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Abstract

One of the main concerns about the fast spreading coronavirus disease 2019 (Covid-19) pan-
demic is how to intervene. We analysed severe acute respiratory syndrome-coronavirus-2
(SARS-CoV-2) isolates data using the multifractal approach and found a rich in viral genome
diversity, which could be one of the root causes of the fast Covid-19 pandemic and is strongly
affected by pressure and health index of the hosts inhabited regions. The calculated mutation
rate (mr) is observed to be maximum at a particular pressure, beyond which mr maintains
diversity. Hurst exponent and fractal dimension are found to be optimal at a critical pressure
(Pm), whereas, for P > Pm and P < Pm, we found rich genome diversity relating to compli-
cated genome organisation and virulence of the virus. The values of these complexity meas-
urement parameters are found to be increased linearly with health index values.

The coronavirus disease 2019 (Covid-19) pandemic is a high-risk infectious type of pneumo-
nia [1], whose epicentre was Wuhan, Hubei Province, China [1, 2] and, affected across the
world, causing a global public health emergency [3]. The pandemic is caused by severe
acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), which is a member of the β-CoV
genus [4]. The genome of this virus is + ssRNS (single-stranded positive-sense RNA virus)
[4, 5], having approximately 30 kb genome size [6] with a size 100–160 nm when it is in
the compact form [5, 7, 8]. However, there is no acceptable standard theory of why
SARS-CoV-2 is highly infectious to human cells and its fast human-to-human transmission
capabilities. One possible hypothesis in this direction could be that the variability of viral
mutations may cause the virulence nature as mutations are generally considered the basic
units of species evolution [9]. These mutations are sometimes harmful and sometimes
beneficial [10], but play an important role in genetic diversity via natural selection [11].
The mutation rates of RNA viruses are generally high (10−4−10−6) and prone to mutations
during virus−host interaction [10]. The high mutation rate enhances the degree of viral
genome replication kinetics [12, 13] and intensifies the virus’s virulence and coevolution
with the host [9]. It helps the viral adaptability to the host [12]. This high mutation rate of
the viral genome may lead to an increase in their virulence, causing rich diversity, which
could be one of the pandemic’s main causes. In this letter, we report the study of the diversity
in the SARS-CoV-2 virus genome induced by pressure (quantified by sea level) and regions’
health index across the world.

We have mined publicly available complete genomic data of various SARS-CoV-2 isolates
(42 isolates in total) from seven countries [14]. We then calculated mutation rates (mutation
per unit nucleotide) of all mined SARS-CoV-2 virus isolates. The mutation rate (mr) of an iso-
late can be defined by, mr = pr/Gr, where, pr and Gr are the point mutations and the total num-
ber of nucleotides of rth isolate, respectively. Taking Wuhan seafood market isolate as the
reference genome, we calculated the mutation rates (mutation per unit nucleotide) of
the mined isolates as a function of height above sea level (in metres) and health index of
the place from where the viral isolates were extracted (Fig. 1). The height above sea level or
altitude (Λ) and dependent atmospheric pressure (P[Λ]) can be related to Λ by using
(dP[Λ]/dΛ) = − dg at hydrostatic equilibrium, and ideal gas equation, P = (d/N )RT
where d is the air density, g is the acceleration due to gravity, N is the air molar mass, R is
the universal gas constant and T is the standard temperature [15], and is given by,

P[L] = P0e
−
�L

0
Mg(L)dA/RT, where P0 is the atmospheric pressure at sea level. The function g

(Λ) at any height Λ can be calculated by g(Λ) = (g/r2)(r +Λ)2, where r is the radius of the
earth. Considering a linear change in T (T = T0 + LΛ), where T0 is the sea level standard
temperature, and L is the temperature lapse state of the air, we can get

P[L] = P0 1+ L
T0

L

[ ]−a
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where α = (Mg/r2LRT)[r2− (T0/L)(2r− (T0/L))], β = (Mg/
2r2LRT) and γ = (Mg/r2LRT)[2r− (T0/L)]. Equation (1) clearly
shows that pressure P[Λ] decreases quite fast as Λ increases.
The mutation rate of the isolates (mr) is found to be relatively
high (mr ∈ (10−4−10−5)), and increases as Λ increases (decrease
in pressure P[Λ]) upto a maximum value (at around Λ∼ 1.7 ×
102m), and then decreases as Λ increases (Fig. 1, upper panel).
This implies that the diversity of the viral genomes is quite
dependent on host cells adapted to a certain pressure
P. Further, the dependence of mr on P[Λ] indicates that viral
mutation rates can evolve with pressure, adapted with the host
cells, and could optimise the rate at a selective pressure. This
could be because virus−host cell interaction mechanisms, which
alter viral replication kinetics, proofreading, etc., might depend
on the adapted pressure. The pressure-dependent richness in
viral mutation diversity indicates that there is a high chance of
multiple virus−host-dependent processes [16] and could lead to
more infectious nature of the SARS-CoV-2 virus.

