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Abstract: Several questions regarding the evolution of SARS-CoV-2 remain poorly elucidated. One
of these questions is the possible evolutionary impact of SARS-CoV-2 after the infection in domestic
animals. In this study, we aimed to evaluate the potential role of cats as generators of relevant SARS-
CoV-2 lineages during the pandemic. A total of 105 full-length genome viral sequences obtained
from naturally infected cats during the pandemic were evaluated by distinct evolutionary
algorithms. Analyses were enhanced, including a set of highly related SARS-CoV-2 sequences
recovered from human populations. Our results showed the apparent high susceptibility of cats to
the infection SARS-CoV-2 compared with other animal species. Evolutionary analyses indicated
that the phylogenomic characteristics displayed by cat populations were influenced by the
dominance of specific SARS-CoV-2 genetic groups affecting human populations. However,
disparate dN/dS rates at some genes between populations recovered from cats and humans
suggested that infection in these two species may suppose a different evolutionary constraint for
SARS-CoV-2. Interestingly, the branch selection analysis showed evidence of the potential role of
natural selection in the emergence of 5 distinct cat lineages during the pandemic. Although these
lineages were apparently irrelevant to public health during the pandemic, our results suggested that
additional studies are needed to understand the role of other animal species in the evolution of
SARS-CoV-2 during the pandemic.

Keywords: cats; SARS-CoV-2; evolution; variants; phylogenomics

1. Introduction

More than three years after the emergence of COVID-19, SARS-CoV-2 has produced officially
(9/15/2023) a total of 770,563,467 disease cases and 6,957,216 deaths confirmed around the world
(https://covid19.who.int/). During this time, the scientific community has witnessed the exceptional
evolutionary dynamics of this pathogen [1,2]. This situation has promoted the diversification of more
than 1300 lineages [3]; some of these lineages are associated with variants of concern (VOC)
responsible for the multiple contagion waves produced during the pandemic [4]. On 05/05/2023, the
World Health Organization announced that COVID-19 was no longer a public health emergency[5].
However, many aspects regarding the biology of SARS-CoV-2 remain poorly understood, like the
potential role of distinct animal species in promoting the emergence of lineages with a likely impact
on public health.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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SARS-CoV-2 infections were initially documented in humans; however, as positive cases
increased worldwide, zooanthroponotic transmission events in domestic and wild animals were also
reported. Thus, evidence of human-to-animal transmission has been documented in cats, dogs, tigers,
lions, puma, snow leopards, gorillas, and mink [6-9]. Interestingly, in the case of minks, the detection
of three mutations (Y453F, F486L, and N501T) located in the receptor binding domain of the spike
protein of SARS-CoV-2 may be associated with the adaptation of this virus to this animal species [7].
Furthermore, experimental in-vivo co-infections in white-tailed deer revealed the ability of the
variant alpha to outcompete the ancestral lineage A, indicating the potential fitness increase of some
variants to infect animal species [10].

Due to the close contact with humans, companion animals are important targets for the infection
with SARS-Cov-2. This asseveration is consistent with the most updated report (9/19/2023) from the
Animal and Plant Health Inspection Service (USDA), showing the increased number of positive cases
detected in cats and dogs (https://www.aphis.usda.gov/aphis/dashboards/tableau/sars-dashboard).
However, experimental studies have demonstrated unequal levels of susceptibility to SARS-CoV-2
between both species. Hence, cats show higher susceptibility to infection with SARS-CoV-2 than dogs
[11]. While in dogs, SARS-Cov-2 is associated with poor replication and lack of transmissibility to
naive dogs [11,12], cats seem to support higher levels of viral replication, with the ability to promote
viral transmission among susceptible cats [11-13]. Interestingly, despite the high susceptibility to
SARS-CoV-2, multiple experimental trials in cats resulted in subclinical outcomes [12,14,15],
highlighting the relevance of cats transmitting this virus in conditions of inapparent signs of disease.
This situation may represent a potential risk factor for cat owners.

In contrast, natural infections reported in cats linked to multiple VOC resulted not only in
subclinical outcomes but also in clinical infections, including signs of tiredness, lethargy, fever, ocular
and nasal discharge, dyspnea, sneezing, cough, vomiting, diarrhea, anorexia, myocarditis, and
weight loss [15-19]. The disparate clinical outcomes induced by different lineages of SARS-CoV-2
were demonstrated experimentally in cats, showing that omicron lineage BA.1.1 represents a lower
pathogenicity phenotype than B.1 and Delta (B.1.1.529) lineages [15]. The above suggests that diverse
lineages of SARS-CoV-2 represent a different phenotype for cats, emphasizing the relevance of
evolutionary analysis to understand the dynamics associated with the possible adaptation of SARS-

CoV-2 to cat populations and the consequent emergence of new viral lineages.

