the among the best 
characterized viruses. Research on SARS-CoV-2 has shed a new light onto driving forces and molecular mech-
anisms of viral evolution. This paper reports results on empirical formulas, biosynthesis reactions and thermo-
dynamic properties of biosynthesis (multiplication) for the Zeta P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, 
Iota B.1.526, Lambda C.37 and Mu B.1.621 variants of SARS-CoV-2. Thermodynamic analysis has shown that the 
physical driving forces for evolution of SARS-CoV-2 are Gibbs energy of biosynthesis and Gibbs energy of 
binding. The driving forces have led SARS-CoV-2 through the evolution process from the original Hu-1 to the 
newest variants in accordance with the expectations of the evolution theory.   

1. Introduction 

The COVID-19 pandemic has started in late 2019 [Wu et al., 2020; 
CDC, 2023]. The cause of the disease was found to be SARS-CoV-2, 
which was later labeled the Hu-1 variant [Pavan et al., 2022]. The 
SARS-CoV-2 genome has passed through several dozen mutations, dur-
ing 2020, 2021 and 2022. Mutations have caused the appearance of new 
variants, some of which have caused pandemic waves. This has led to 
suppression of the older variants and domination of the mutants. Since 
the beginning of the pandemic, globally, as of 6:21pm CET, 7 March 
2023, there have been 759,408,703 confirmed cases of COVID-19, 
including 6,866,434 deaths, reported to WHO [2023a]. 

Morphology of SARS-CoV-2 is known [Riedel et al., 2019]. The 
sequence of nucleotides of the majority of variants of SARS-CoV-2 has 
been reported [Khare et al., 2021; Elbe and Buckland-Merrett, 2017; 
Shu and McCauley, 2017; GISAID, 2023; Sayers et al., 2022; NCBI, 
2023]. The protein sequences have also been reported [Sayers et al., 
2022; NCBI, 2023; The UniProt Consortium, 2023; UniProt, 2023; 
Coudert et al., 2023; Wang et al., 2021]. Empirical formulas for most 
variants of SARS-CoV-2 have been reported [Degueldre, 2021; Şimşek 
et al., 2021; Popovic and Minceva, 2020b; Popovic, 2023a, 2023b, 

2023c, 2022b, 2022c, 2022d, 2022e]. The empirical formulas have been 
determined using the atom counting method [Popovic, 2022a]. Şimşek 
et al. [2021] used a computational method that resembles the atom 
counting method [Popovic, 2022a; Popovic and Minceva, 2020b]. 
Thermodynamic properties for most SARS-CoV-2 variants have been 
reported [Gale, 2022; Şimşek et al., 2021; Popovic and Minceva, 2020b, 
2021a; Popovic and Popovic, 2022; Popovic, 2023a, 2023b, 2023c, 
2022b, 2022c, 2022d, 2022e, 2022f, 2022g, 2022h]. However, empir-
ical formulas and thermodynamic properties have never been deter-
mined for the Zeta P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, Iota 
B.1.526, Lambda C.37 and Mu B.1.621 variants of SARS-CoV-2. 
Knowing these data is needed to accurately follow the chemical and 
thermodynamic background of time evolution of SARS-CoV-2. 

The mechanistic model of interactions of SARS-CoV-2 with its host 
has been reported in [Gale, 2022; Zhang et al., 2021, 2022; Xie et al., 
2020; Jackson et al., 2022; Overduin et al., 2022; Popovic and Minceva, 
2020b; Popovic and Popovic, 2022; Popovic, 2022e]. The competition 
between different variants of SARS-CoV-2 and different other viruses has 
been reported in the literature [Popovic and Minceva, 2021a; Popovic, 
2023a, 2023b, 2023c]. 

SARS-CoV-2 belongs to RNA viruses, which exhibit a great tendency 
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towards mutation [Duffy, 2018]. Mutations on SARS-CoV-2 are so 
common that even though chemical composition and thermodynamic 
properties have been reported for most SARS-CoV-2 variants, until now 
they have not been reported for multiple variants. Accumulation of 
mutations in SARS-CoV-2 enables to follow the time evolution of the 
virus. 

Subcellular and cellular microorganisms represent open thermody-
namic systems [von Bertalanffy, 1950, 1971; von Stockar, 2013a, 
2013b; Assael et al., 2022; Popovic, 2018]. Thus, biothermodynamics 
and bioenergetics have proved themselves excellent tools in analysis of 
growth and other metabolic processes performed by microorganisms 
[von Stockar, 2013a, 2013b; Assael et al., 2022]. Schrödinger used the 
entropy concept to provide the first ever physical definition of life 
[Schrödinger, 1944]. The second law has been applied by Morowitz to 
analyze biological order, metabolism and the origin of life [Morowitz 
et al., 2000, 1988; Morowitz, 1995, 1992, 1968, 1955]. The full po-
tential of thermodynamics in life sciences was achieved with the 
development of nonequilibrium thermodynamics by Prigogine [Prigo-
gine, 1977, 1947; Prigogine and Wiame, 1946; Glansdorff and Prigo-
gine, 1971; Popovic, 2018; Müller, 2010]. 

The first step in biothermodynamic analysis is to determine the 
elemental composition and thermodynamic properties of microorgan-
isms [Battley, 1999a, 1999b, 1992; Assael et al., 2022]. Empirical for-
mulas and thermodynamic properties have been determined for many 
microorganism species, both cellular [Battley et al., 1997; Battley, 
1999a, 1999b, 1992; Duboc et al., 1999; Popovic, 2019; Popovic et al., 
2021] and subcellular [Şimşek et al., 2021; Gale, 2022, 2020, 2019, 
2018; Popovic, 2022e]. The next step is to construct biosynthesis re-
actions that describe conversion of nutrients into new live matter and 
find thermodynamic properties of biosynthesis [Battley, 2013, 1999b; 
Assael et al., 2022]. 

Biothermodynamics has also been used to analyze the process of 
biological evolution by Hansen et al. [2021, 2018, 2009] and Skene 
[2015]. Virus-host interactions have been discussed for different viruses: 
Rhinovirus [Casasnovas and Springer, 1995], arboviruses [Gale, 2020, 
2019], HIV [Gale, 2020], Ebola virus [Popovic, 2022i], MPXV [Popovic, 
2022j], vaccinia [Popovic, 2022j], bacteriophages [Popovic, 2023d] 
and viroids [Popovic, 2023e]. Thermodynamic properties for the human 
host tissues have been reported [Popovic and Minceva, 2020c; Popovic, 
2023f, 2022i]. 