The health index of a place characterises the overall health of
the population at that particular place. The calculated mutation
rate is strongly dependent on the health index (Fig. 1, lower
panel). If Γ indicates health index parameter, then the relation-
ship of mr with Γ can be obtained by fitting the data and is
found to obey, mr∼ aebΓ, where a = 1.3713 and b = 0.3681 are
constants. The Pearson correlation coefficient value of the fitted
function to the data points is r2 = 0.8313.

Next, we study the impact of Λ and Γ on the genome complex-
ity of the SARS-CoV-2 isolates by calculating the complexity
measurement parameters, Hurst exponent (H ), and generalised
fractal dimension (D) [17, 18]. The biological and cellular pro-
cesses of macro and micro-organisms are significantly changed
by variations in atmospheric pressure and temperature charac-
terised by the altitude parameter Λ [19]. These variations could
lead to a change in genetic expression [20–22], affecting mutation

frequency [23]. From the data analysis, it has also been reported
that atmospheric pressure can induce a change in mutational fre-
quency of SARS-CoV-2 virus [23, 24], and temperature can trig-
ger SARS-CoV-2 infection rate [25]. Moreover, variation in this
parameter Λ observed at various geographical locations across
the world provides different environmental impacts with diversity
in ecosystems causing variation in the infection rate of Covid-19
[26, 27]. Hence, this change in Λ could induce perturbation to
the complicated dynamics of human−SARS-CoV-2 virus inter-
action, which may cause the mutational profile of this virus, caus-
ing a change in genome organisation and regulation. The
procedure of calculating the effect of Λ on any SARS-CoV-2 gen-
ome at any P and Γ is as follows. First, we converted the symbolic
genome sequence to time series like DNA walk by taking purine
(A or G) as step-up (+1) and pyrimidine as step down (−1)
[28]. By construction, DNA walk is a map of the genome’s cumu-
lative sum, which carries the complex information of the genome.
Then DNA walks of 42 SARS-CoV-2 isolates collected from the
patients’ data are calculated as a function of Λ and Γ. Now con-
sider a DNA walk of length N of a particular isolate. From this
DNA walk, we explain the procedure briefly for calculating vari-
ous multifractal parameters discussed as follows [18]. First, we
calculated the profile function, Y(i) = ∑i

j=1 [lj − 〈l〉] by con-
structing a series of length segments λj’s from the DNA walk of
length N, with j = 1, 2, 3, …, N, such that, λj = 0 is considered
to be insignificant. Then, this function Y(i) is divided into Nx =
int(N/x) equal non-overlapping segments of length x. To incorp-
orate the end effects of Y(i), 2Nx segments of length x are consid-
ered by taking into account opposite end repetition in the
simulation. The local trend of fluctuation of each 2Nx was esti-
mated from the variance, which was calculated by the
least-squares fitting procedure for each segment series.
Averaging over all the calculated local fluctuations of all 2Nx seg-
ments, the q (order parameter) dependent fluctuation function
Fq(x) for the considered virus isolate, and found to follow fractal
nature Fq(x)∼ xHq, where, Hq is the q order Hurst exponent [28,
29]. Since Fq(x) is both q-dependent (inter-event dependent [16])
and x - dependent (local domains), each genome exhibits multi-
fractal property [17, 18, 30]. Then, H of each genome is obtained
by H = <Hq>. The calculated values of H of all SARS-CoV-2
isolates are found to be quite sensitive to q, indicating rich hetero-
geneous structures in the genomes. Further, it is also found that 1
>H>0.5 (Fig. 2, upper two panels), characterising genomic signal
in each isolate due to long-range positive correlations in their top-
ology [31]. This could be the evidence of strong self-organisation
in each virus isolate [17, 32]. It is also found that H decreases with
Λ till it attains minimum value Hmin = 0.9151 at Λ∼ 887m, and
then increases with Λ following, H ∼ uΛ2 + vΛ +w, where, fitted
parameter values are u = 10−8, v =− 2.4 × 10−6 and w = 0.916
with Pearson’s correlation coefficient value r2 = 0.3135. From
equation (1), taking (L/T0) < 1, one can approximate the factor
[1+ (L/T0)L]

−a � e−a(L/T0)L, such that after simplification, we

have, L = − s
2 +

���������������
− s

2 + 1
b ln

P0
P

[ ]√
, where s = (1/β)(r + α(L/T0)).