Interestingly, experimentally, evolutionary analyses in cats showed the rapid evolution of SARS-
CoV-2 after infection in this animal species [20,21], suggesting the potential relevance of cats as a
generator of new SARS-CoV-2 variants during the pandemic. Furthermore, phylogenetic analyses
comparing sequences obtained from natural infections with SARS-CoV-2 in cats and human
populations indicated the high susceptibility of cats to the infection with lineages affecting humans
and highlighting the unidirectionality of the transmission events between both species
(zooanthroponotic transmission) [20].

Based on the above, our study aimed to evaluate the evolutionary dynamics of diverse SARS-
CoV-2 lineages related to natural infections in cat populations. For this purpose, we used a
combination of multiple evolutionary algorithms to evaluate a set of full-length viral sequences
recovered from natural infections in cats during the pandemic. Moreover, including a group of highly
related viral sequences obtained from human infections, we developed an interesting evolutionary
model to test the possible role of natural selection in the emergence of SARS-CoV-2 due to replication
in cat populations. Our results are discussed regarding the relevance of cats as generators of new
SARS-CoV-2 lineages and the potential impact of these on public health.

2. Materials and Methods

2.1. Viral sequences and metadata information

A total of 105 complete viral genomes from cats naturally infected with SARS-CoV-2 during the
pandemic were retrieved from the GISAID database [22]. Specific information about each sequence
is provided in Supplementary File 1. Additionally, 117 complete viral genomes from human cases
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showing the highest levels of identity against cat SARS-CoV-2 genomes were obtained from the
GenBank database. Metadata information regarding SARS-CoV-2 viral lineages recovered from
infections in diverse animal species, including cat (Felis catus), dog (Canis lupus familiaris), white-
tailed deer (Odocoileus virginianus), lion (Panthera leo), tiger (Panthera tigris), Western gorilla
(Gorilla gorilla), American mink (Neogale vison), house mouse (Mus musculus), Syrian hamster
(Mesocricetus auratus), and Pangolin (Manis javanica), was retrieved from the GISAID database [22].

2.2. Hierarchical cluster analysis

Hierarchical cluster analysis (HCA) was conducted to assess a comparison between SARS-CoV-
2 viral lineages recovered from cats and other animal species. This analysis was performed using the
predictive analytic software J]MP ® Pro version 16.0.0. Generally, HCA uses a matrix of N x M
dimensions, where N corresponds to the multiple viral lineages and M the multiple animal species
included in this study. Clusters were defined by the Ward linkage method. Statistical significance
between clusters was conducted by analysis of variance (ANOVA) and supported by Tukey's honest
significance test (p=0.05).

2.3. Phylogenetic analysis

The phylogenetic relationship between multiple viral sequences recovered from naturally
infected clinical cases from cats and humans was assessed by the maximum likelihood method, using
the general time reversible model (GTR) considering gamma distribution and invariable sites. The
use of this model was supported by the lowest Bayesian information criterion scores (BIC). Analyses
were conducted in the molecular evolutionary genetic analysis software MEGA version 10.2.5. [23].
Additionally, this software was used to perform the pairwise distance analysis included in this study.

2.4. Evolutionary analysis

To assess the evolutionary dynamics among SARS-CoV-2 viral lineages recovered from cats, we
used the evolutionary algorithms tools Fixed Effects Likelihood (FEL) [24,25] and Mixed Effects
Model of Evolution (MEME). Both algorithms detect sites under negative or positive selection, acting
in a pervasive (MEME and FEL) of episodic (MEME) manner by inferring rates of synonymous and
nonsynonymous substitutions in a codon base phylogenetic framework. Moreover, the presence of
viral lineages potentially emerging because of natural selection was evaluated by the algorithm
Adaptive Branch-Site Random Effects Likelihood (aBSREL) [26]. aBSREL uses the likelihood ratio test
statistic for the selection (LRT) of relevant branches in the tree and the Holm-Bonferroni method for
the correction p-values. Subsequently, the algorithm Branch-site Unrestricted Statistical Test for
Episodic Diversification (BUSTED) [27] was used to identify possible sites under positive selection in
the branches detected by aBSREL. BUSTED is a likelihood ratio algorithm to test for evidence of
diversifying selection affecting some positions in the alignment along some branches of the tree [28].