The goal of this paper is to shed more light on elemental composition, 
growth reactions and thermodynamic properties for Zeta P.2, Eta 
B.1.525, Theta P.3, Kappa B.1.617.1, Iota B.1.526, Lambda C.37 and Mu 
B.1.621 variants of SARS-CoV-2, which have not been reported until 
now. Knowing thermodynamic properties of all the variants should 
provide more insights on the thermodynamic background of evolution 
of SARS-CoV-2. 

2. Methods 

2.1. Data sources 

Genetic sequences of isolates of the Zeta P.2, Eta B.1.525, Theta P.3, 
Kappa B.1.617.1, Iota B.1.526, Lambda C.37 and Mu B.1.621 variants of 
SARS-CoV-2, were taken from GISAID, the global data science initiative 
[Khare et al., 2021; Elbe and Buckland-Merrett, 2017; Shu and 
McCauley, 2017; GISAID, 2023]. The genetic sequence of the Zeta P.2 
variant can be found under the accession code EPI_ISL_17074902 and is 
labeled hCoV-19/Brazil/SP-FIOCRUZ-34486/2020. It was isolated on 
November 23, 2020 in Sao Paulo. The genetic sequence of the Eta 
B.1.525 can be found under the accession code EPI_ISL_16347671 and is 
labeled hCoV-19/Hong Kong/HKU-188/2021. It was isolated on June 
10, 2021 in Hong Kong. The genetic sequence of the Theta P.3 variant 
can be found under the accession code EPI_ISL_3353945 and is labeled 
hCoV-19/Guam/GU-CDC-2-3906074-/2021. It was isolated on January 
31, 2021 in Guam. The genetic sequence of the Kappa B.1.617.1 variant 

can be found under the accession code EPI_ISL_2758215 and is labeled 
hCoV-19/India/un-IRSHA-CD210871/2020. It was isolated on March 3, 
2020 in India. The genetic sequence of the Iota B.1.526 variant can be 
found under the accession code EPI_ISL_16100366 and is labeled 
hCoV-19/USA/RI-RISHL-D00486/2021. It was isolated on February 22, 
2021 in USA. The genetic sequence of the Lambda C.37 variant can be 
found under the accession code EPI_ISL_16027351 and is labeled 
hCoV-19/Panama/CDED13928-GMI/2021. It was isolated on April 15, 
2021 in Panama. The genetic sequence of the Mu B.1.621 variant can be 
found under the accession code EPI_ISL_17028749 and is labeled 
hCoV-19/Chile/AN-ISPC-131692/2021. It was isolated on July 25, 2021 
in Chile. Therefore, the findings of this study are based on metadata 
associated with 7 sequences available on GISAID up to March 17, 2023, 
and accessible at https://doi.org/10.55876/gis8.230317sf. More infor-
mation about the genetic sequences can be found in the Supplementary 
Material. 

The sequence of the nucleocapsid phosphoprotein of SARS-CoV-2 
was obtained from the NCBI database [Sayers et al., 2022; NCBI, 
2023], under the accession ID: UKQ14424.1. The number of copies of 
the nucleocapsid phosphoprotein in virus particle was taken from 
[Neuman and Buchmeier, 2016; Neuman et al., 2011; Neuman et al., 
2006]. 

Data on WHO labels, lineages and additional mutations, countries of 
first detection, spike mutations of interest, and years and months of first 
detection for the Eta, Theta, Kappa, Iota, Zeta, Mu and Lambda variants 
of SARS-CoV-2 were taken from [ECDC, 2023]. 

2.2. Empirical formulas and biosynthesis reactions 

The genetic and protein sequences were used to find empirical for-
mulas of nucleocapsids of the BA.5.2 and BF.7 variants of SARS-CoV-2. 
This was done using the atom counting method [Popovic, 2022a]. The 
atom counting method is implemented using a computer program 
[Popovic, 2022a]. The input are viral genetic and protein sequences, as 
well as the number of copies of proteins in the virus particle and the 
virus particle size [Popovic, 2022a]. The program goes along the nucleic 
acid and protein sequences and adds atoms coming from each residue in 
the sequence, to find the number of atoms contributed by that macro-
molecule to the virus particle [Popovic, 2022a]. The contributions of 
viral proteins are multiplied by their copy numbers, since proteins are 
present in multiple copies in virus particles [Popovic, 2022a]. The 
output of the program is elemental composition of virus particles, in the 
form of empirical formulas, and molar masses of virus particles 
[Popovic, 2022a]. The advantage of the atom counting method is that it 
can provide the empirical formulas of virus particles, based on widely 
available data on genetic and protein sequences [Popovic, 2022a]. The 
atom counting method was shown to give results in good agreement 
with experimental results [Popovic, 2022a]. 

The empirical formulas of virus particles were used to construct 
biosynthesis reactions, summarizing conversion of nutrients into new 
live matter [von Stockar, 2013a, 2013b; Battley, 1998]. The biosyn-
thesis reaction for virus particles has the general form 

(Aminoacid) + O2+HPO2−
4 +HCO−

3 →(Bio)+SO2−
4 + H2O+H2CO3 (1)  

where (Bio) represents new live matter, described by an empirical for-
mula given by the atom counting method [Popovic, 2023a, 2022b, 
2022e]. (Amino acid) represents a mixture of amino acids with the 
empirical formula CH1.798O0.4831N0.2247S0.022472 (expressed per mole of 
carbon), representing the source of energy, carbon, nitrogen and sulfur 
[Popovic, 2023a, 2022b, 2022e]. O2 is the electron acceptor [Popovic, 
2023a, 2022b, 2022e]. HPO4

2− is the source of phosphorus [Popovic, 
2023a, 2022b, 2022e]. HCO3

− is a part of the bicarbonate buffer that 
takes excess H+ ions that are generated during biosynthesis [Popovic, 
2023a, 2022b, 2022e]. SO4

2− is an additional metabolic product that 
takes excess sulfur atoms [Popovic, 2023a, 2022b, 2022e]. H2CO3 takes 
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the oxidized carbon atoms and is also a part of the bicarbonate buffer 
[Popovic, 2023a, 2022b, 2022e]. 

