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The world faces a great unforeseen challenge through the COVID-19 pandemic caused by coronavirus
SARS-CoV-2. The virus genome structure and evolution are positioned front and center for further under-
standing insights on vaccine development, monitoring of transmission trajectories, and prevention of
zoonotic infections of new coronaviruses. Of particular interest are genomic elements Inverse Repeats
(IRs), which maintain genome stability, regulate gene expressions, and are the targets of mutations.
However, little research attention is given to the IR content analysis in the SARS-CoV-2 genome. In this

Keywords: study, we propose a geometric analysis method and using the method to investigate the distributions of
COVID-19 ; . - .
SARS-CoV-2 IRs in SARS-CoV-2 and its related coronavirus genomes. The method represents each genomic IR
2019-nCoV sequence pair as a single point and constructs the geometric shape of the genome using the IRs. Thus,
Coronavirus the IR shape can be considered as the signature of the genome. The genomes of different coronaviruses
Genome are then compared using the constructed IR shapes. The results demonstrate that SARS-CoV-2 genome,
Inverted repeat specifically, has an abundance of IRs, and the IRs in coronavirus genomes show an increase during evo-
Palindrome lution events.

Evolution
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1. Introduction

Coronavirus (CoV) SARS-CoV-2 is the causative agent of the glo-
bal COVID-19 pandemic, which initially emerged in Wuhan, China,
in December 2019. The spread of SARS-CoV-2 is a severe threat to
global health, and there are over 157 million confirmed cases and
more than 3.27 million deaths worldwide as of May 10, 2021,
according to WHO (Max Roser et al., 2020). From the current global
COVID-19 status, it is predictable that SARS-CoV-2 may exist with
humans for a long-time. Understanding the virus genomic struc-
tures and evolution may offer deep insights into infection mecha-
nism, vaccine design, therapeutic drug development, tracking the
transmission, and prevention of future infections. We also aim to
understand the zoonotic origin and evolution of the coronavirus
SARS-CoV-2 from genome structure perspective.

Coronaviruses (CoVs) belong to the family Coronaviridae, con-
sisting of a group of positive-sensed, single-stranded RNA viruses.
To date, seven human CoVs (HCoVs) have been identified and
researched (Cui et al.,, 2019; Fan et al., 2019). The first coron-
aviruses that infected humans, designated HCoV-229E and HCoV-
0C43, were alpha-CoVs, reported in the 1960s. The individual
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symptoms evoked by HCoV-229E, HCoV-0OC43 are mild. The five
beta-CoVs are human-CoV/0C43, human-CoV/HKU1, severe acute
respiratory syndrome coronavirus (SARS-CoV, 2003), Middle East
respiratory syndrome coronavirus (MERS-CoV, 2012), and SARS-
CoV-2 (2019). SARS-CoV, MERS-CoV, and SARS-CoV-2 are highly
virulent, causing severe lower respiratory tract infection and extra-
pulmonary manifestations. In addition, SARS-CoV-2 is more trans-
missible compared to SARS-CoV and MERS-CoV, and is
characterized by asymptomatic carriers, long latency period, high
infectivity, and relatively high mortality. Two human coron-
aviruses, HCoV-HKU1 and HCoV-NL63 (Woo et al., 2005; Van Der
Hoek et al., 2004), were identified after the SARS-CoV epidemic
as common causes of human respiratory tract infections. In addi-
tion to these seven human CoVs, SARS-related bat-CoVs and animal
CoVs were discovered. bat-CoV/HKU2 (2007) was identified Chi-
nese horseshoe bat Rhinolophus (Lau et al., 2007. Swine acute diar-
rhea syndrome coronavirus (swine-CoV/SADS, 2017) is highly
pathogenic and has broad hosts with inherent infection potential
to humans(Edwards et al., 2020). The most closely related virus
to SARS-CoV-2 is RaTG13 (2013), identified from a Rhinolophus affi-
nis bat (Zhou et al., 2020b). RaTG13 shares 96.1% nucleotide iden-
tity with SARS-CoV-2. Recently, bat-CoV/RmYNO2 (2020) was
discovered in Rhinolophus malayanushe (Zhou et al., 2020a),
exhibiting 93.3% nucleotide sequence identity with SARS-CoV-2.
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A new bat-CoV/RpYNO6 (2020) is also a relative of SARS-CoV-2
(Zhou et al., 2021).