3. Results

3.1. Overview of the SARS-CoV-2 lineages isolated from cat infections around the world

A description of the cat samples included in this study is provided in Figure 1. The metadata
analysis regarding the pangolin lineage classification associated with 179 clinical reports was
analyzed by hierarchical cluster analysis to obtain a general perspective about the distinct SARS-CoV-
2 lineages isolated from cat infections during the pandemic. Furthermore, metadata reports from nine
other animal species were included to enhance the analysis. A total of 179 viral lineages were
included in the analysis. Cats were the animal species with the highest number of lineages associated
with clinical infections (n=73), followed by dogs and white-tailed deer with 56 and 48, respectively
(Figure 2). Hierarchical cluster analysis grouped lineages in two different clusters. While cluster 1
comprised most of the lineages representing single reports in cats, cluster 2 included a specific group
of just lineages associated with multiple clinical reports. Interestingly, this situation was consistent
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for cats and most animal species included in the analysis, suggesting the potential relevance of these
lineages to infect animal species during the pandemic (Figure 2). The preponderance of lineages
associated with cluster 2 was assessed by analysis of variance (p>0.001) and confirmed by Student’s
t-test (p>0.001).
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Figure 1. General overview of the metadata information associated with the SARS-CoV-2 sequences
from cats used in this study. A total of 179 reports related to cat sequences submitted to the GISAID
database were considered. Reports included sequences submitted in 2020 (65 sequences), 2021 (103
sequences), and 2022 (11 sequences). A) Viral sequences recovered from cat infections are described
in 29 countries, covering multiple geographic regions. B) The gender of the cats was reported in half
of the reports (n=90), of which 67.77% came from male cats. C) The age of the cats ranged from 3
months to up to 18 years. Opened bars represent ages where cat deaths were reported (one report for
each age). In this case, age was recorded in just 84 reports.

Additionally, no correlation was found between the prevalence of these lineages in human
populations and the number of reports in cats and other species (Figure 2). For example, in the case
of cats, except B.1.1.7 (Alpha variant) representing 7.66% of the total number of SARS-CoV-2
sequences reported in the GISAID database and the second most prevalent in cats (7.79%), B.1, the
most prevalent lineage reported in cats associated with 10.38% of the reports, represented just the
0.88% of the sequences in GISAID related to human infections. In this context, the highest prevalent
lineages in humans (BA.2, BA.1.1, AY .4, BA.1, and AY.43) were associated with main cluster 1 (Figure
2).
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Clinical reports showing cat deaths were related to single lineages, including B.1.526, P.1,
B.1.369, B.1.36.35, B.1.234, and B.1.2 (the only one included in cluster 2) (Figure 2).
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Figure 2. SARS-CoV-2 viral lineages affecting cats (Felis catus) and other animal species. A total of
179 SARS-CoV-2 were analyzed by hierarchical cluster analysis to assess the relationship between
lineages that affected Felis catus and other animal species during the pandemic. These species include
dog (Canis lupus familiaris), white-tailed deer (Odocoileus virginianus), lion (Panthera leo), tiger
(Panthera tigris), Western gorilla (Gorilla gorilla), American mink (Neogale vison), house mouse (Mus
musculus), Syrian hamster (Mesocricetus auratus), and Pangolin (Manis javanica). Two main clusters
were identified in the analysis. Cluster 2 (green) comprises the 12 more prevalent lineages among
different species. The Y left axe shows the SARS-CoV-2 pangolin lineages included in the analysis.
The number in the parenthesis next to each lineage indicates the proportion of this specific lineage
among the total number of sequences reported in the GISAID database. Black asterisks reflect lineages
where mortality was reported in cats. Numbers below animal species in the X axe show the number
of lineages reported during the infection in different species. At the same time, green asterisks indicate
species where the prevalence of positive cases was statistically significantly higher in the lineages
associated with cluster 2.

3.2. Evolutionary characteristics of viral lineages affecting cat populations

The viral lineages affecting cat populations were classified into different genetic groups based
on the GISAID classification to assess the evolutionary dynamics of these viral. The prevalence of
diverse genetic clades in cats was compared with those predicted for human populations (Figure 3A).
Generally, between 2020 and 2022, we found a positive correlation between the genetic groups
affecting humans and cat populations, indicating that viral genetic groups affecting cats during the
pandemic were highly influenced by the circulation dynamics of these groups in humans. The latest
can be exemplified by the dominance of the GK and GRA genetic groups in human populations and
the high correlation (R2=0.99) in the prevalence of these genetic groups in cat infections during 2022
(Figure 3A). GH and GK genetic groups were associated with most clinical reports evaluated in this
study (Figure 3B).

Subsequently, to get more insights into the phenotypic characteristics and the evolutionary
dynamics of viral lineages affecting cats during the pandemic, we conducted a phylogenomic
analysis using a representative set of 105 sequences (Figure 4). This number was defined based on
sequence quality. Thus, we favored sequences that preserved the integrity of multiple viral genes.
The pairwise analysis showed an identity between 99.62% and 100% (~99.86%) and 99.20% and 100%
(~99.72%) at the nucleotide and amino acid levels, respectively, indicating the high conservation
among SARS-CoV-2 viral lineages affecting cat populations. Furthermore, 100% of identity was
found between some viral sequences from genetic groups GH (9 B.1.497 GH 21-11 B.1.497 GH 21 and
55 B.1 GH 20-56 B.1 GH 20), GR (72 B.1.1.254 GR 20-73 B.1.254 GR 20 and 87 B.1.1.298 GR 20-89
B.1.1.298 GR 20), and GK (100 AY.3 GK 21-101 AY.3 GK 21). Considering our results regarding the
differences in the prevalence of different viral lineages during the infection in cats (Figure 2), our
phylogenetic inference showed the existence of multiple events of divergence within some of the
most prevalent lineages (B.1.497, B.1, B.1,2, AY.69, AY.103, AY.3, B.1.1.7) (Figure 4), indicating that
cats were infected with potentially distinct subtypes of each lineage. In addition, dN/dS rates equal
to 0.6584 obtained by FEL analysis indicated that purifying selection was the main force driving the
evolution of SARS-CoV-2 among cat populations. However, dN/dS calculations within different
lineages evidenced that purifying selection is dissimilarly acting among them (Figure 4). Thus, it was
possible to observe the contrasting dN/dS rates between B.1.497 (dN/dS= 0.905) and AY.3 (dN/dS=
0.346), suggesting that lineages infecting cats were subjected to different evolutionary pressures
during the pandemic.

