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Evolution of Viral Pathogens Follows a Linear Order
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ABSTRACT Although lessons have been learned from previous severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome (MERS) outbreaks, the rapid evo-
lution of the viruses means that future outbreaks of a much larger scale are possible, as
shown by the current coronavirus disease 2019 (COVID-19) outbreak. Therefore, it is nec-
essary to better understand the evolution of coronaviruses as well as viruses in general.
This study reports a comparative analysis of the amino acid usage within several key viral
families and genera that are prone to triggering outbreaks, including coronavirus (severe
acute respiratory syndrome coronavirus 2 [SARS-CoV-2], SARS-CoV, MERS-CoV, human coro-
navirus-HKU1 [HCoV-HKU1], HCoV-OC43, HCoV-NL63, and HCoV-229E), influenza A (H1N1
and H3N2), flavivirus (dengue virus serotypes 1 to 4 and Zika) and ebolavirus (Zaire, Sudan,
and Bundibugyo ebolavirus). Our analysis reveals that the distribution of amino acid usage
in the viral genome is constrained to follow a linear order, and the distribution remains
closely related to the viral species within the family or genus. This constraint can be
adapted to predict viral mutations and future variants of concern. By studying previous
SARS and MERS outbreaks, we have adapted this naturally occurring pattern to determine
that although pangolin plays a role in the outbreak of COVID-19, it may not be the sole
agent as an intermediate animal. In addition to this study, our findings contribute to the
understanding of viral mutations for subsequent development of vaccines and toward
developing a model to determine the source of the outbreak.

IMPORTANCE This study reports a comparative analysis of amino acid usage within several
key viral genera that are prone to triggering outbreaks. Interestingly, there is evidence that
the amino acid usage within the viral genomes is not random but in a linear order.

KEYWORDS SARS-CoV-2, outbreak, viral pathogen, linear order, infectious disease,
microbiology

n the past 2 decades, there have been three coronavirus outbreaks, with the current

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing a global pandemic
(1-4). The sequence of SARS-CoV-2 is distinct from severe acute respiratory syndrome coro-
navirus (SARS-CoV) and Middle East respiratory syndrome-related coronavirus (MERS-CoV)
and shows a closer relationship with the coronavirus isolated in bat (5). However, it is uncer-
tain whether the virus was transmitted to humans through an intermediate animal (6).
Currently, the long-lasting pandemic has caused a global death toll of 5.38 million and with ; ) ,
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nism and can be potentially useful for the prediction of future virus variants. Extending this

Volume 10 Issue 1 e01655-21 @ spéctim  MicrobiolSpectrum.asm.org 1


https://orcid.org/0000-0003-1557-4077
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.MicrobiolSpectrum.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.01655-21&domain=pdf&date_stamp=2022-2-2

Tan et al.

Function = Quanta Function = Exponential

0.904

0.754

01 02 03 0.15 0.30
a a

045

FIG 1 All viral CDS a and b parameters from fitting exponential and quanta functions are represented as a
scatterplot. Each viral CDS with a fitted parameter is represented by a data point. The black diagonal line
represents the linear regression of all data points. Overall, the viral CDS exponential and quanta function parameters

show a linear relationship.

finding by comparing with previous outbreaks of coronavirus, SARS, and MERS and with the
understanding of naturally occurring patterns, our findings can be applied in the early detec-
tion of the origin of the outbreaks.

RESULTS

Amino acid usage pattern within viral genomes. Here, it is demonstrated that the
distribution function can be used to reveal the distinct pattern and characteristics of
the viral genomes. Both exponential and quanta functions are defined by two parameters (a
and b), which show a linear relationship when drawn for all virus coding sequences (CDS)
(Fig. 1). This suggests that the parameters do not have a random pattern. To find out whether
these parameters have clinical significance, several representative strains of coronavirus, ebola-
virus, flavivirus, and influenza A group of viruses were selected to determine the distribution
of their parameters. The CDS of each species was obtained through the filtering function of
the NCBI virus database (7) and the National Institute of Allergy and Infectious Diseases
Influenza Research Database (NIAID IRD) (8). Both exponential and quanta functions were simi-
lar; however, the quanta function was used for further analyses.