2.3. Thermodynamic properties of live matter and biosynthesis 

Empirical formulas of virus nucleocapsids were used to find standard 
thermodynamic properties of their live matter, using predictive bio-
thermodynamic models, i.e. Patel-Erickson and Battley equations [Patel 
and Erickson, 1981; Battley, 1999a, 1998, 1992; Battley and Stone, 
2000]. The Patel-Erickson equation was used to find enthalpy of live 
matter, based on its elemental composition. The Patel-Erickson equation 
gives standard enthalpy of combustion, ΔCH⁰, of live matter 

ΔCH0(bio) = − 111.14
kJ

C − mol
⋅E (2)  

where E is number of electrons transferred to oxygen during combustion 
[Patel and Erickson, 1981; Battley, 1998, 1992]. E can be calculated 
from the empirical formula of live matter 

E = 4nC + nH − 2nO − 0 nN + 5nP + 6nS (3)  

where nC, nH, nO, nN, nP and nS represent the numbers of C, H, O, N, P and 
S atoms in the live matter empirical formula, respectively [Patel and 
Erickson, 1981; Battley, 1998, 1992]. Once calculated using the 
Patel-Erickson equation, ΔCH⁰ can be converted into standard enthalpy 
of formation, ΔfH⁰, of live matter. ΔCH⁰ is the enthalpy change of the 
reaction of complete combustion of live matter. 

This means that ΔCH⁰ can be used to find ΔfH⁰ of live matter using the 

equation [Popovic, 2023a, 2022b, 2022e; Atkins and de Paula, 2011, 
2014] 

Δf H0(bio) = nC Δf H0(CO2) +
nH

2
Δf H0(H2O) +

nP

4
Δf H0(P4O10)

+ nS Δf H0(SO3) − ΔCH0 (5) 

The Battley equation [Battley, 1999a; Battley and Stone, 2000] gives 
standard molar entropy of live matter, S⁰m, based on its empirical 
formula 

S0
m(bio) = 0.187

∑

J

S0
m(J)
aJ

nJ (6)  

where nJ is the number of atoms of element J in the empirical formula of 
live matter [Battley, 1999a; Battley and Stone, 2000]. S⁰m and aJ are 
standard molar entropy and number of atoms per formula unit of 
element J in its standard state elemental form [Battley, 1999a; Battley 
and Stone, 2000]. The Battley equation can be modified to give standard 

entropy of formation, ΔfS⁰, of live matter [Battley, 1999a; Battley and 
Stone, 2000] 

Δf S0(bio) = − 0.813
∑

J

S0
m(J)
aJ

nJ (7) 

Finally, ΔfH⁰ and ΔfS⁰ are combined to give standard Gibbs energy of 
formation of live matter, ΔfG⁰. 

Δf G0(bio) = Δf H0(bio) − TΔf S0(bio) (8) 

Once live matter is characterized by finding its ΔfH⁰, S⁰m and ΔfG⁰, 
these properties can be combined with biosynthesis reactions to find 
standard thermodynamic properties of biosynthesis. Standard thermo-
dynamic properties of biosynthesis include standard enthalpy of 
biosynthesis, ΔbsH⁰, standard entropy of biosynthesis, ΔbsS⁰, and stan-
dard Gibbs energy of biosynthesis, ΔbsG⁰. These properties are found by 
applying the Hess’s law to biosynthesis reactions 

ΔbsH0 =
∑

products
ν Δf H0 −

∑

reactants
ν Δf H0 (9)  

ΔbsS0 =
∑

products
ν So

m −
∑

reactants
ν So

m (10)  

ΔbsG0 =
∑

products
ν Δf G0 −

∑

reactants
ν Δf G0 (11)  

where ν represents a stoichiometric coefficient [Popovic, 2023a, 2022b, 
2022e; Atkins and de Paula, 2011, 2014; von Stockar, 2013a, 2013b; 

Battley, 1998]. The most important of these three properties is standard 
Gibbs energy of biosynthesis, which represents the thermodynamic 
driving force for growth of all organisms [von Stockar, 2013a, 2013b; 
von Stockar and Liu, 1999], including viruses [Popovic, 2023a, 2022b, 
2022e]. 

3. Results 

Genetic and protein sequences were used to find empirical formulas of 
Zeta P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, Iota B.1.526, Lambda 
C.37 and Mu B.1.621 variants of SARS-CoV-2. This was done through the 
atom counting method [Popovic, 2022a]. The calculated empirical for-
mulas are shown in Table 1. The empirical formula of the nucleocapsid of 
Zeta P.2 variant is CH1.573524O0.342720N0.312382P0.006034S0.003358. The 
molar mass of the empirical formula is 23.7501 g/C-mol, while the molar 
mass of the entire nucleocapsid is 117.228 MDa. The empirical formula of 
the nucleocapsid of Eta B.1.525 variant is CH1.573539O0.342699N0.312381 

Table 1 
Empirical formulas of nucleocapsids of SARS-CoV-2 variants. The empirical formulas have the general form CnCHnHOnONnNPnPSnS, with the nC, nH, nO, nN, nP and nS 
coefficients from this table. The table also provides molar masses of empirical formulas, Mr, in g/C-mol (Da), as well as molar masses of entire nucleocapsids, Mr(nc), in 
MDa.  

Namex nC nH nO nN nP nS Mr (g/C-mol) Mr(nc) (MDa) 

Zeta P.2 1 1.573524 0.342720 0.312382 0.006034 0.003358 23.7501 117.228 
Eta B.1.525 1 1.573539 0.342699 0.312381 0.006029 0.003358 23.7496 117.220 
Theta P.3 1 1.573478 0.342775 0.312394 0.006047 0.003358 23.7514 117.251 
Kappa B.1.617.1 1 1.573509 0.342742 0.312384 0.006038 0.003358 23.7505 117.235 
Iota B.1.526 1 1.573526 0.342719 0.312381 0.006033 0.003358 23.7500 117.227 
Lambda C.37 1 1.573499 0.342751 0.312387 0.006041 0.003358 23.7508 117.240 
Mu B.1.621 1 1.573821 0.342372 0.312300 0.005948 0.003361 23.7410 117.081  