An additional phenotypic characteristic of viral lineages affecting cats during the pandemic was
the presence of premature stop codons at the ORF8 gene at codon positions 27 and 64 of 9 viruses
(Figure 4), suggesting that ORFS is not an essential protein for the infection in cats.
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Figure 3. Circulation dynamics of SARS-COV-2 lineages during the pandemic. A) The graphic shows
the circulation dynamics of different genetic groups of SARS-CoV-2 (based on GISAID classification)
described during the pandemic and their relationship with those circulating in cat populations.
Correlation analysis is presented between the circulation of specific genetic groups affecting humans
and cat populations during the same pandemic year. Asterisks indicate significant correlations.
Analyses were conducted in the software GraphPad Prism 9.5.0. B) The graphic shows the overall
number of clinical reports in cat populations associated with specific genetic groups of SARS-COV-2
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Figure 4. Phylogenomics of SARS-CoV-2 lineages affecting cats. A phylogenetic analysis was
conducted using 105 full-length viral sequences retrieved from the GISAID database (specific details
about the sequences can be found in Supplementary File 1). The analysis was performed using the
maximum likelihood method and the general reversible model. In the tree, labels B.1.497, B.1, B.1.2,
B.1.177, AY.69, AY.20, AY.103, AY.44, AY.3, B.1.1.7 identify clusters associated with the most
prevalent SARS-CoV-2 pangolin lineages related with cat infections. The right pangolin lineages are
grouped in the context of GISAID genetic group classification. The dN/dS ratios are indicated for the
most prevalent cat lineages. Calculations were conducted using the FEL algorithm. Asterisks from
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different colors reflect specific codon sites at different genes evolving under positive selection in
SARS-CoV-2 lineages affecting cats. Information about the codon sites associated with specific
asterisk colors is presented in Figure 6. Black bars label lineages carrying premature stop codons at
gen ORF8 codon positions 27 and 64.

To identify potential phenotypic differences among multiple lineages, we conducted an
evolutionary analysis to identify codon sites under positive selection using the algorithm MEME. Ten
codon sites were identified along the genome, involving six different genes, the S gene accounting
for the highest number of codons under positive selection (n=4) (Figure 5A). On the other hand, the
most frequent substitutions in the population were mutations at NSP2-85 (n=28), NSP4-492 (n=22),
and 5-452 (n=32) gene codons. Furthermore, most of the codons identified under positive selection
were wildly spread among diverse genetic groups, even when some were present in the population
in lower frequencies (NSP16-216, S-95, 5-477, 5-501, and N-13). When we evaluated the dataset by the
algorithm FEL, we identified codons NSP4-492, NSP16-216, S-95, S-452, S-477, and N-13 under
positive selection (p-value 0.1), suggesting that these codons were evolving under pervasive
diversifying selection; hence, highlighting the relevance of these codons among different genetic
groups. Conversely, codons identified under positive selection just by MEME analysis (NSP2-85,
NSP2-280, 5-501, and N-3) might be associated with an evolutionary pattern of episodic selection.

—_—
0.00050

Figure 5. Phylogenomic dynamics between cat and human SARS-CoV-2 lineages. The phylogenetic
analysis was conducted using 222 SARS-CoV-2 lineages (Cats n=105, Humans n=117). The SARS-CoV-
2 lineages associated with cats and humans were identified in red and green, respectively. Because of
size restrictions, the version of this phylogenetic tree showing the ID’s of cats and human recovered
viral lineages, is shown in supplementary file 2. This figure was created using BioRender.com, under
the academic license number: WW25XVH794.
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Once we identified potentially relevant codon positions during the infection of SARS-CoV-2 in
cat populations, we analyzed the evolutionary dynamic of those positions during infections of this
pathogen in human populations. For this purpose, we attempted to recreate a dataset of viral
sequences associated with human infections highly related to viral sequences recovered from cats.
We conducted a BLAST analysis, using each of the 105 cat sequences used in this study as a query.
As a result, a total of 117 representative viral sequences recovered from human infections were
obtained for this analysis. Phylogenetic analysis using this new dataset evidenced the close genetic
relationship between both viral populations (Figure 5). No evidence of specific SARS-CoV-2 host
adaptation was observed. However, based on the branch topology and the ancestral relationship
between cat and human lineages displayed in the tree, it is possible to predict the existence of multiple
divergence events that occurred during the infection of SARS-CoV-2 in cats, suggesting that human-
cat transmission events promoted the evolution of SARS-COV-2.