The parameters of viruses within the same family or genus are closely clustered together
except for flavivirus, which exhibits a relatively dispersed grouping (Fig. 2). In the group of
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FIG 2 Distribution of quanta parameters of four selected viral families in the context of all viruses (gray).
Representative viral species are influenza A (HIN1 and H3N2), flavivirus (dengue virus serotypes 1 to 4 and
Zika), ebolavirus (Zaire, Sudan, and Bundibugyo ebolavirus), and coronavirus (SARS-CoV-2, SARS-CoV, MERS-CoV,

HCoV-HKU1, HCoV-OC43, HCoV-NL63, and HCoV-229E).

Volume 10 Issue 1 e01655-21

&, ~ Microbiolos
% Spectrur Y

MicrobiolSpectrum.asm.org 2


https://www.MicrobiolSpectrum.asm.org

Evolution of Viral Pathogens Follows a Linear Order

. Zaire
. Sudan
0.9361
\_. «  Bundibugyo
“l.
20.9341 S
0.9321 T
0.087 0.088 0.089 0.090 0.091
a
0.93 . DENVA
. DENV2
., . e . DENV3
0.921 ]
- . DENV4
A
5 . . ZIKV
0.911 .~
,
0.90 S
0.085 0090 0095 0100 0105 0.110  0.115
0.9450 a
H3N2
0.94251 HINT
0.9400
©0.93751
0.93501
0.9325 -
0.082 0.084 0.086 0.088 0.090

a

FIG 3 Distribution of individual subgroups of viruses. Top, ebolaviruses. Zaire strains have close
distribution. Sudan and Bundibugyo strains with lesser sequences have a more dispersed distribution.
Middle, flaviviruses. Most dengue viruses are clustered together (red circle), with serotypes 1 to 4
showing further clustering. Serotypes 1, 2, and 3 exhibit several outliers. These outliers follow a
pattern of linear distribution and clustering. Zika virus is clustered distinctly near the major dengue
group. Bottom, influenza A. HIN1 and H3N2 do not exhibit a distinct cluster.

viruses, each species shows more distinct clustering of parameters, and most of the sequen-
ces lie on a straight line of ebolavirus, flavivirus, and influenza A (Fig. 3). Coronaviruses ex-
hibit similar clustering characteristics (Fig. 4). The sequence of SARS-CoV-2 is closely related
to SARS-CoV, which is consistent with the findings of current pandemic viruses similar to the
virus from the last SARS outbreak (5). Of 2,178 SARS-CoV-2 sequences, 2,177 lie on the ma-

jority line along with other coronaviruses.
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FIG 4 Distribution of coronavirus subgroup. Each species of coronavirus is grouped along a straight line with

three (one SARS-CoV-2 and two MERS-CoV) outliers. Most of SARS-CoV-2 are clustered close to SARS-CoV.
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FIG 5 Spike protein quanta distribution of SARS-CoV-2, SARS-CoV, and MERS-CoV. (A) Spike distribution for
all coronaviruses from NCBI GenBank. The three major coronavirus spike proteins show distinct groupings.
The SARS-CoV-2 spike protein cluster is closer to SARS-CoV than to MERS-CoV. (B, C) The focused view of
SARS-CoV-2 and SARS-CoV spike proteins (B) shows a tighter and distinct clustering than the whole-genome
CDS ().

Prediction of intermediate host. Most of the viral species show a nonrandom group-
ing of quanta distribution parameters. Next, the spike protein was analyzed to determine
that it exhibits a similar pattern. The viral receptor is the most important component of the
virus, as it determines the host infectivity and pathogenesis within the host. To explore the
similarity of the spike protein parameters between the human coronavirus and the interme-
diate animal coronavirus, a quanta function was applied to the spike protein receptor
sequence. The host standard was expanded to include all hosts from the NCBI virus data-
base. The sequences of human and unknown hosts were filtered to form a zoonotic corona-
virus reference for comparison with human coronavirus. The spike sequence of coronavirus
was obtained by filtering from the NCBI database, except for SARS-CoV, as annotations are
not available. The SARS-CoV spike sequence was obtained by gene alignment with the ref-
erence spike sequence (NC_004718.3) with the VIRULIGN software (9). The spike sequence
quanta parameters of the zoonotic 1,656 coronaviruses were calculated with the same
method as in the previous section. Three major coronaviruses, SARS-CoV-2, SARS-CoV, and
MERS-CoV, were analyzed to illustrate that the spike protein distribution is more tightly
grouped than the genome-wide CDS (Fig. 5A). While it is expected for MERS-CoV to differ
from SARS-CoV and SARS-CoV-2 due to the different target host receptor (10-12), the
closely related coronavirus SARS-CoV and SARS-CoV-2 spike proteins also show distinct
grouping (Fig. 5B). This is in contrast to the rest of the genome, where quanta parameters
overlap (Fig. 5C).