CnCHnHOnONnNPnPSnS + (nC + 1 / 4nH + 11 / 4nP + 11 / 2nS − 1 / 2nO)O2→nCCO2 + 1/2nHH2O + 1/2nNN2 + 1/4nPP4O10 + nSSO3 (4)   
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P0.006029S0.003358, with the molar mass of the empirical formula is 23.7496 
g/C-mol and the molar mass of the entire nucleocapsid of 117.220 MDa. 
The empirical formula of the Theta P.3 variant nucleocapsid is 
CH1.573478O0.342775N0.312394P0.006047S0.003358, with the molar mass of the 
empirical formula of 23.7514 g/C-mol and the molar mass of the entire 
nucleocapsid of 117.251 MDa. The empirical formula of the nucleocapsid 
of Kappa B.1.617.1 variant is CH1.573509O0.342742N0.312384P0.006038 
S0.003358. The molar mass of the empirical formula is 23.7505 g/C-mol, 
while the molar mass of the entire nucleocapsid is 117.235 MDa. Iota 
B.1.526 variant has the empirical formula of the nucleocapsid 
CH1.573526O0.342719N0.312381P0.006033S0.003358. The molar mass of the 
empirical formula is 23.7500 g/C-mol, while the molar mass of the entire 
nucleocapsid is 117.227 MDa. The empirical formula of the nucleocapsid 
of Lambda C.37 variant is CH1.573499O0.342751N0.312387P0.006041S0.003358. 
The molar mass of the empirical formula is 23.7508 g/C-mol, while the 
molar mass of the entire nucleocapsid is 117.240 MDa. The empirical 
formula of the nucleocapsid of Mu B.1.621 variant is CH1.573821O0.342372 
N0.312300P0.005948S0.003361. The molar mass of the empirical formula is 
23.7410 g/C-mol, while the molar mass of the entire nucleocapsid is 
117.081 MDa. 

Table 2 shows standard thermodynamic properties of nucleocapsids 
of Zeta P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, Iota B.1.526, 
Lambda C.37 and Mu B.1.621 variants of SARS-CoV-2. They were 
calculated based on empirical formulas, through the Patel-Erickson 
[Patel and Erickson, 1981; Battley, 1998] and Battley models [Bat-
tley, 1999a; Battley and Stone, 2000]. For the Zeta P.2 variant nucleo-
capsid, standard enthalpy of formation is -75.40 kJ/C-mol, standard 
molar entropy is 32.49 J/C-mol K and standard Gibbs energy of for-
mation is -33.28 kJ/C-mol. For the Eta B.1.525 variant nucleocapsid, 
standard enthalpy of formation is -75.40 kJ/C-mol, standard molar en-
tropy is 32.49 J/C-mol K and standard Gibbs energy of formation is 
-33.28 kJ/C-mol. For the Theta P.3 variant nucleocapsid, standard 
enthalpy of formation is -75.42 kJ/C-mol, standard molar entropy is 
32.49 J/C-mol K and standard Gibbs energy of formation is -33.30 
kJ/C-mol. For the Kappa B.1.617.1 variant nucleocapsid, standard 
enthalpy of formation is -75.41 kJ/C-mol, standard molar entropy is 
32.49 J/C-mol K and standard Gibbs energy of formation is -33.29 
kJ/C-mol. For the Iota B.1.526 variant nucleocapsid, standard enthalpy 
of formation is -75.40 kJ/C-mol, standard molar entropy is 32.49 

J/C-mol K and standard Gibbs energy of formation is -33.28 kJ/C-mol. 
For the Lambda C.37 variant nucleocapsid, standard enthalpy of for-
mation is -75.41 kJ/C-mol, standard molar entropy is 32.49 J/C-mol K 
and standard Gibbs energy of formation is -33.29 kJ/C-mol. For the Mu 
B.1.621 variant nucleocapsid, standard enthalpy of formation is -75.32 
kJ/C-mol, standard molar entropy is 32.49 J/C-mol K and standard 
Gibbs energy of formation is -33.20 kJ/C-mol. 

Table 3 shows biosynthesis stoichiometries for the nucleocapsids of 
Zeta P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, Iota B.1.526, Lambda 
C.37 and Mu B.1.621 variants of SARS-CoV-2. They were calculated 
based on empirical formulas from Table 1. For the Zeta P.2 variant, the 
biosynthesis reaction is 

1.39010CH1.798O0.4831N0.2247S0.022472 + 0.49131O2 + 0.00603HPO2−
4

+ 0.04369HCO−
3 →CH1.573524O0.342720N0.312382P0.006034S0.003358

+ 0.02788SO2−
4 + 0.05384H2O + 0.43379H2CO3 (12)  

where CH1.798O0.4831N0.2247S0.022472 represents a mixture of amino 
acids and CH1.573524O0.342720N0.312382P0.006034S0.003358 is the empirical 
formula of the Zeta P.2 nucleocapsid (Table 1). For the Eta B.1.525 
variant, the biosynthesis reaction is 

1.39009CH1.798O0.4831N0.2247S0.022472 + 0.49129O2 + 0.00603HPO2−
4

+ 0.04370HCO−
3 →CH1.573539O0.342699N0.312381P0.006029S0.003358

+ 0.02788SO2−
4 + 0.05382H2O + 0.43380H2CO3 (13)  

where CH1.573539O0.342699N0.312381P0.006029S0.003358 represents the 
empirical formula of the Eta B.1.525 nucleocapsid (Table 1). For the 
Theta P.3 variant, the biosynthesis reaction is 

1.39015CH1.798O0.4831N0.2247S0.022472 + 0.49140O2 + 0.00605HPO2−
4

+ 0.04367HCO−
3 →CH1.573478O0.342775N0.312394P0.006047S0.003358

+ 0.02788SO2−
4 + 0.05387H2O + 0.43382H2CO3 (14)  

where CH1.573478O0.342775N0.312394P0.006047S0.003358 is the empirical 
formulas of the Theta P.3 nucleocapsid (Table 1). For the Kappa 
B.1.617.1 variant, the biosynthesis reaction is 

1.39011CH1.798O0.4831N0.2247S0.022472 + 0.49133O2 + 0.00604HPO2−
4

+ 0.04368HCO−
3 →CH1.573509O0.342742N0.312384P0.006038S0.003358

+ 0.02788SO2−
4 + 0.05385H2O + 0.43379H2CO3 (15)  

Where CH1.573509O0.342742N0.312384P0.006038S0.003358 is the empirical 
formula of the Kappa B.1.617.1 nucleocapsid (Table 1). For the Iota 
B.1.526 variant, the biosynthesis reaction is 

1.39009CH1.798O0.4831N0.2247S0.022472 + 0.49130O2 + 0.00603HPO2−
4

+ 0.04369HCO−
3 →CH1.573526O0.342719N0.312381P0.006033S0.003358

+ 0.02788SO2−
4 + 0.05384H2O + 0.43379H2CO3 (16)  

Where CH1.573526O0.342719N0.312381P0.006033S0.003358 is the empirical 

Table 2 
Standard thermodynamic properties of nucleocapsids of SARS-CoV-2 variants. 
This table shows standard enthalpies of formation, ΔfH⁰, standard molar en-
tropies, S⁰m, and standard Gibbs energies of formation, ΔfG⁰.  