Furthermore, MEME analysis showed that all positions identified in cat populations (Figure 5A)
appeared under positive selection in human populations (Figure 5B). Overall, we found that
mutations associated with these codons have been found in SARS-CoV-2 lineages, affecting humans
in numerous countries globally (Figure 5B). When we assessed the Pearson correlation between the
allele frequency found in cats at different codons under positive selection and the frequency of these
alleles in viral sequences recovered from humans at GISAID database (Figure 5B), we found a
significant positive correlation (p-value=0.0159; 1=0.5955) in the frequency between both populations,
indicating that the viral circulation dynamics of SARS-CoV-2 in human population influenced the
phenotypic characteristics of lineages affecting cats. Suitable examples of the latter can be observed
in codon NSP2-280, where the mutation AAC-TAC (present in a single viral sequence in cats)
represents just 0.53% of the mutations reported in the GISAID database in the human population and
in the polymorphic codon sites NSP16-216 and S-452 where codons with low frequent substitutions
appeared in frequencies lower than 1% in human populations (Figure 5B).

In contrast, when we compared dN/dS rates between multiple gene segments from viral
populations recovered from humans and cats, we observed a disparity between both populations in
the dN/dS rates from genes ORF3a, E, ORF7b, and ORF10 (Figure 5C), suggesting that replication of
SARS-CoV-2 in these hosts may represent a dissimilar selective environment.

3.3. Evaluating the hypothesis about independent evolution of SARS-CoV-2 in cat populations.

We tested the hypothesis about the potential independent evolution of SARS-CoV-2 in cat
populations. To this end, we used data comprising 105 viral sequences recovered from naturally
infected cats and a set of 117 highly related viral sequences recovered from human infections. The
algorithm aBSREL evaluated this dataset to attempt to discover potential cat lineages evolving
because of natural selection. Interestingly, five different cat lineages were found under positive
selection (Figure 4A). Three of these lineages were associated with the pangolin lineages B.1 (55 B.1
GH 20), AY.69 (22 AY.69 GK 21 and 29 AY.69 GK 21), some of the most prevalent lineages in cats.
The other two cat lineages were associated with the pangolin lineages BA.1.1 (34 BA.1.1 GRA 22) and
B.1.1.298 (88 B.1.1.298 GR 20). Phylogenetic analysis showed the close genetic relationship of these
lineages with viral lineages associated with human populations, with a nucleotide identity calculated
between 99.94% and 99.99% (Figures 4B to 4E). Overall, with exception of cat lineage 34 BA.1.1 GRA
22, where a total of 12 SNPs were identified among seven different genes (Figure 6C) between this
lineage and the closet human lineage, for the rest of the lineages between 1 and 3 SNPs were identified
in lineages: 22 AY.69 GK 21, 29 AY.69 GK 21, 55 B.1 GH 20, and 88 B.1.1.298 GR 20, impacting a
minimal number of genes (Figure 6B, 6D and 6E).

Finally, to identify potential codon sites linked to the emergence of cat lineages, we evaluated
previously relevant branches identified by aBSREL using the algorithm BUSTED. Evidence ratios
(site level likelihood ratios) for w>1 were found in eight different codon sites among incident branches
of identified cat lineages (Figure 6F). Four were identified in the lineage 34 BA.1.1 GRA 22 from these
sites, while single sites were identified in the remaining lineages. Subsequently, we assessed the
evolutionary significance of these sites, using specialized algorithms to identify natural selection at
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codon sites (FEL and MEME). Evidence of diversified selection in just two sites associated with
isolation 34 BA.1.1 GRA 22 (NSP6 codon 260 and S codon 211) (Figure 6F) was found. In both cases,
FEL identified evidence of diversifying selection in the external nodes, suggesting that these codon
sites did not give an adaptive advantage to SARS-CoV-2 at the cat population level.