To determine whether this method can predict intermediate hosts, two coronaviruses
that are responsible for previous outbreaks, SARS and MERS, were analyzed with zoonic
hosts. The SARS-CoV spike protein shows clear clustering near the zoonotic coronaviruses of
bat, civet, mouse, and grivet (Fig. 6). Mouse (Mus musculus) and grivet/African green monkey
(Chlorocebus aethiops) samples were experimentally infected (13); to our knowledge, neither
of these animals play a role in the SARS outbreak. The Rhinolophus genus of bats, which
is identified as the closest match to SARS-CoV, is consistent with previous findings; that is,
this genus is a natural reservoir host (13, 14). The intermediate animal in the SARS outbreak
is identified as masked palm civet (Paguma larvata), but the zoonotic coronavirus sequences
native to this species are unavailable. However, this model identifies other civet species
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FIG 6 Close-up view of SARS-CoV spike protein quanta parameter distribution. SARS-CoV spike proteins are
distributed near bat coronavirus spike proteins (Rhinolophus and Hypsugo), civet (Viverridae and Paradoxurus
hermaphroditus), mouse (Mus musculus), and grivet (Chlorocebus aethiops). SARS-CoV quanta parameters are
grouped into late (red), early (green), and middle phases (orange) of epidemic. The late-phase sequences are
separated, except for the single early phase sequence.

(Viverridae, Paradoxurus hermaphroditus) as intermediate hosts by proximity. To quantify the
nearest zoonotic coronavirus, the geometric distance (distance of the two points on the
graph) between each of the 44 SARS-CoV proteins and each zoonotic coronavirus was deter-
mined (Fig. 7). Bat species together with civets are ranked as the species closest to all SARS-
CoV spike sequences. Interestingly, the spike protein of SARS-CoV shows the distinction
between late and early midphase of the SARS epidemic, as noted in a previous study (15).
The early- and middle-phase sequences are grouped near to civets (Viverridae and
Paradoxurus hermaphroditus) and bats; however, a clear migration upwards along the linear
line toward mouse (Mus musculus) and grivet/African green monkey (Chlorocebus aethiops)
is evident. The same calculation is performed for MERS-CoV (Fig. 8 and 9) to show that camel
is the closest host animal, and it is the previously identified intermediate host.

Using the same model validated against SARS-CoV and MERS-CoV, 1,743 SARS-CoV-2
spike sequences available in the NCBI virus database were analyzed. Most of the sequences
are distributed in the vicinity of bat coronaviruses except for 11 spike sequences (Fig. 10),
which are closer to Malayan pangolin. Two samples are from mainland China, one is from
Taiwan, and the rest are from the United States (Table 1). Geometric distance calculation
reveals that the closest non-bat zoonotic host is the Malayan pangolin (Fig. 11), which sug-
gests that pangolin is an intermediate host or pangolin-CoV is involved in the recombination
of current SARS-CoV-2. This finding is consistent with two other studies (16, 17), suggesting
that Malayan pangolin plays a role in the current coronavirus disease 2019 (COVID-19) out-
break. Compared with the SARS-CoV distribution (Fig. 6), the earliest SARS-CoV-2 spike
sequence (NC_045512.2) was expected to be located near pangolin; however, it is located in
the middle of the distribution. This indicates that the first reference SARS-CoV-2 sequence
sampled from Wuhan is not the earliest strain if Malayan pangolin is the intermediate host.

DISCUSSION

Expectedly, each viral sequence differs in the distribution of amino acid, and thus the
parameters describing the distribution vary. Yet, the distribution parameters are bounded
by the linear relationship. The amino acid usage within the viral genomes is not random or
does not follow stochastic behavior but correlates well to quanta and exponential distribu-
tion. The quanta distribution was selected for further analysis as it presents an interesting
characteristic; that is, the highest rank holds the value of the parameter “a”, and each subse-
quent rank is lesser by a factor “b”. The most frequently used amino acid has the usage per-
centage of “a”, and the second most frequently used amino acid has the usage percentage of
“a x b", and the next usage frequency is “a x b x b". Thus, the parameter “b” that quantifies

Volume 10 Issue 1 e01655-21

&,  Microbiolos
% Spectrur Y

MicrobiolSpectrum.asm.org 5


https://www.ncbi.nlm.nih.gov/nuccore/NC_045512.2
https://www.MicrobiolSpectrum.asm.org