Name ΔfH⁰ (kJ/C-mol) S⁰m (J/C-mol K) ΔfG⁰ (kJ/C-mol) 

Zeta P.2 -75.40 32.49 -33.28 
Eta B.1.525 -75.40 32.49 -33.28 
Theta P.3 -75.42 32.49 -33.30 
Kappa B.1.617.1 -75.41 32.49 -33.29 
Iota B.1.526 -75.40 32.49 -33.28 
Lambda C.37 -75.41 32.49 -33.29 
Mu B.1.621 -75.32 32.49 -33.20  

Table 3 
Biosynthesis reactions of nucleocapsids of SARS-CoV-2 variants. The biosynthesis reactions have the general form (Amino acids) + O2 + HPO4

2− + HCO3
− → (Bio) +

SO4
2−

+ H2O + H2CO3, where (Bio) denotes the empirical formula of live matter from Table 1. The stoichiometric coefficients for the biosynthesis reactions are given in 
this table.  

Name Reactants  Products  

Amino acid O2 HPO4
2− HCO3

− → Bio SO4
2− H2O H2CO3 

Zeta P.2 1.39010 0.49131 0.00603 0.04369 → 1 0.02788 0.05384 0.43379 
Eta B.1.525 1.39009 0.49129 0.00603 0.04370 → 1 0.02788 0.05382 0.43380 
Theta P.3 1.39015 0.49140 0.00605 0.04367 → 1 0.02788 0.05387 0.43382 
Kappa B.1.617.1 1.39011 0.49133 0.00604 0.04368 → 1 0.02788 0.05385 0.43379 
Iota B.1.526 1.39009 0.49130 0.00603 0.04369 → 1 0.02788 0.05384 0.43379 
Lambda C.37 1.39012 0.49135 0.00604 0.04368 → 1 0.02788 0.05386 0.43380 
Mu B.1.621 1.38973 0.49071 0.00595 0.04384 → 1 0.02787 0.05361 0.43358  
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formula of the Iota B.1.526 nucleocapsid (Table 1). For the Lambda C.37 
variant, the biosynthesis reaction is 

1.39012CH1.798O0.4831N0.2247S0.022472 + 0.49135O2 + 0.00604HPO2−
4

+ 0.04368HCO−
3 →CH1.573499O0.342751N0.312387P0.006041S0.003358

+ 0.02788SO2−
4 + 0.05386H2O + 0.43380H2CO3 (17)  

Where CH1.573499O0.342751N0.312387P0.006041S0.003358 is the empirical 
formula of the Lambda C.37 nucleocapsid (Table 1). For the Mu B.1.621 
variant, the biosynthesis reaction is 

1.38973CH1.798O0.4831N0.2247S0.022472 + 0.49071O2 + 0.00595HPO2−
4

+ 0.04384HCO−
3 →CH1.573821O0.342372N0.312300P0.005948S0.003361

+ 0.02787SO2−
4 + 0.05361H2O + 0.43358H2CO3 (18)  

where CH1.573821O0.342372N0.312300P0.005948S0.003361 is the empirical 
formula of the Mu B.1.621 nucleocapsid (Table 1). 

Table 4 gives standard thermodynamic properties of biosynthesis for 
the Zeta P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, Iota B.1.526, 
Lambda C.37 and Mu B.1.621 variants of SARS-CoV-2. They were 
calculated by applying the Hess’s law [Atkins and de Paula, 2011, 2014] 
to the biosynthesis reactions from Table 3. For the Zeta P.2 variant, 
standard enthalpy of biosynthesis is -232.35 kJ/C-mol, standard entropy 
of biosynthesis is -37.35 J/C-mol K and standard Gibbs energy of 
biosynthesis is -221.26 kJ/C-mol. For the Eta B.1.525 variant, standard 
enthalpy of biosynthesis is -232.34 kJ/C-mol, standard entropy of 
biosynthesis is -37.34 J/C-mol K and standard Gibbs energy of biosyn-
thesis is -221.25 kJ/C-mol. For the Theta P.3 variant, standard enthalpy 
of biosynthesis is -232.39 kJ/C-mol, standard entropy of biosynthesis is 
-37.35 J/C-mol K and standard Gibbs energy of biosynthesis is -221.29 
kJ/C-mol. For the Kappa B.1.617.1 variant, standard enthalpy of 
biosynthesis is -232.36 kJ/C-mol, standard entropy of biosynthesis is 
-37.35 J/C-mol K and standard Gibbs energy of biosynthesis is -221.26 
kJ/C-mol. For the Iota B.1.526 variant, standard enthalpy of biosyn-
thesis is -232.35 kJ/C-mol, standard entropy of biosynthesis is -37.34 
J/C-mol K and standard Gibbs energy of biosynthesis is -221.25 
kJ/C-mol. For the Lambda C.37 variant, standard enthalpy of biosyn-
thesis is -232.37 kJ/C-mol, standard entropy of biosynthesis is -37.35 
J/C-mol K and standard Gibbs energy of biosynthesis is -221.27 
kJ/C-mol. For the Mu B.1.621 variant, standard enthalpy of biosynthesis 
is -232.09 kJ/C-mol, standard entropy of biosynthesis is -37.28 J/C-mol 
K and standard Gibbs energy of biosynthesis is -221.01 kJ/C-mol. 