A genome holds both explicit and implicit structural elements
that confer optimal and precise functions. The explicit structures
include protein-coding regions, regulatory regions, 5'- and 3’-
UTRs, and the poly-A tail (Kim et al., 2020). These explicit struc-
tures of SARS-CoV-2 genome have been extensively studied. How-
ever, the implicit structures are often unexplored. The implicit
genomic structures are critical to maintaining the global and local
structures so that genome replication, transcription, and transla-
tion can occur in an optimal environment. Examples of the implicit
structures in a genome include hidden genomic signals such as
periodicity-3 in protein-coding regions, and periodicity-10.5 in
dinucleotide-rich regions, tandem repeats. Particularly, RNA virus
genomes contain special implicit structures, inverted repeats (IR),
which can stabilize the genomes and regulate gene expressions.

An inverted repeat (IR) is a sequence that matches its down-
stream reverse complement sequence. The initial sequence and
the reverse complement may have a spacer, which can vary from
zero to thousands of bases. An IR of zero spacer is specially named
a palindrome. For example, the inverted repeat, 5’-TTTACGTAAA-3’
is a palindrome, the palindrome-first is 5’-TTTAC-3’, and the palin-
drome-second is 5-GTAAA-3’. When the spacer in an inverted
repeat is non-zero, the repeat is generally inverted. For conve-
nience, we still denote the initial sequence in a general IR as a
palindrome-first and the downstream reverse complement as a
palindrome-second. For example, in the general IR, 5'-
AAAGGCT. . .AGCCTTT-3’, we still name the palindrome-first as 5’-
AAAGGCT-3’, and the palindrome-second as 5’-AGCCTTT-3".
Through self-complementary base pairing, an IR can form a
stem-loop structure in an RNA molecule, where the palindrome-
first and palindrome-second make a stem, and the spacer makes
a loop. Note that an IR may not have perfect complementary base
pairing in palindrome-first and palindrome-second sequences so
the stem formed by an imperfect IR can have mismatches, insert,
or deletions.

Biologically, IRs have important functions and are prevalent in
numerous virus, bacterial and eukaryotic genomes. IRs in a genome
greatly enhance the stability of genome structure and help regulate
gene expression. IR sequences are the principal elements in
archaeal and bacterial CRISPR-CAS systems (Mojica et al., 2005),
which function as adaptive antiviral defense systems. In DNA gen-
omes, IRs from transcription can form double-strand RNA (dsRNA)
to repress gene expression (Muskens et al., 2000). IRs delimit the
boundaries of transposons in genome evolution and form stem-
loop structures in retaining genome stability and flexibility. IRs
are described as hot-spots of eukaryotic and prokaryotic genomic
stability (Voineagu et al., 2008), replication (Pearson et al., 1996),
and gene silencing (Adelman et al., 2002; Buchon and Vaury,
2006; Selker, 1999). Previous studies showed that IRs play key
roles in cellular and virus evolution (Lavi et al., 2018), genetic
diversity (Cechova et al., 2018), and cancer (Zou et al., 2017).