Further, for positive Λ > 0, it can be shown that P0 > P. Now,
putting the expression for Λ to the equation of H, and after
simplification, we arrive at

H[P] � v
sb

ln
P0
P

[ ]
+ w; P0 . P (2)

Now, Figure 2, upper left panel and equation (2) show that the
virus isolates in hosts at pressure regions P > Pm and P < Pm

Fig. 1. Mutation rates of SARS-CoV-2 isolates induced by height and health index: The
upper panel is the plot of mutation rate as a function of height above sea level (pink
filled circles are calculated data points and curve line is the fitted curve on the data
points). Lower panel is the plot of mutation rate with respect to health index, where,
filled squares are calculated values and red line is the fitted curve on the data points.
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(Pm→Λ = 887m) exhibit complicated divergence indicating more
virulence attempting to establish long-range correlation within
the genome during the virus−host interaction. However, the
virus may likely cause minimal harm to the host adapted to the
regions at and around P→ Pm. The pressure variation driven by
the change in altitude Λ can perturb gene expression and physio-
logical changes of the organisms and micro-organisms [20–22]. It
may cause variation of mutational frequency in the SARS-CoV-2
virus genome [23]. Our data analysis indicates that initially, the
mutation rate increases as height above the sea level (Λ) increases
till Λm i.e. as pressure decreases till Pm (Fig. 1, upper panel),
where the mutation rate is maximum, causing an increase in
viral virulence [24]. Hence it increases in infection rate as well
[25]. Afterward, the mutation rate decreases as Λ increases i.e.
pressure decreases, as evident from [26, 32]. This impact of pres-
sure is always associated with the change in temperature supple-
menting changes in gene expressions and mutation rates,
triggering the Covid-19 infection rate [25, 33]. Moreover, the
change in pressure also causes variation in human lung epithelial
tissue cells due to variation in respiration rate to intake oxygen,
which may cause physiological changes and even various other
diseases [34, 35]. Hence, even at the gene-expression level, these
physiological changes may cause complications in human
−SARS-CoV-2 virus interaction dynamics, driving changes in
the mutation rate, leading to variation in infection rate. Now,
qth-order generalised fractal dimension Dq for each isolate can
be calculated from the corresponding DNA walk by

Dq = lim
z�0

1
q− 1

ln
∑N

k=1 T
q
k (z)

[ ]
ln(z)

(3)

where, Tq
k (z) = limN�1 (Nk/N) is the probability that kth DNA

walk segment of length scale z will have Nk observations, and
obeys Tk

q(z)∼ zν [29], where ν is Holder exponent [36]. The fractal
dimension D can be obtained by D = <D>. Similar to H, D is also
quite sensitive to q, indicating rich heterogeneous structure in
each virus isolate [17], where local topologies might have signifi-
cant functions. D is found to be maximum at Λ = 887m (Fig. 2,
lower left panel) and decreases for Λ < 887m and Λ > 887m.
This indicates that virus virulence is quite significant to hosts
adapted at high- and low-pressure regions, and may cause
the least harm to the hosts adapted at regions at and around
Λ∼Λ0( = 887). The degree of viral complexity measured by
H and D is dependent on health index IH (Fig. 2, panels of right-
hand column). The behaviour of H is found to be linearly
dependent on IH, H = ϵIH + δ, where the fitted parameter values
are ϵ = 0.9139, δ = 0.0016, and Pearson’s correlation coefficient
value is r2 = 0.3512. Similarly, D also has a similar nature as in
H, and found that D depends linearly with IH, D = ηIH + σ,
where, η = −0.001369, σ = 1.0109 and r2 = 0.4831. Since the
virus complexity increases as IH increases, it may be the case
where viral diversity might have increased in healthy hosts in
order to survive in the host. We also found multiple isolates
found in some countries, where, USA and Wuhan have many iso-
lates with multiple values of fractal dimension and Hurst expo-
nent corresponding to a particular health index assigned for a
country. In general, H and D are multiple-valued functions
(dependent on local trended fluctuations, which are dependent
on order parameter q) because of multifractality of the
SARS-CoV-2 viral genomes. However, here, H and D are
calculated average values of each genome.