Tan et al. @ spéctim

Viverridae -1.0
Rhinolophus sinicus
Rhinolophus sinicus

Viverridae

Paradoxurus hermaphroditus
Hypsugo pulveratus
Rhinolophus sinicus
Rhinolophus sinicus

Viverridae

Paradoxurus hermaphroditus
Rhinolophus sinicus
Rhinolophus sinicus
Rhinolophus sinicus

Rhinolophus affinis
Rhinolophus affinis
Rhinolophus sinicus
Rattus norvegicus
Rhinolophus sinicus
Rhinolophus affinis
Hypsugo pulveratus
Vespertilio sinensis
Apodemus chevrieri
Rhinolophus affinis
Rhinolophus sinicus
Aselliscus stoliczkanus
Rhinolophus sinicus
Rhinolophus macrotis
Rhinolophus affinis
Rhinolophus affinis
Pipistrellus kuhlii
Rhinolophus blasii
Chiroptera
Rhinolophus sinicus
Rhinolophus sinicus
Rhinolophus sinicus
Manis javanica
Manis javanica
Manis javanica
Rhinolophus sinicus
Pholidota

Erinaceus amurensis
Manis javanica
Erinaceus amurensis
Hypsugo savii
Rhinolophus sinicus
Neoromicia capensis
Rhinolophus sinicus
Gallus gallus
Rhinolophus

Gallus gallus

-0.8

Host

44 SARS-CoV spike sequences

FIG 7 Normalized geometric distance heat map of the nearest 50 of 1,656 zoonic coronaviruses (vertical) and 44 SARS-CoV spike
sequences (horizontal). The heat map value represents the distance between human SARS-CoV and the zoonic coronavirus spike
protein quanta parameter. The lower value (black) indicates that the zoonic coronavirus and human SARS-CoV spike quanta
parameters are closest. The scale is normalized within the nearest 50 samples. The majority of the near hosts are bat and small
mammal groups, inclusive of the civet subfamily (Viverridae), Asian palm civet (Paradoxurus hermaphroditus), brown rat (Rattus
norvegicus), and pangolin (Manis javanica, Pholidota). Mouse (Mus musculus) and grivet/African green monkey (Chlorocebus aethiops)
are removed, as the viral samples are experimentally infected and do not represent natural hosts.

the decline or ratio of the next subsequent frequent amino acid is constant, which suggests
that the amino acid usage of the virus follows a discrete and quantized nature. Hence, this dis-
tribution is termed quanta distribution. All viruses rely on the host's translation mechanism;
hence, it is possible that this distribution exists in all living organisms’ genomes. However, this
requires further studies for confirmation.
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FIG 8 Close-up view of MERS-CoV spike protein quanta parameter distribution. MERS-CoV overlaps with camel

coronavirus, indicating a close spike protein relation.

One of the findings of this study is that the distribution parameters are not random
across viral families and species. The quanta parameters of most viral sequences fall on a
straight line. Distribution outliers can be caused by incomplete or noncurated sequences.
Although these sequences are obtained from the NCBI virus database with the “complete
sequence” flag, a cursory examination reveals that the part of the sequence or CDS has incom-
plete proteins. It is an arduous task to manually curate all 115,285 sequences; however, most
of the sequences exhibit a consistent linear characteristic with several outliers. Of the represen-
tative virus groups of interest (coronavirus, ebolavirus, flavivirus, and influenza A group), only
flavivirus shows a significant amount of deviation from the linear line. The deviation is unlikely
to arise from incomplete sequences. On closer analysis, the linear pattern is still consistent,
and the flavivirus deviation forms parallel lines with the rest of the virus CDS (Fig. 12).
Flavivirus requires an insect vector for human transmission, and the dual-host requirement
between a vertebrate and an arthropod places high selective pressure on flavivirus. It is known
that flavivirus exhibits genomic plasticity and codon recoding under such pressures (18-20).
As this study focuses on human and zoonic coronavirus, the question of whether the dual-
host requirement of flavivirus results in separate parallel distribution cannot be answered.

However, thus far, the results have shown that the viral coded genome has two con-
straints: the amino acid quanta distribution must fall on a linear line, and the resultant
quanta parameters are closely grouped within the same viral species. This is especially
true for coronavirus spike proteins. This implies that viral mutations do not occur ran-
domly but are limited to the axis of a linear line, which is constrained in two directions
and close to the original sequence. This characteristic of the viral genome can be used to
predict future variants of SARS-CoV-2 and possible mutations in the spike protein used
in vaccine development. For SARS-CoV-2, 2,177 of the 2,178 sequences show consistent
distribution with other naturally evolved viruses. Therefore, the recent COVID-19 etiolo-
gic agent is likely to be the result of natural evolution.