Despite the importance of IRs in genomes, few investigations on
IRs in SARS-CoV-2 genome have been conducted. Our previous
study revealed that SARS-CoV-2 genome has an abundance of
inverted repeats and the IRs are mainly located in the gene of
the Spike protein and N protein (Yin and Yau, 2021). Limanskaya
showed that coronaviruses including SARS-CoV genomes have pre-
dominated IRs in the genes encoding replicase and spike glycopro-
teins of coronaviruses (Limanskaya, 2009). Bartas et al. revealed
that Nidovirales including SARS-CoV-2 genomes have enriched
IRs (Bartas et al., 2020). Goswami et al’s study showed that
SARS-CoV-2 hot-spot mutations are predominantly distributed
within IRs and CpG island loci (Goswami et al., 2020). Yet the
dynamic changes of IRs and the impacts on virus evolution have
not been fully investigated.
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To further reveal the evolutionary history of SARS-CoV-2 related
coronaviruses, in this study, we present a novel geometric method
to represent genome shape by Delaunay triangulations of IR points
formed by palindrome-firsts and palindrome-seconds. The IR
shape of a genome can be used as the signature of a genome. The
IRs shapes of different genomes are compared for similarity by
the Hausdorff distance. Therefore, we may track the IRs in virus
evolution. Moreover, this study demonstrates the prevalence of
IRs in SARS-CoV-2 and human-CoV genomes and highlights the
significance of IRs in the evolution of SARS-CoV-2.

2. Materials and methods
2.1. Barcoding genomes using inverted repeats

To ensure consistency in comparing different coronavirus gen-
omes, we only extract the IRs from genomes with the perfect com-
plementary base-pairing of the palindrome-first and palindrome-
second sequences. Note that a short IR of length P can occur inside
a long IR of length Q (Q > P), for example, IRs of length 10 contain
IRs of lengths 9, 8, etc. We only keep the IR of length Q and exclude
the IR of length P. In some cases, two different IRs can have over-
lapped sequences, we still consider these two IRs are unique.

The retrieved genome IRs are mapped on the protein genes of a
genome according to the positions of the palindrome-first and
palindrome-second sequences of the IRs.

In the IRs of a genome, the palindrome-first and palindrome-
second sequences have a strong tendency to form a stem structure
when the length of the palindrome-first or palindrome-second
sequence is long or when the spacer between the palindrome-
first or palindrome-second sequences is short. The positions of
the formed stems can be determined by the positions of the
palindrome-first or palindrome-second sequences. We define an
IR stem point in a genome as follows.

Definition 2.1. Let RNA sequence of length m be at the position
(x,x +m)in a genome, and the sequence has a downstream reverse
complement sequence at position (y,y +m) in the same genome,
the first segment is called palindrome-first and the downstream
sequence is called palindrome-second. An IR stem point is formed
by the palindrome-first and palindrome-second in the genome. The
coordinate of the IR stem point is (x,y).

Therefore, we can represent an RNA genome structure as the
abstract IR points in the genome. Each point represents a possible
stem formed by the palindrome-first or palindrome-second
sequences of an IR in the genome. Because the distribution of the
palindrome-first or palindrome-second sequences along a genome
is similar to a bar-code, we propose and name the IR distribution as
the barcode of the genome. The IR barcode can be used to charac-
terize the genome since each genome contains a unique distribu-
tion of IRs.

2.2. Delaunay triangulation of IRs in a genome

The IR points constructed by the palindrome-first and
palindrome-second sequences represent the stem structures that
stabilize the whole genome and regulate gene expressions. If we
connect the IR points as a graph, we can visualize a virus genome
by the abstract shape of the IR structures. Here, we propose to
transform the IR point sets into the characteristic Delaunay trian-
gulation by tessellations. Because of the stem forming of an RNA
virus genome by IRs, the interconnected Delaunay triangles from
IR points can be considered the virtual structure of an RNA virus
genome.
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The Delaunay triangulation provides a unique way of triangu-
lating the convex hull spanned by the set of IR points. The Delau-
nay tessellation is defined such that inside the interior of the
circumcircle of each Delaunay triangle, no other IR points are pre-
sent. Tessellation adapts to both the local density and geometry of
the point distribution. Where the density is high, the triangles are
small, and vice versa. The sizes of the triangles are, therefore, a
measure of the local density of the point distribution. Therefore,
we may use the Delaunay triangulation of the IR joining points in
a genome to represent the distribution structure of IRs in an RNA
virus genome.

The colors of a triangulation graph are to illustrate the shape of
the graph. The darker blue colors are for smaller coordinates for
lower and left positions, while the darker red colors are for larger
coordinates to upper and right positions.