4. Discussion 

SARS-CoV-2 belongs to the group of RNA viruses, which exhibit a 
particular tendency towards acquisition of mutations [Duffy, 2018]. The 
mutations in SARS-CoV-2 are so frequent that during the 3 years of the 
pandemic, it acquired several dozen mutations [Thakur et al., 2022; 
Abavisani et al., 2022; Carabelli et al., 2023; McGrath et al., 2022; 
Escalera et al., 2022]. Thus, several dozen variants of SARS-CoV-2 have 
been registered [Fan et al., 2022; Zeyaullah et al., 2021; Gong et al., 

2022; Han and Ye, 2022; Mishra et al., 2021]. A great number of variants 
has been chemically and thermodynamically characterized [Gale, 2022; 
Şimşek et al., 2021; Popovic, 2023a, 2023b, 2023c, 2022b, 2022c, 
2022d, 2022e, 2022f, 2022g, 2022h; Popovic and Minceva, 2022b; 
Popovic and Popovic, 2022]. However, due to the high frequency of 
appearance of new mutations, chemical and thermodynamic charac-
terization of particular variants could not be performed during the 
duration of the pandemic. 

During 3.5 years, an intense evolution of SARS-CoV-2 occurred right 
in front of our eyes [WHO, 2023b; Chen et al., 2021; Jaroszewski et al., 
2020; Singh and Yi, 2021; Rochman et al., 2021; González-Vázquez and 
Arenas, 2023] It was described from the perspective of evolutionary 
biology [Telenti et al., 2022; Ortiz-Pineda et al., 2022; Ruan et al., 2022] 
and partly from the perspectives of chemistry and biothermodynamics 
[Popovic, 2023b, 2022e, 2022k]. In this paper, chemical and thermo-
dynamic properties of the missing puzzles (variants) in virus evolution 
will be analyzed, to obtain a full insight into the thermodynamic back-
ground of evolution of SARS-CoV-2. It is not enough to know the fact 
that there has been an acquisition of mutations and name the mutations. 
Knowing only the name of the mutations does not provide us with the 
mechanism and driving forces for which the mutations occurred. Ther-
modynamic background (driving force) of all processes in nature is 
change in Gibbs energy [Demirel, 2014; Balmer, 2010; Atkins and de 
Paula, 2011, 2014]. The biothermodynamic background of virus host 
interactions is change in thermodynamic properties of systems and their 
environment (e.g. enthalpy, entropy and Gibbs energy) [Popovic, 
2022b, 2022c, 2022e, 2023b; Popovic and Minceva, 2020a]. 

Virus-host interactions occur at the host cell membrane and in the 
cytoplasm [Riedel et al., 2019; Mihaescu et al., 2020; Butnariu et al., 
2021; Eskandarzade et al., 2022]. Biothermodynamic background of 
interactions at the membrane is antigen-receptor binding. Thermody-
namic characterization of virus-host interaction is available in the 
literature [Gale, 2022, 2020, 2019, 2018; Casasnovas and Springer, 
1995; Popovic and Popovic, 2022; Popovic, 2022b, 2022c, 2022g, 
2022g, 2022h]. SARS-CoV-2 interaction with its host (spike 
glycoprotein-ACE2 binding) has been reported in the literature [Gale, 
2022; Casasnovas and Springer, 1995; Popovic and Popovic, 2022; 
Popovic, 2022b, 2022c, 2022g, 2022g, 2022h, 2022i, 2022j]. 

Thermodynamic analysis has shown that SARS-CoV-2 has evolved 
towards more negative Gibbs energy of binding [Popovic, 2023b, 2022e, 
2022k]. This coincides with the observation that mutations have led to 
an increased antigen-receptor binding affinity and infectivity. These 
observations are in agreement with the observations of the evolution 
theory [Popovic, 2023b, 2022e, 2022k]. Negative Gibbs energy was 
shown to be the driving force for all processes in nature [Demirel, 2014; 
Balmer, 2010; Atkins and de Paula, 2011, 2014]. Thus, the tendency 
towards more negative Gibbs energy makes biological evolution a 
spontaneous process. 

Virus-host interaction in the cytoplasm represents the hijacking of 
cell metabolic machinery [Mayer et al., 2019; Thaker et al., 2019]. 
Biosynthesis of the building blocks of the host cell and viral components 
are competitive reactions [Popovic and Minceva, 2020a]. Biosynthesis 
reactions characterized by more negative Gibbs energy have a compet-
itive advantage [Popovic, 2023a, 2023b, 2023c, 2022e]. More negative 
Gibbs energy of biosynthesis of viral components, compared to host cell 
components, enables the hijacking of the cell metabolic machinery and 
multiplication of viruses [Popovic and Minceva, 2020a]. Thus, we can 
conclude that thermodynamics has a leading role in interactions of vi-
ruses with their hosts [Head et al., 2022; Mahmoudabadi et al., 2017; 
Rombel-Bryzek et al., 2023; García-Iriepa et al., 2020; Casasnovas and 
Springer, 1995; Mrevlishvili et al., 1999; Maskow et al., 2010; Guosh-
eng et al., 2003]. 

Mechanistic models of the evolution theory are available in the 
literature [Doebeli et al., 2017]. They are necessary for good under-
standing of the physical processes underlying evolution as a biological 
process. The process of viral evolution has been analyzed from the 

Table 4 
Standard thermodynamic properties of biosynthesis of nucleocapsids of SARS- 
CoV-2 variants. This table shows standard enthalpies of biosynthesis, ΔbsH⁰, 
standard entropies of biosynthesis, ΔbsS⁰, and standard Gibbs energies of 
biosynthesis, ΔbsG⁰.  

Name ΔbsH⁰ (kJ/C-mol) ΔbsS⁰ (J/C-mol K) ΔbsG⁰ (kJ/C-mol) 