Compared with the genome-wide CDS counterparts, the conservative distribution of spike
proteins may be due to selective pressure, in which the fitness cost to receptor mutations is
higher. This characteristic is adapted for predicting possible intermediate zoonotic hosts, and
the findings are consistent with previously identified animals of SARS and MERS. The results of
studies that pangolin may play a role in the current outbreak are consistent and support other
studies (16, 17). Although more studies are needed to confirm the role of pangolin (16, 17) or
other possible animals in the current COVID-19 outbreak, this model may be able to rapidly
identify the closest and most probable match for confirmation.
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FIG 9 Normalized geometric distance heat map of the nearest 100 of 1,656 nonhuman coronaviruses (vertical) and 249 MERS-CoV spike sequences
(horizontal). Camelus (camel) coronavirus spike protein is closest to the MERS-CoV spike protein.
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FIG 10 Close-up view of spike sequence quanta parameter distribution centered on the SARS-CoV-2 reference
genome (NC_045512.2). The closest coronavirus host belongs to bats with the next nearest non-bat hosts (bold),
Malayan pangolin (Manis javanica), the general pangolin order (Pholidota), and the Amur hedgehog (Erinaceus
amurensis) and bat order (Chiroptera) and intermediate horseshoe bat (Rhinolophus affinis), vesper bat (Pipistrellus
kuhlii), Chinese rufous horseshoe bat (Rhinolophus sinicus), big-eared horseshoe bat (Rhinolophus macrotis), and
Stoliczka’s trident bat (Aselliscus stoliczkanus).

The SARS-CoV spike distribution shows the division between late and early midphase,
and more case study is needed to correlate the phase of outbreak and the distribution of
spike proteins. The SARS outbreak case study also shows the clear migration of late-phase
spike protein quanta parameters toward mouse and grivet/African green monkey. It is
unclear whether this migration is the result of adaptation to the urban environment or
humans. Interestingly, the first sequence of the SARS-CoV-2 spike protein is located in the
middle of the distribution contrary to SARS-CoV. It was expected that the spike sequence
would be closer to the intermediate host of the initial root strain. There are two possibilities.
First, if Pangolin is the intermediate host of SARS-CoV-2, then the first sequence from
Wuhan is probably not the root strain. The second possibility is that SARS-CoV-2 is likely to
spread naturally from bats to humans without an intermediate host, which is likely to be
adapted to pangolin at the same time. SARS-CoV and MERS-CoV are distributed near the in-
termediate hosts (Fig. 6 and 8) and rank the closest quantitatively. For SARS-CoV-2, although
pangolin is the next non-bat host, it is not the closest (Fig. 11). Bat is obviously the closest to
SARS-CoV-2, which leads us to consider the possibility that there may not be an intermedi-
ate host. Since bat is the natural reservoir for coronaviruses, and many have not crossed the
human barrier, it is needed to consider the implications if more coronaviruses can spillover
and reconsider our proximity from bats through the wildlife trade.

Conclusions. This study shows that virus mutation is not random but follows a set
of constraints. Because of this constraint, it has the potential to be used for predicting

TABLE 1 SARS-CoV-2 spike sequences near pangolin

Accession a b Location? Collection date®
MT415371.1 0.09058 0.932063 Mainland China 2020-2-6
MT334547.1 0.090459 0.932266 USA: UT 2020-3-19
MT325615.1 0.090459 0.932266 USA: 1A 2020-3-7
MT374108.1 0.090445 0.932276 Taiwan 2020-3-14
MT418890.1 0.090425 0.932298 USA: VA 2020-4
MT418891.1 0.090425 0.932298 USA: VA 2020-4
MT418892.1 0.090425 0.932298 USA: VA 2020-4
MT418889.1 0.090425 0.932298 USA: VA 2020-4
MT412303.1 0.090425 0.932298 USA: CT 2020-3-30
MT385442.1 0.090425 0.932298 USA: CA 2020-4-3
MT415370.1 0.090414 0.932295 Mainland China 2020-2-6

aCA, California; CT, Connecticut; IA, lowa; UT, Utah; VA, Virginia.
bCollection date is represented as yr-mo-day.
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FIG 11 Normalized geometric distance heat map of the nearest 20 of 1,656 nonhuman coronaviruses (vertical) and 1,743 SARS-CoV-2 spike
sequences (horizontal). The nearest host is bat (Rhinolophus, Pipistrellus, Aselliscus), followed by pangolin (Manis javanica, Pholidota) and hedgehog
(Erinaceus amurensis). The first six hosts are closer to SARS-CoV-2 (above blue line), and all six closest hosts are bats. Pangolin lies below the blue line.