2.3. Metric of genome IR barcodes: Hausdorff distance

In an RNA genome, the stem structure formed by an IR
palindrome-first and palindrome-second can be characterized as
an IR point. Because of the distinctive distribution of IR points in
a genome, the numbers of IR points in two different genomes are
usually different. To compare two given genomes using IR bar-
codes, we propose measuring the Hausdorff distance of the IR point
sets from the genomes. The resulting Hausdorff distance represents
the dissimilarity of two genomes which are represented by IR
points, or equally, IR barcodes.

The Hausdorff distance, named after Felix Hausdorff (1868-
1942), is the maximum distance of a set to the nearest point in
the other set. The Hausdorff distance can determine the degree
of resemblance between two objects or point sets that are super-
imposed on one another (Huttenlocher et al., 1993). The Hausdorff
distance is defined as

dy(X,Y) = max {supinfd(x,y), supinfd(x,y)},
xeX YeY yeY xeX
where sup denotes the supremum and inf denotes the infimum.

Because two IR graphs may not have the same number of nodes,
the direct one-to-one comparison of two graph nodes is impossi-
ble. The similarity of two IR graphs can be measured by the Haus-
dorff distance. If two IR graphs are similar, then more parts can be
superimposed, the Hausdorff distance is small, otherwise, the
Hausdorff distance is large.

The following is the procedure for the IR graph analytics in a
genome. (1) By string matching, scan the whole genome for
inverted repeats using sliding-window approach. The coordinates
of an IR is two positions of the palindrome-first and the
palindrome-second of the IR. The space of an IR can be any length.
(2) Delaunay triangulation of IR in a genome as a graph using the
coordinates of the IRs. (3) To compare two genomes in the context
of IRs, the Hausdorff distance of the IR graphs from the two gen-
omes is computed.

2.4. Computer programs and genome data

To identify and analyze IRs in genomes, the complete genomes
of coronaviruses were scanned for IRs by in-house computer pro-
grams in this study. The computer programs for IR analysis includ-
ing IR retrieval, similarity, visualization, and shape construction
were written in Python. The core algorithm in IR scanning was
string fuzzy search by sliding-windows along a sequence. The IR
retrieving programs were compared and validated with Palin-
drome analyzer, a web-based server for IRs (Brazda et al., 2016).
The retrieved IRs in SARS-CoV-2 genome is provided as supple-
mentary materials.

Journal of Theoretical Biology 530 (2021) 110885

This study depends on the complete genomes of human and bat
coronaviruses that were downloaded from NCBI GenBank or the
GISAID repository (http://www.GISAID.org) (Shu and McCauley,
2017). The NCBI GenBank/GISAID access numbers and references
of the human and bat coronaviruses are as follows. SARS-CoV-2
(GenBank: NC_045512.2) (Wu et al., 2020), SARS-CoV/BJ01 (Gen-
Bank: AY278488), SARSr-CoV/RaTG13 (GenBank: MN996532)
(Zhou et al., 2020b), bat-CoV/RmYNO2 (GISAID: EPI_ISL_412977)
(Zhou et al., 2020a), bat-CoV/RpYNO6 (GISAID: EPI_ISL_1699446)
(Zhou et al., 2021), MERS-CoV (GenBank: NC_019843) (Zaki et al.,
2012), SARSr-CoV/ZC21 (GenBank: MG772934) (Hu et al., 2018),
SARSr-CoV/ZC45 (GenBank: MG772933) (Hu et al., 2018), swine-
CoV/SADS (GenBank: MG557844) (Zhou et al., 2018), pangolin-
CoV/MP789 (GenBank: MT121216) (Lam et al.,, 2020; Liu et al,
2020), civets-SCoV/SZ3 (GenBank: AY304486) (St-Jean et al,
2004), and human-CoV/OC43 (GenBank: AY585229) (St-Jean
et al., 2004).