Cats
A Codon population composition
Codon a B+ LRT p-value at this site Genetic group
85 0 546.1 379 0.07 (77)aCe (T)-(28)aTe(l) GH
280 0 140987 379 0.07 (104)Aac(N)>(1)Tac(Y) GRY
* NSP4 492 0 52742 7.087 0.013 (83)aCc (T)>(22)aTe(l) GK. GR. GRA
*NSPI6 216 0 843273 5254 0.033 (2)Cac(H)>(1))Aac(N).(96)cGe(R)> (2)eAc(H).(96)Cee (R)(6)Tec(C) GH. GR
* S 95 0004 43834 3203 0.096 (100)aCt(T)>(S)aTe(l) GH. GK. GRA
xS 452 0 61014 7871 0.009 (70)cTg(L)>(32)cGg(R). (T0)cTe(L)*(31cA2(Q) GH, GK. GRA, GR
*S 47 0 36532 4238 0.056 (100)aGe(S)>(S)aAc(N) GH, GR, GRA
* S 501 0 795137 3256 0.093 (94)aAN)>(1)aC(T). (94)Aat(N)>(10)Tat (Y) GH, GRY. GRA
* N 31039 10000 23929 0 OTGATD)-B)CTA(L) GRY
N 13 0 21592 3198 0.09 (98)cCe(P)~(7)cTe(L) G,GR, GRA
Humans
B
# Countries wehre this
Episodic selection Codon population composition mutation has been % of human sequences carry
Gene Codon @ B+ LRT p-value at this site found this mutation (GISAID)
NSP2 85 0 7254226 6168 0.021 aCe (T)>aTe(l) 136 7.02%
NSP2 280 0 10000 37 007 Aac(N)>Tac(Y) 35 0.53%
NSP4 492 0001 40858 5776 0025 aCe (T)>aTe(l) 174 46.30%
NSP16 216 9506 894928  6.655 0016 Ce(R)>Tee(C). CGe(R)>Aac(N).cGe(R)>cAc(H).ceC(R)>cgT(R) R-C=76,R-N=7,R-H=40  R-C=1.50%, R-N=0.42%, R-H=0.06%
s 95 0 47339 3672 0075 aCu(T)=aTu(h) 157 20.45%
s 452 0 4161 0058 cTe(L)><Gg(R), cTe(L)>cAg(Q) L-R=174, L-Q=67 L-R=43.89%, L-Q=0.78%
s 477 0.001 0.058 aGe(S)>aAc(N) 35 13.58%
s 501 0033 509.03 0.089 AA(N)>aCY(T).Aat(N)>Tat (Y) N-T=0.07%, N-Y=45.97%
N 30495 10000 0 GAT(D)>CTA(L) 29.01%
N 13 0 34.024 0031 Ce(P)>cTe(L) 13.70%
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Figure 6. Comparison between the evolutionary dynamics of SARS-CoV-2 lineages that affected
cat and human populations during the pandemic. A) A Total of 105 sequences were evaluated by
MEME analysis to infer potentially relevant codon sites evolving under positive selection in SARS-
COV-2lineages that affected cat populations during the pandemic. Sites under positive selection were
identified with asterisks of different colors (See tree in Figure 4 to identify lineages displaying specific
sites under positive selection). In the column identified as “codon population composition at this site”
numbers in parenthesis represent the number of viral sequences in the population carrying this
specific codon. Letters in the parenthesis indicate amino acids encoded by specific codons. B) MEME
analysis conducted on 117 viral sequences recovered from humans during the pandemic. Information
about the countries where mutations at specific codon sites under positive selection were found, and
the overall percentage of human sequences carrying these mutations was obtained from the GISAID
database. For MEME analysis o= synonymous substitution rate at site, f+=Nonsynonymous
substitution rate at site for the positive/neutral evolution component, LRT=likelihood ratio test
statistic for diversifying selection. C) Comparison of dN/dS ratios at different gene segments of SARS-
CoV-2 between cat and human populations. Calculations were conducted using MEME.

Afterward, to assess the impact during the pandemic of the alleles present in codon sites
potentially linked to the emergence of cat lineages, we evaluated the frequency of these alleles at
specific codon sites in the GISAID database. Our results indicated that in all cases, the occurrence of
the alleles associated with multiple cat lineages was present at a low frequency in the GISAID
database (Figure 6F). The latter suggests the lack of relevance of these alleles in promoting the
adaptation of dominant SARS-CoV-2 lineages during the pandemic. Conversely, at these codon sites,
alleles present in viral sequences isolated from humans, including the ones associated with the
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possible ancestral lineages predicted in our model, matched with the most frequent allele for this
codon site described in the GISAID database. The only exception was the allele present in the
predicted ancestral sequence for cat lineage 34 BA.1.1 GRA 22, where at gene S codon 211, the human
isolate has the allele AAA that showed an overall frequency at this codon position of 0.01% (Figure

B
—— — — — 18 AY.69 GK 21
A Sequence ID LRT _Test p-value @ distribution over the sites )
22 AY.69 GK 21 21744 0.0022 @1 = 10000000000 (100%) " 19AY.690K21
29 AY.69 GK 21 17261 0.0207 ol =1 (100%) 21 AY.69 GK 21
34 BA.1.1 GRA 22 16243 0.0342 22800 (0.034%) o
55 B.1 GH 20 18612 0.0106 ol =1 (100%) — 28AY.6GK2I
88 B.1.1.298 GR 20 30.269 0 ©1 = 10000000000 (100%) OV832299.1 2021 GK Human
22AY.69 GK 21
99.98%
29 AY.69 GK 21
30 AY.69 GK 21
100 31 AY.69 GK 21
c D
EPIISL 12043099 2022 GRA Human E