Zeta P.2 -232.35 -37.35 -221.26 
Eta B.1.525 -232.34 -37.34 -221.25 
Theta P.3 -232.39 -37.35 -221.29 
Kappa B.1.617.1 -232.36 -37.35 -221.26 
Iota B.1.526 -232.35 -37.34 -221.25 
Lambda C.37 -232.37 -37.35 -221.27 
Mu B.1.621 -232.09 -37.28 -221.01  
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mechanistic perspective [Ghafari et al., 2021]. To fully understand the 
evolution process, it is necessary to calculate the driving force that leads 
to change in state of the system through acquisition of mutations and 
adaptation of the system to the interaction with the animate and inan-
imate environment. During evolution, from original Hu-1 to the latest 
Omicron XBB.1.5, SARS-CoV-2 has acquired mutations. During muta-
tion, there is substitution of nucleotides with different nucleotides and 
amino acids with different amino acids [Popovic, 2022e]. The replace-
ment of nucleotides and amino acids leads to chemical changes in the 
system (virion). In particular, due to change in the nucleic acid 
sequence, there is change in the empirical formula of the newly evolved 
virus variants. Change in empirical formula causes change in thermo-
dynamic properties. Change in thermodynamic properties causes 
change in thermodynamic state of the system. The driving force for 
change in thermodynamic systems is Gibbs energy [von Stockar, 2013a, 
2013b; Assael et al., 2022; Demirel, 2014; Atkins and de Paula, 2011, 
2014; Popovic, 2022e]. Indeed, changes in Gibbs energy of binding and 

biosynthesis have been reported in the literature for most SARS-CoV-2 
variants [Gale, 2022; Şimşek et al., 2023; Popovic, 2023a, 2023b, 
2023c, 2022b, 2022c, 2022d, 2022e, 2022f, 2022g, 2022h, 2022k; 
Popovic and Popovic, 2022; Popovic and Minceva, 2020b]. 

Fig. 1 shows changes in Gibbs energies of biosynthesis for the Zeta 
P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, Iota B.1.526, Lambda C.37 
and Mu B.1.621 variants of SARS-CoV-2, which have not been reported 
before in the literature. Gibbs energies for the reported variants exhibit 
small oscillations except for Mu B.1.621 variant. The trend of change in 
Gibbs energy is towards less negative Gibbs energy of biosynthesis, 
mostly due to the Mu B.1.621 variant. From this we can conclude that 
Gibbs energy during evolution of the mentioned variants has remained 
constant or became slightly less negative. Since Gibbs energy of 
biosynthesis influences the multiplication rate, according to the 
biosynthesis phenomenological equation 

rbs = −
Lbs

T
ΔbsG (19) 

Fig. 1. Gibbs energies of biosynthesis of SARS-CoV-2 variants that dominated in 2020 and early 2021. The line represents a fit with the function: ΔbsG⁰ = (2.2573 ×
10− 6 kJ C-mol− 1 day− 2) × t2 + (-1.2668 × 10− 3 kJ C-mol− 1 day− 1) × t + (-2.2115 × 10+2 kJ C-mol− 1), where t is time in days since the appearance of the Hu- 
1 variant. 

Fig. 2. Gibbs energies of biosynthesis of SARS-CoV-2 variants through evolution: from the wild type Hu-1 variant in late 2019, to the newest Omicron variants. The 
line represents a fit with the function: ΔbsG⁰ = (-1.5503 × 10− 6 kJ C-mol− 1 day− 2) × t2 + (1.6059 × 10− 3 kJ C-mol− 1 day− 1) × t + (-2.2117 × 10+2 kJ C-mol− 1), 
where t is time in days since the appearance of the Hu-1 variant. 
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(where Lbs is the biosynthesis phenomenological coefficient) it can be 
expected that the rate of biosynthesis of viral components during evo-
lution of SARS-CoV-2 has stagnated or slightly decreased. Since host cell 
damage depends on the virus multiplication rate, it would be expected 
that the pathogenicity and severity of clinical picture have also stag-
nated or slightly decreased. However, if we analyze only the Gibbs en-
ergies of biosynthesis of the variants analyzed in this paper (Fig. 1), we 
can conclude that Gibbs energy oscillates from -221.01 kJ/C-mol to 
-221.29 kJ/C-mol. This means that the multiplication rates of viruses 
change very slightly. 

Fig. 2 shows the time evolution of SARS-CoV-2 variants from Hu-1 to 
the newest Omicron CH.1.1 and BN.1 variants. The figure clearly shows 
that the most negative Gibbs energy of biosynthesis is that of the Hu-1 
variant and that the newer variants have evolved towards less nega-
tive Gibbs energy of biosynthesis. Again, less negative Gibbs energy of 
biosynthesis implies lower rate of synthesis of viral components, which 
leads to lower damage to host cells. Lower damage to host cells implies a 
less severe clinical picture. Indeed, Omicron is associated with lower 
disease severity [Markov et al., 2023; ECDC, 2022]. 

From Fig. 2 we see that Gibbs energies of biosynthesis of SARS-CoV-2 
variants started in late 2019 with Hu-1, which had the lowest Gibbs 
energy of biosynthesis. Then they slowly increased through the Kappa, 
Zeta, Theta, Iota, Lambda and Eta variants. Gibbs energy of biosynthesis 
reached the least negative value with the Delta, Mu and Omicron BA.1 
variant in late 2021. After that, it slowly started to become more 
negative with the Omicron variants. Since the late 2022, Gibbs energy of 
biosynthesis of the newest Omicron variants has been approximately 
constant. 

This means that the pathogenicity of SARS-CoV-2 was the greatest 
with the Hu-1 variant. Then it slowly decreased through the Kappa, Zeta, 
Theta, Iota, Lambda and Eta variants. It became the lowest with the 
Delta, Mu and Omicron BA.1 variants. Then it started to increase slightly 
with the Omicron variants and is now constant with the newest Omicron 
variants. 

The fight for survival of every SARS-CoV-2 variant implies a ten-
dency to increase infectivity and rate of spreading, and decrease path-
ogenicity to preserve the “soil” corps for the virus. This means that the 
evolution theory predicts increase in infectivity and decrease in patho-
genicity. In thermodynamic terminology, a more negative Gibbs energy 
of binding and less negative Gibbs energy of biosynthesis is predicted. 
Fig. 2 shows that thermodynamic evolution has really occurred ac-
cording to the predictions of the biological evolution. Fig. 2 from the 
paper [Popovic, 2023b] shows change in Gibbs energy of binding during 
evolution of SARS-CoV-2. Fig. 2 from this paper shows change in Gibbs 
energy of biosynthesis during evolution of SARS-CoV-2. The results from 
these two graphs clearly show that the driving forces for evolution of 
SARS-CoV-2 are Gibbs energy of biosynthesis and Gibbs energy of 
binding. 