3. Results
3.1. SARS-CoV-2 genome has abundant IRs

Since long IRs are deemed to have great influence on the stabil-
ity of genomes of various organisms, we only examine the rela-
tively long perfect IRs in SARS-CoV-2 genome. The longest IR
identified in SARS-CoV-2 genome is 15bp sequence, the
palindrome-first sequence 5’-ACTTACCTTITAAGT-3’ is at 8474-
8489 (nsp3 gene), and the palindrome-second sequence 5-ACT
TAAAAGGTAAGT-3’ is at 13295-13310 (nsp10 gene). Using the
proposed IR identification and analysis methods, we produce the
distribution of IRs in SARS-CoV-2 genome, the IR points formed
by the positions of the palindrome-first and the palindrome-
second sequences, and the Delaunay triangulation of IR points of
SARS-CoV-2 genome (Fig. 1). Fig. 1(a) shows the barcode signature
of the genome by palindrome-first and the palindrome-second
sequences of 12-15bp, and Fig. 1(b) shows the coordinates of
the IR points formed by the palindrome-first and the
palindrome-second sequences. Fig. 1(b) and (d) are the construc-
tion and shape rendering of the Delaunay triangulation of IR points,
respectively.

3.2. Relevance analysis of SARS-CoV-2 and its related CoVs by IR
distributions

As IRs can stabilize an RNA genome and control virus replica-
tion and transcription (Pearson et al., 1996), the genomic IRs anal-
ysis may provide deep insights on the evolution of CoVs, especially
on the zoonotic origin of SARS-CoV-2. To infer the zoonotic origin
of SARS-CoV-2, we here compare the IR distributions from typical
bat-CoV. We evaluate and compare the distributions of IRs of 12—
15 bp in four SARS CoV genomes: SARS-CoV-2 (Fig. 1), SARSrI-
CoV/ZC21, SARSr-CoV/RaTG13, SARSr-CoV/RmYNO2, and SARS-
CoV/BJO1 (Fig. 2), and four bat-CoV genomes: bat-CoV/Pangolin,
MERS-CoV, swine-CoV/SADS, and bat-CoV/ZC45 (Fig. 3).

From the qualitative and quantitative analysis, we observe that
SARS-CoV-2 strain (Fig. 1(d)) is more closely related to SARSr-CoV/
ZC21 and SARSr-CoV/RaTG13 (Fig. 2(a,b)) than SARSr-CoV/
RmYNO2 and SARS-CoV (Fig. 2(c,d)).

The IR distribution results (Table 1) show that human CoVs such
as human-CoV/229E and human-CoV/NL63, and human-CoV/
HKU1 have a higher number IRs than bat-CoVs. The reason for
the increased IRs is possibly due to the mutations and recombina-
tions in CoV genomes during the infection periods in human hosts.
Therefore, we may use the IR changes to infer the evolution trend
of CoVs from bat to human host. SARS-CoV-2 may probably have
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Fig. 1. Distribution of IRs consists of the set of palindrome-first sequences and the palindrome-second sequences in SARS-CoV-2 genome. The lengths of IRs are from 12 to 15
bp. (a) The positional distribution of the palindrome-first sequences and the palindrome-second sequences. (b) Scatter IR points formed by the positions of the palindrome-
first sequences and the palindrome-second sequences in the genome. (c) Delaunay triangulation of the IR points. (d) Delaunay triangulation of the IR points with colored in
adjacent triangles. The darker blue colors indicate smaller coordinates for lower and left positions, while the darker red colors indicate larger coordinates to upper and right

positions.

evolved from SARSr-CoV/RaTG13 from the distribution of IRs. We
also observed that SARS-CoV-2 has fewer long IRs than SARS-
CoV/BJO1 and SARSr-CoV/RmYNO1.

To investigate the evolutionary relationship of the CoV genomes
from the IRs distribution, we survey the IRs in these human-CoVs
and relate these CoVs to SARS-CoV-2. The IR structures of the
human-CoVs are illustrated in Fig. 4.