In conclusion, it is quite evident that the mutation rate and
rich diversity in SARS-CoV-2 genome complexity are strongly

Fig. 2. Hurst exponent and fractal dimension diversified by height above sea level and health index: Panels in the first column are the change of Hurst exponent
and fractal dimension with respect to height above sea level. Panels in the second column are the plots of Hurst exponent and fractal dimension as a function of
health index.
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driven by pressure levels of the hosts’ inhabited regions and health
index. Our results show clear exponential dependence of health
index with mutation rate, which may trigger the SARS-CoV-2 vir-
us’s virulence, which may increase the infection rate. From our
analysis, since higher health index people have high mutation
rates causing higher infection rates, proper precautions like
WHO guidelines should be strictly followed, and the immune sys-
tem has to be kept strong to fight the virus infection. Our analysis
of the viral isolates data show a critical pressure at which the virus
causes minimal harm to the host and beyond which the viral evo-
lution preserves rich diversity relating to virulence. The virus’s
complexity increases as the hosts’ health index, probably for its
survival and then attacks the hosts. The variation in atmospheric
pressure triggers significant changes in gene expressions leading
to indicative biological and physiological changes in the macro
and micro-organisms [20–22]. In the Covid-19 pandemic case,
there is a complicated human−SARS-CoV-2 virus interaction
dynamics driven by pressure, which is associated with tempera-
ture [26]. Our data analysis showed that as with a decrease in
pressure (increase in height above sea level), the mutation rate
of SARS-CoV-2 virus increases until it reaches a maximum
value. The virus showed maximum virulence, which may have a
maximum tendency to spread in the population [24, 25, 28].
Then as pressure increases further, the mutation rate starts
decreasing, indicating less virus virulence, which may cause a
decrease in the infection rate in the population. Hence, we pro-
pose that these two parameters could be of high concern for ana-
lysis to intervene in the fast progressing Covid-19 pandemic.

Acknowledgement. MZM is financially supported by Department of Health
and Research, Ministry of Health and Family Welfare, Government of India
under young scientist FTS No. 3146887. RKBS acknowledges UPE-II, sanction
no. 101, India, for providing financial support.

Author contributions. RKBS conceptualised and designed the model. RKSS,
MZM and RKBS did the computational experiment and prepared the figures.
RKBS, RKSS and MZM wrote the paper. All authors read, checked and
approved the paper.

Conflict of interest. The authors declare that they have no competing
interests.

Data availability statement. All data generated and/or analysed during the
current study are available from the corresponding author on reasonable
request.

References

1. Zhu N, et al. (2020) A novel coronavirus from patients with pneumonia in
China, 2019. New England Journal of Medicine 382, 727–733.

2. Huang C et al. (2020) Clinical features of patients infected with 2019
novel coronavirus in Wuhan, China. Lancet 395, 497–506.

3. Sohrabi C et al. (2020) World Health Organization declares global emer-
gency: a review of the 2019 novel coronavirus (COVID-19). International
Journal of Surgery 76, 71–76.

4. Cui J, Li F and Shi Z-L (2019) Origin and evolution of pathogenic coro-
naviruses. Nature Reviews Microbiology 17, 181192.

5. Fehr AR and Perlman S (2015) Coronaviruses: an overview of their rep-
lication and pathogenesis. Methods in Molecular Biology 1282, 1–23.

6. Shi M et al. (2016) Redefining the invertebrate RNA virosphere. Nature
540, 539–543.

7. Corman VM et al. (2018) Hosts and sources of endemic human corona-
viruses. Advances in Virus Research 100, 163–188.

8. Andersen KG et al. (2020) The proximal origin of SARS-CoV-2. Nature
Medicine 26, 450–452.

9. Duffy S (2018) Why are RNA virus mutation rates so damn high? PLoS
Biology 16, e3000003.

10. Loewe L and Hill WG (2010) The populations of mutations: good, bad
and indifferent. Philosophical Transactions of the Royal Society of
London 365, 115367.

11. Baer CF (2008) Does mutation rate depend on itself. PLoS Biology 6, e52.
12. Vignuzzi M et al. (2006) Quasispecies diversity determines pathogenesis

through cooperative interactions in a viral population. Nature 439, 344348.
13. Fitzsimmons W et al. (2018) A speed-fidelity trade-off determines the

mutation rate and virulence of an RNA virus. PLoS Biology 16, e2006459.
14. NCBI and CoronaVIR. Computational Resources on Novel Coronavirus.