future variants of concern and thereby speed up the development of specific and tailored
vaccines. This method of predicting the closest animal host requires more case studies of
previous outbreaks to establish a robust model framework. Although it cannot replace sero-
logical or other confirmation methods, infection and effective replication are not the only
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FIG 12 Distribution of flavivirus subgroups. Several sequences deviate from the main linear line (solid black).

However, the deviation is not random but forms parallel lines (gray lines).

spike parameter similarity, but there are also other factors at play, such as the participation
of receptor-binding sites or other nonstructural proteins. However, the findings have dem-
onstrated the potential of using amino acid usage distribution as a rapid characterization
tool for current and future novel virus outbreaks.
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FIG 13 Amino acid usage distribution of each viral CDS, excluding stop codons. Top, the amino acid
usage distribution for each viral sequence was determined and represented as a percentage of the
total amount of amino acid coded. The distribution was arranged from highest to lowest amino acid
frequencies, represented by rank 1 to 20, respectively, as the amino acid preference of each virus
differs. The distribution of every viral sequence at each rank is represented by a box plot. Rank 1
(most frequent amino acid) shows the largest amount of distribution, where ranks 4 to 20 are
consistent. Bottom, the black dots represent the mean frequency of each rank. The selected four
(quanta, logarithmic, power, and exponential) curves fit the mean distribution.
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TABLE 2 Summary of function fitting results

Pearson correlation Correlation P value
Function SD? Mean Minimum Maximum Mean Minimum Maximum
Exponential  0.012 0.98 0.86 1 25x107 97x10% 10°
Quanta 0.012 0.98 0.86 1 25x 107 97x10°% 10°°
Logarithmic  0.037 0.95 0.74 1 1.6 x 1077 83x107# 17x10°*
Power 0.034 0.95 0.76 1 86x107% 12x1072 11x10*

aSD, standard deviation.

MATERIALS AND METHODS

To determine the overall pattern of amino acid diversity in all viruses, the CDS of all 115,285 vi-
ral sequences were obtained from GenBank and accessed through the NCBI virus database (7). The
amino acid frequency was obtained by the percentage of the amino acid count to the total num-
ber of coded amino acids in the sequence. The amino acid frequency of each complete CDS was
sorted in descending order, independent of the order of amino acids, to eliminate the effect of
codon bias. As the order of amino acids is not constant, the amino acid frequency is defined as
rank 1 to rank 20 in descending order. For the overall distribution pattern representative of all vi-
rus, the average of each rank was determined, and four (quanta: y = ab*™'; logarithmic:
y= aInSH—f ; power, y = ax®; exponential, y = ae®®) functions that closely match the average
overall distribution were selected (Fig. 13). To identify which of the four functions best represents
the usage of amino acids encoded within the viral genomes, each function was curve fitted to the
amino acid usage distribution in each viral CDS, and the Pearson correlation coefficient for each fit
was calculated. Among these four functions, the logarithmic and power functions fit with a mean
correlation of 0.95, and the exponential and quanta functions fit with a mean correlation of 0.98.
Among all viral sequences used in our analyses, the correlation coefficients of exponential and
quanta functions have a low standard deviation of 0.012 (Table 2) and are highly concentrated
near the median compared to logarithmic and power functions (Fig. 14). For a universal function
describing the amino acid distribution in all virus genomes, the function must be well correlated
for every type of virus. Due to the high correlation, confidence (P value), and narrow distribution
of the curve fitting results for all virus sequences, the encoded amino acid usage within the viral
genomes follows the exponential and quanta laws.

Data availability. All data are available from the NCBI virus database and NIAID IRD.
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FIG 14 Distribution of Pearson correlation coefficient values of each curve-fitting function to viral
CDS. Exponential and quanta functions exhibit similar distributions, with a narrow distribution (0.95
to 1.00) near the median value of 0.98. Logarithmic and power functions have a wider distribution
spread out across 0.75 to 1.00. Exponential and quanta functions are a better and more consistent fit
for all viral sequences.
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