3.3. Evolution distances of SARS-CoV-2 and its related CoVs by IR
points

IR distribution in the CoV genomes may give clues on the zoo-
notic evolution of SARS-CoV-2. The evolution proximities of the
CoVs from the Hausdorff distances of the genomics IR points. To
this end, we compare the differences of IRs in bat and human CoVs
so that the patterns of zoonotic evolution can be revealed. Table 1
lists the Hausdorff distances between SARS-CoV-2 and bat and

human-CoVs, and also the frequencies of IRs of at least 12 bp in
each CoV genome. The IR numbers are counted by both the
palindrome-first and palindrome-second sequences of the IRs.
From the IR distances, we observe that SARS-CoV-2 strain is more
closely related to SARSr-CoV/ZC21 and SARSr-CoV/RaTG13,
although SARS-CoV-2 shares a higher sequence identify with
SARSr-CoV/RaTG13 than SARSr-CoV/ZC21 (Zhou et al., 2020b).
One possible reason for this discordance of IR distribution is due
to the high level of synonymous mutations in SARr-CoV/RaTG13
(Li et al., 2020). In addition, a recent study shows that the region
ORFla of SARSr-CoV/ZC21 is closer to SARS-CoV-2 (Li et al,
2020), suggesting recombinations occurred in the CoV genomes.
Therefore, we may consider SARS-CoV-2, SARSr-CoV/RaTG13 and
SARSr-CoV/ZC21 to be three very close strains. From Table 1, we
show that Pangolin-CoV genome contains the highest frequency
of IRs and is far from SARS-CoV-2. The result also shows that the
human CoVs (human-CoV/0C43, human-CoV/229E, human-CoV/
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Fig. 2. Delaunay triangulation of the IR points in SARS-CoV-2 related bat-CoV genomes. (a) SARSr-CoV/RaTG13. (b) SARSr-CoV/ZC21. (c) SARSr-CoV/RmYNO2. (d) SARS-CoV/
BJO1. The darker blue colors indicate smaller coordinates for lower and left positions, while the darker red colors indicate larger coordinates to upper and right positions.

NL63, human-CoV/HKU1) have high frequencies of long IRs in the
genome. The reason is probably due to the increasing long IRs dur-
ing the human infection periods. The additional control example is
that swine-SADS-CoV has the lowest IRs because swine-SADS-CoV
was in its original native state.

The zoonotic evolution of a CoV means the period of its infect-
ing humans or close related hosts from wild state. The wild state is
when the virus is with the native bat. When a CoV is in its wild and
native state, the IR number is small. When the CoV infects human
or mammalian hosts, under the host immune response and natural
selection, the virus may undergo mutations, therefore resulting in
increased IRs for survival in the host. We speculate that the IRs in
CoV genomes are increasing during human host-interaction evolu-
tion. This speculation is also supported by Goswami et al.’s study
that SARS-CoV-2 hot-spot mutations are predominantly dis-
tributed within IR locis (Goswami et al., 2020).

The relative evolution proximities among the bat and human-
CoVs are further inferred by the Hausdorff distances of the IR
points in the CoV genomes (Fig. 5.). The results also exhibit that

the closest relative of SARS-CoV-2 is SARSr-CoV/RaTG13, followed
by bat-CoV/RpYNOG6. In addition, the results also indicate that
SARS-CoV (2003) is closely related to civets-SCoV, supporting the
theorem that Civets could be the intermediate and transmission
host of SARS-CoV (Hu et al., 2015. We note that swine-SADS-CoV
is an outlier and in the original native state of bat host. swine-
SADS-CoV arrived directly from the native bat host before jumping
to swine.

Note that Fig. 5 is the multidimensional scaling (MDS) projec-
tion of the tested CoVs, and the planer MDS layout is based on
pair-wise distances of the CoVs, and takes account all the relation-
ships of the CoVs. The MDS coordinates are for proximity illustra-
tion and can have some differences in some points. The actual
distance between SARS-CoV-2 and MERS-CoV is 5174.9437, and
the distance between SARS-CoV-2 and SARS-CoV/BJO1 is
4024.2620 (Table 1).

We observed that long IRs of at least 12 bp in CoV genomes
increase over evolution time. For example, swine-CoV/SADs is very
virulent and is considered in the raw native state, it contains the
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indicate smaller coordinates for lower and left positions, while the darker red colors indicate larger coordinates to upper and right positions.