96 | 87B.1.1.298 GR 20

EPIISL 8868207 2021 GRA Human 0Q412665.1 2020 GH Human

89 B.1.1.298 GR 20

EPIISL 9189290 2021 GRA Human 64 B.1GIH 20

ON140530.1 2022 GRA Humin MW268725.1 2020 GH Human 88B.1.1298 GR 20199.98% :
OP355305.1 2022 GRA Human 55 B.1 GH 20 OWi22144.1.2022 GR Human
99.99%
EPTISL 11686014 2022 GRA Hmum;:l 5 1 56B.1 GH 20 - TCT-NSP3-1285-TTTy,
34BA.L1 GRA 22 |99.94% SS/56: T NSP3ATOSTTT GTT(8-620-GTCyy,
e
34: GCT(\-NSP2-386-ACT(r, AAT(-NSP3-1733-GTTy;, GAAR-NSP3-1733-GAGg,
GCA)NSP4-153-GCT(y)  CTCyyNSP6-260-TTCyy  AAA-S-211-ATA
AGARyS346-AAW)  CTT(,$-643-TTTg, CGGRrS-682-TGGy,
F GTANS701-GCAy  TTAG-ORF7a-71-CTAg, AGT - N-202-1C s,
Frequence
ER FEL FEL Human #Sequences of human Cat  #Sequences Frequence of
Lineage Gene Codon  BUSTED internal external MEME allele  in GISAID allele allele in GISAID cat allele
22 AY.69 GK 21 S 151 7.33E+01 Invariable Neutral Neutral AGT-S 11356811 99.91% TGT-C 1 0.00006%
29 AY.69 GK 21 NSP7 61 3.32E+01 Invariable Neutral Neutral ICC-S 11366484 99.99% GCC-A 54 0.0000001%

55_B.1_GH_20 NSP3 1795  2.74E+01 Invariable Neutral Neutral GTT-V 11361654 99.95% TTT-F 2659 0.04%
88 B.1.1.298 GR 20 NSP3 1285  2.55E+01 Invariable Neutral Neutral TCT-S 11333705 99.71% TTT-F 8124 0.29%
34 BA.1.l1 GRA 22 NSP2 386 2.45E+02 Invariable Neutral Neutral GCT-A 13115925 99.95%  ACT-T 1939 0.01%
NSP6 260 1.63E102 Invariable  Diversifying  Neutral CTC-L 12498322 95.25% TTC-F 620890 4.73%
S 211 2.22E+02 Neutral  Diversifying Diversifying AAA-K 877 0.01% ATA-T 4452 0.03%
S 682 1.33E+02 Neutral Neutral Neutral CGG-R 13120388 99.99%  TGG-W 274 0.0021

Figure 7. Identification of potential SARS-CoV-2 lineages evolving under positive selection from
cat populations. A) Results of the aBSREL analyses identifying potential cat lineages evolving because
of natural selection. B) Phylogenetic relationship between identified cat SARS-CoV-2 lineages (red
branches) 22 AY.69 GK 21, 29 AY.69 GK 21, and its closest related ancestral SARS-CoV-2 human
lineage (green branch, sequence OV832299.1 2021 GK human). C) Phylogenetic relationship between
identified cat SARS-CoV-2 lineages (red branch) 34 BA.1.1 GRA 22, and its closest related ancestral
SARS-CoV-2 human lineage (green branch, sequence EPI ISL 11686014 2022 GRA human). D)
Phylogenetic relationship between identified cat SARS-CoV-2 lineage (red branch) 55 B.1 GH 20
(similar to 56 B.1 GH 20) and its closest related ancestral SARS-CoV-2 human lineage (green branch,
sequence MW268725.1 2020 GH human). E) Phylogenetic relationship between identified cat SARS-
CoV-2 lineage (red branches) 88 B.1.1.298 GR 20 and its closest related ancestral SARS-CoV-2 human
lineage (green branch, sequence OW425144.1 2022 GR Human). The percentage in bold between cat
and human sequences reflects their nucleotide identity. Below, multiple trees display the
polymorphic codon sites at different genes impacting the identity between human (information in
green) and cat (information in red) sequences. All these short trees were obtained from the
phylogenetic analysis in supplementary figure 2. F) Busted analysis was conducted to evidence ratios
(ER Busted) for specific codon sites associated with the branches linked to the emergence of cat
lineages showing w>1. The relevance of these sites was assessed by FEL and MEME (cutoff 0.1). The
overall number of sequences in the GISAID database showing the alleles in cat lineages and human
ancestral sequences at specific codon positions are shown. Frequencies represented by different alleles
in humans and cats at specific codon positions were obtained from the GISAID database. The
phylodynamics of multiple codon positions identified by BUSTED analysis are presented in
supplementary file 3.
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4. Discussion

At this point, we consider that deciphering the evolutionary dynamics of SARS-CoV-2 appears
as an imperative task to understand the future impact of SARS-CoV-2 in the world. As a main host
of this pathogen, during the pandemic, multiple research subjects involving COVID-19 have focused
mainly on understanding this disease from the human standpoint. However, as mentioned before,
multiple animal species were affected by SARS-CoV-2 during the pandemic, which shows this viral
agent's complex biology. Currently, limited information is known about the potential role of animal
species in the epidemiological triad of this disease. In this sense, a recent study conducted on white-
tailed deer in the US showed the relevance of this animal species as a potential reservoir of SARS-
CoV-2, promoting not only the evolution of this virus but also probably spillovers to human
populations [29], stressing the preponderance of some animal species in the evolution of SARS-CoV-
2, and the potential consequences for public health.