Table 1 shows empirical formulas for Zeta P.2, Eta B.1.525, Theta 
P.3, Kappa B.1.617.1, Iota B.1.526, Lambda C.37 and Mu B.1.621 var-
iants of SARS-CoV-2. Changes in empirical formulas are small (on the 
second decimal), as a consequence of a small number of mutations in the 
analyzed variants. Small changes in empirical formulas lead to small 
changes in thermodynamic properties, which are shown in Table 2. The 
most pronounced changes in Gibbs energy of formation of nucleocapsid 
are between Mu B.1.621 and other variants. Changes in molar entropy of 
nucleocapsids are absent. There are small changes in enthalpies of for-
mation of nucleocapsids. 

This paper reports for the first time biosynthesis reactions for the 
Zeta P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, Iota B.1.526, Lambda 
C.37 and Mu B.1.621 variants of SARS-CoV-2 (Table 3). The stoichi-
ometries of biosynthesis for the analyzed SARS-CoV-2 variants are 
slightly different, due to differences in empirical formulas. 

Table 4 gives thermodynamic properties of biosynthesis, which 
determine the rate of multiplication of the analyzed SARS-CoV-2 

variants. Entropies of biosynthesis are very similar for all the variants, 
except for the Mu B.1.621 variant. Gibbs energy of biosynthesis (driving 
force for multiplication of viruses) also deviates for the Mu B.1.621 
variant. This implies that the Mu B.1.621 variant has the lowest multi-
plication potential, compared to the other variants analyzed in this 
research. 

Table 5 gives the chronological order of appearance of the analyzed 
SARS-CoV-2 variants during the evolution of the virus. Evolution of 
SARS-CoV-2 has continued by acquisition of mutations. The latest var-
iants are XBB.1.9.1, XBF and XBB.1.16 [WHO, 2023c]. 

5. Conclusion 

Chemical and thermodynamic properties have been analyzed for the 
Zeta P.2, Eta B.1.525, Theta P.3, Kappa B.1.617.1, Iota B.1.526, Lambda 
C.37 and Mu B.1.621 variants of SARS-CoV-2, for which data could not 
be found in the literature. Empirical formulas, biosynthesis reactions 
and thermodynamic properties for the analyzed SARS-CoV-2 variants 
have been formulated for the first time. 

Evolution of SARS-CoV-2 has occurred in accordance with the pre-
dictions of the evolution theory, towards increase in infectivity and 
decrease in pathogenicity. Thermodynamic background of this process is 
change in Gibbs energy of binding towards more negative and change in 
Gibbs energy of biosynthesis towards less negative. 
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González-Vázquez, L.D., Arenas, M., 2023. Molecular Evolution of SARS-CoV-2 during 
the COVID-19 Pandemic. Genes 14 (2), 407. https://doi.org/10.3390/ 
genes14020407. MDPI AG. Retrieved from.  

Guosheng, L., Yi, L., Xiangdong, C., Peng, L., Ping, S., Songsheng, Q., 2003. Study on 
interaction between T4 phage and Escherichia coli B by microcalorimetric method. 
J. Virol. Methods 112 (1-2), 137–143. https://doi.org/10.1016/s0166-0934(03) 
00214-3. 

Mihaescu, G., Chifiriuc, M.C., Iliescu, C., Vrancianu, C.O., Ditu, L.M., Marutescu, L.G., 
Grigore, R., Berteșteanu, Ș., Constantin, M., Gradisteanu Pircalabioru, G., 2020. 
SARS-CoV-2: From Structure to Pathology, Host Immune Response and Therapeutic 
Management. Microorganisms 8 (10), 1468. https://doi.org/10.3390/ 
microorganisms8101468. 

Han, X., Ye, Q., 2022. The variants of SARS-CoV-2 and the challenges of vaccines. J. Med. 
Virol. 94 (4), 1366–1372. https://doi.org/10.1002/jmv.27513. 

Hansen, L.D., Tolley, H.D., Woodfield, B.F., 2021. Transformation of matter in living 
organisms during growth and evolution. Biophys. Chem. 271, 106550 https://doi. 
org/10.1016/j.bpc.2021.106550. 

Hansen, L.D., Popovic, M., Tolley, H.D., Woodfield, B.F., 2018. Laws of evolution parallel 
the laws of thermodynamics. J. Chem. Thermodyn. 124, 141–148. https://doi.org/ 
10.1016/j.jct.2018.05.005. 

Hansen, L.D., Criddle, R.S., Battley, E.H., 2009. Biological calorimetry and the 
thermodynamics of the origination and evolution of life. Pure Appl. Chem. 81 (10), 
1843–1855. https://doi.org/10.1351/PAC-CON-08-09-09. 

Head, R.J., Lumbers, E.R., Jarrott, B., Tretter, F., Smith, G., Pringle, K.G., Islam, S., 
Martin, J.H., 2022. Systems analysis shows that thermodynamic physiological and 
pharmacological fundamentals drive COVID-19 and response to treatment. 
Pharmacol. Res. Perspect. 10 (1), e00922. https://doi.org/10.1002/prp2.922. 

Jackson, C.B., Farzan, M., Chen, B., et al., 2022. Mechanisms of SARS-CoV-2 entry into 
cells. Nat. Rev. Mol. Cell Biol. 23, 3–20. https://doi.org/10.1038/s41580-021- 
00418-x. 

Jaroszewski, L., Iyer, M., Alisoltani, A., Sedova, M., & Godzik, A. (2020). The interplay of 
SARS-CoV-2 evolution and constraints imposed by the structure and functionality of 
its proteins. bioRxiv: the preprint server for biology, 2020.08.10.244756. https:// 
doi.org/10.1101/2020.08.10.244756. 

Khare, S., et al., 2021. GISAID’s Role in Pandemic Response. China CDC Wkly. 3 (49), 
1049–1051. https://doi.org/10.46234/ccdcw2021.255. PMCID: 8668406.  

Mahmoudabadi, G., Milo, R., Phillips, R., 2017. Energetic cost of building a virus. Proc. 
Natl. Acad. Sci. 114 (22), E4324–E4333. https://doi.org/10.1073/ 
pnas.1701670114. 

Markov, P.V., Ghafari, M., Beer, M., et al., 2023. The evolution of SARS-CoV-2. Nat Rev 
Microbiol. https://doi.org/10.1038/s41579-023-00878-2. 

Maskow, T., Kiesel, B., Schubert, T., Yong, Z., Harms, H., Yao, J., 2010. Calorimetric real 
time monitoring of lambda prophage induction. J. Virol. Methods 168 (1-2), 
126–132. https://doi.org/10.1016/j.jviromet.2010.05.002. 
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