Table 1

The Hausdorff distances between SARS-CoV-2 and SARS-related CoVs.
Virus GenBank/GISAID Distance IR12+Frequency

number

SARS-CoV-2 NC_045512 0 35
SARSr-CoV/RaTG13 MN996532 3947.8937 30
SARSr-CoV/ZC21 MG772934 3569.9604 31
SARSr-CoV/ZC45 MG772933 4894.4083 32
pangolin-CoV/MP789 MT121216 5464.1787 43

bat-CoV/RmYNO02
bat-CoV/RpYNO6

EPI_ISL_412976
EPI_ISL_1699446

4990.1383 44
4048.291 32

bat-CoV/HKU2 NC_009988 4930.6329 26
SARS-CoV/BJ01 AY278488 4024.2620 38
civets-SCoV/SZ3 AY304486 4024.11 38
MERS-CoV NC_019843 5174.9437 38
swine-SADS-CoV MG557844 7914.0691 21
human-CoV/0C43 AY585229 5869.5071 36
human-CoV/229E NC_002645 6163.2648 45
human-CoV/NL63 NC_005831 4403.8698 46
human-CoV/HKU1 AY597011 6889.9608 62

least number of IRs (Fig. 3(c)), whereas the human-CoVs, which
have evolved in humans for long period, the IRs in human-CoVs
are enriched (Fig. 4).

To investigate the dynamic characteristics of IRs in CoV gen-
omes during evolution, we count the IRs of different lengths from
bat CoV genomes identified in the last decades (Fig. 6). The result
shows that SARS-CoV (2003) and swine-SAD-Cov (2017) genomes
have the least amount of IRs, while SARS-CoV-2 (2019) and its
related SARSr-CoV/RaTG13 (2013) and SARSr-CoV/RmYNO2
(2019) have high amounts of IRs. From the repeat analysis, we pos-
tulate that during evolution and human infection, mutations and
recombinations may occur and accumulate IRs in genomes under
natural selection. The mutations and recombinations by the IR seg-
ments may be one of the driving forces for virus fast evolution. A
global view of the genome profile using long IRs demonstrates that
the genome structures are constant with variations. The IRs stea-
dily increase during evolution, reflecting the cumulative abun-
dance of these IR sequences due to possible recombination
events. Therefore, the close relevance of human and bat CoVs can
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Fig. 4. Delaunay triangulation of the IR points in four human CoV genomes. (a) human-CoV/229E. (b) human-CoV/OC43. (c) human-CoV/HKU1. (d) human-CoV/NL63. The
darker blue colors indicate smaller coordinates for lower and left positions, while the darker red colors indicate larger coordinates to upper and right positions.

be examined through the IRs bar-coding profiles. In addition, from
these repeat analyses, we may infer that during evolution, the
recombinations may occur and produce accumulative inverted
repeats under natural selection.

4. Discussions

In this study, we present a novel geometric method to represent
the genome architecture using the IR contents in the genome. The
method maps the IR points into a geometric shape so that the IR
distribution can be visualized as a graph, and genomes can be com-
pared using the Hausdorff distance of these graph shapes. There-
fore, a linear genome sequence can be represented as a graph
according to the IRs, which are k-mer sequences. The graph repre-
sentation uses both the critical genomic IR structures and k-mer
sequences. The graph representation contains the localization, fre-
quency, and distribution of IRs in a genome. The genomic graphs
formed by the IRs in this method can be further characterized
using graph and topological analytics and algorithms.

Previous numerous researches have suggested that SARS-CoV
mutations during human infection are generated in most cases
by immune response through RNA editing. The implicit relation-
ship between RNA editing and inverted repeat (IR) is that the
RNA editing events often happen on the dsRNA regions, which
are formed by IRs.