Available at https://webs.iiitd.edu.in/raghava/coronavir/genome.php.
15. Quick A (2004) Derivation relating altitude to air pressure, Portland State

Aerospace Society. Available at http://www.psas.pdx.edu.
16. Sanjuan R and Domingo-Calap P (2016) Mechanisms of viral mutation.

Cellular and Molecular Life Sciences 73, 44334448.
17. Mandal S et al. (2017) Complex multifractal nature in Mycobacterium

tuberculosis genome. Scientific Reports 7, 1–13.
18. Kantelhardt JW et al. (2002) Multifractal detrended fluctuation analysis

of nonstationary time series. Physica A: Statistical Mechanics and its
Applications 316, 87–114.

19. Pradillon F and Gaill F (2007) Pressure and life: some biological strat-
egies. Reviews in Environmental Science and Biotechnology 6, 181–195.

20. Bartlett DH, Kato C and Horikoshi K (1995) High pressure influences
on gene and protein expression. Research in Microbiology 146, 697–706.

21. Bartlett DH (2002) Pressure effects on in vivo microbial processes.
Biochimica et Biophysica Acta 1595, 367–381.

22. Iizuka K and Murakami T (2001) Kawaguchi H: pure atmospheric pressure
promotes an expression of osteopontin in human aortic smooth muscle
cells. Biochemical and Biophysical Research Communications 283, 493–498.

23. Kaushal N et al. (2020) Mutational frequencies of SARS-CoV-2 genome
during the beginning months of the outbreak in USA. Pathogens 9, 565.

24. Zhu W et al. (2012) Mutations in polymerase genes enhanced the virulence
of 2009 pandemic H1N1 influenza virus in mice. PLoS ONE 7, e33383.

25. Conenello GM et al. (2007) A single mutation in the PB1-F2 of H5N1
(HK/97) and 1918 influenza A viruses contributes to increased virulence.
PLoS Pathogens 3, 1414.

26. Scafetta N (2020) Distribution of the SARS-COV-2 pandemic and its
monthly forecast based on seasonal climate patterns. International
Journal of Environmental Research and Public Health 17, 3493.

27. Coro G (2020) A global-scale ecological niche model to predict
SARS-CoV-2 coronavirus infection rate. Ecological Modelling 143, 109187.

28. Peng CK et al. (1992) Long-range correlations in nucleotide sequences.
Nature356, 168.

29. Halsey TC et al. (1986) Fractal measures and their singularities: the char-
acterization of strange sets. Physical Review A 33, 1141.

30. Calvert L, Fisher A and Mandelbrot B (1997) The multifractal model of
asset returns. Discussion papers of the Cowles Foundation for Economics.
Yale University: Cowles Foundation 1141166, 1227.

31. Norouzzadeh P and Rahmani B (2006) A multifractal detrended fluctu-
ation description of Iranian rial-US dollar exchange rate. Physica A:
Statistical Mechanics and Its Applications 367, 328336.

32. Heylighen F (2001) The science of self-organization and adaptivity. The
Encyclopedia of Life Support Systems 5, 253280.

33. Smit AJ et al. (2020) Winter is coming: a southern hemisphere perspec-
tive of the environmental drivers of SARS-CoV-2 and the potential sea-
sonality of COVID-19. International Journal of Environmental Research
and Public Health 17, 5634.

34. West JB (2004) The physiologic basis of high-altitude diseases. Annals of
Internal Medicine 141, 789–800.

35. Wickramasinghe H and Anholm JD (1999) Sleep and breathing at high
altitude. Sleep and Breathing 3, 89–102.

36. Mallat S and Hwang WL (1992) Singularity detection and processing with
wavelets. IEEE Transaction on Information Theory 28, 617.

4 R. K. Sanayaima Singh et al.

https://doi.org/10.1017/S0950268821000248 Published online by Cambridge University Press

https://webs.iiitd.edu.in/raghava/coronavir/genome.php
https://webs.iiitd.edu.in/raghava/coronavir/genome.php
http://www.psas.pdx.edu
http://www.psas.pdx.edu
https://doi.org/10.1017/S0950268821000248

	Diversity of SARS-CoV-2 isolates driven by pressure and health index
	Acknowledgement
	References