This study investigates the contents and distribution of IRs in
SARS-CoV-2 and other CoV genomes. The correlation between IRs
and CoV evolution is positive, indicating IRs may be essential for
zoonotic evolution, genome structures, and functions. Therefore,
we may consider IRs for the therapeutic potential of SARS-CoV-2.
This study shows that SARS-CoV-2 genome has increasing numbers
of IRs during evolution. However, the origin and functions of the
accumulated IRs in SARS-CoV-2 genome remain unknown. As
ADAR RNA editing targets dsRNA, this suggests that dSRNA encom-
passes the entire SARS-CoV-2 genome (Giorgio et al., 2020). While
dsRNA in human transcripts is often driven by IRs, the most likely
source of dsRNA in the viral transcripts is replication, where both
positive and negative strands are present and can result in wide
regions of dsRNA. IRs delimit the boundaries in transposons in gen-
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ome evolution and form stem-loop structures that retain genome
stability and flexibility. Additionally, as we see increasing perfect
IRs during evolution, our results support a model in which imper-
fect IRs are corrected to perfect IRs in a preferential manner(Lavi
et al,, 2018).

Importantly, previous studies have suggested that SARS-CoV-2
mutations are generated in most cases by human immune
response through RNA editing (Giorgio et al., 2020). Two human
defense mechanisms are through the apolipoprotein B mRNA edit-
ing catalytic polypeptide-like proteins (APOBEC) and adenosine
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deaminase acting on RNA (ADAR). ADAR acts as Adenosine deam-
ination (A-tol) in double-stranded RNA (dsRNA). A recent study
showed that the IRs are the hot spots of mutations in SARS-CoV-
2 genomes. Here, we propose the connection between high muta-
tions in IRs and the ADAR editing system, especially, the IR regions
are dsRNA and the targets of ADAR editing. As a result of ADAR RNA
editing during infection, if mutations are in the middle of a short
IR, then the number of short IRs is decreased; if mutations are at
the ends of short IRs, the number of short IR is also decreased,
but the numbers of long IRs are increased. This analysis is in the
agreement of the distributions of bat and human-CoVs (Fig. 6).
Therefore, the ADAR RNA editing in virus evolution may account
for high-frequency mutations in IRs of SARS-CoV-2 genome.

This study only considers the perfect IRs in genomes. If consid-
ering matching pairs in the IRs, we can expect that much longer
inverted repeats can be identified, and the number of IRs in the
virus genome will increase significantly with evolution. The imper-
fect IRs are the natural forms of the repeats to maintain the gen-
ome structures. Because the perfect IR distribution and types in a
genome are unique, and extracting the perfect IRs is parameter-
free, the perfect IRs can be considered as a unique genomic signa-
ture. The signatures from perfect IRs are consistent, and therefore
can be used in distinguishing the closely related viruses and differ-
ing virus mutation variants. The quantitative comparison of the
signature can also provide phylogenetic taxonomy when appropri-
ate numerical metrics for the signatures are realized. Therefore, the
perfect IRs can be an effective barcode to distinguish genotypes.

IRs rendered stems and cruciforms play fundamental roles in
genomic stability, replication, gene expression, nucleosome struc-
ture, and recombination (Brazda et al., 2011; Gallaher, 2020). IRs
also contribute the pathogenicity of MERS-CoV (Xie et al., 2017),
EBV virus (Bridges et al., 2019), and Marek's disease virus
(Vychodil et al., 2021). This study demonstrates the increasing
IRs in CoVs during zoonotic evolution. Therefore, the IR changes
in a coronavirus during epidemiological time may probably indi-
cate the pathogenicity of the virus. The IRs in coronavirus genomes
can be potential therapeutic and pharmaceutical targets. These
topics need future investigations.

5. Abbreviations

e COVID-19: coronavirus disease 2019

e CRISPR: clusters of regularly interspaced short palindromic
repeats

e dsRNA: double strand RNA

e MERS-CoV: Middle East Respiratory Syndrome coronavirus

o NCBI: National Center for Biotechnology Information (USA)

o IR(s): inverted repeat(s)

e SARS: severe acute respiratory syndrome

e SARS-CoV-2: severe acute respiratory syndrome coronavirus 2
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