Herein, we focused on SARS-CoV-2 infections in domestic cats. We considered cats a potentially
relevant animal species for the evolution of SARS-CoV-2 based on their high susceptibility to this
virus and its ability to transmit the infection to susceptible cats [11-13]. In this context, to obtain more
insights about the conceivable consequences of the evolution of SARS-CoV-2 produced by natural
infections in cat populations, we aimed to describe the evolutionary dynamics of viral lineages
affecting cat populations during the pandemic. The results of our study provide a different but
complementary perspective to previous studies [20,21], supporting the potential role of cats as
generators of new variants of SARS-CoV-2.

Our study has diverse limitations to be considered in interpreting the results presented here.
The most important limitation is the reduced number of available full-length sequences obtained
from naturally infected cats during the pandemic, representing equally multiple geographical regions
worldwide. This fact may have hindered the detection of additional codon sites under positive
selection and lineages evolving from cat populations due to natural selection. Moreover, it is crucial
to consider that the results from this study were obtained entirely by in-silico approaches, warning
that experimental evidence is necessary to validate the relevance of our predictions. Therefore,
sequencing mistakes affecting the quality of the viral sequences used in this study are another factor
to consider in interpreting the results from this study.

To assess the susceptibility of cats to the infection with SARS-CoV-2 in nature, first, we
compared clinical reports available in the GISAID database between cats and multiple other animal
species. Our results indicated that compared with other animal species, the infections in cats were
associated with a higher number of viral lineages (Pangolin lineage classification), indicating the
increased susceptibility of this animal species in nature. However, although the results of our analysis
might have been biased by the limited available metadata information from cats and the other animal
species, our results were consistent with the differences in susceptibility experimentally evidenced
between cats and dogs [11,12], supporting the view about cats as a highly susceptible animal species,
with a potential role for the transmission of SARS-CoV-2 in nature [30,31].

Furthermore, we identified specific lineages of SARS-CoV-2 associated with the highest
prevalence of cases in different animal species. Remarkably, the detection of these lineages was
coherent among cats and other multiple animal species, supporting the accuracy of our results, thus
highlighting the potential ability of these lineages to infect other species different than humans
efficiently. In this context, our last asseveration may be supported by our result showing that except
for lineage B.1.1.7 (alpha), most of the highly prevalent lineages found infecting multiple animal
species did not correspond with the high prevalence of these lineages in human populations.

Contrariwise, our analysis identified some lineages that may have more affinity for specific
animal species. Although this result could have been highly influenced by the reduced metadata
information about different species, it may be consistent with the experimental evidence showing the
disparate levels of pathogenicity associated with diverse SARS-CoV-2 lineages in cats [15].

Consequently, we focused on understanding if the circulation dynamics of SARS-CoV-2 in cats
were influenced by the dynamic in human populations. We conduct this analysis using the GISAID
genetic clade classification, which congregates multiple pangolin SARS-CoV-2 lineages in
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phylogenetic clusters based on the statistical distribution of the genome distances among lineages
[32]. The positive correlation found in this study between the circulation dynamics of different SARS-
CoV-2 genetic groups in cats and human populations during the pandemic suggested that natural
infections in cats were influenced by the circulation dynamics of SARS-CoV-2 in human populations.
The latter evidences the unlikely role of cats as reservoirs of SARS-CoV-2 in nature. On the other
hand, despite there is a discrepancy between these and our previous results that showed the lack of
correlation between the most prevalent pangolin lineages in cats and the dominant ones in human
populations, it makes it possible to suggest that regardless of infections in cats were influenced for
the dominant genetic groups in human populations, specific pangolin lineages within these groups
might have had more affinity to infect cat populations. This condition may explain the discrepancy
between both analyses.

The evaluation of phylogenomics of viral lineages that affected cat populations throughout the
pandemic denoted the existence of multiple events of divergence within different lineages during the
infection in cat populations. The evolutionary significance of these events was more evident when
we reconstructed the phylogenetic analysis along with a set of highly related viral genomes recovered
from human populations. Thus, two different conclusions can be made from this analysis: i)
consistently with a previous study evaluating the phylogenetic relationship between SARS-CoV-2
lineages associated with the delta variant recovered from cats and human populations [20], our
analysis did not show any topological host pattern association among different lineages recovered
from both species, indicating the lack of host-specific adaptation patterns; ii) despite the lack of host-
specific adaptation patterns, the branch topology observed (denoting multiple events of divergence)
among diverse viruses within the same lineage recovered from both hosts evidenced the evolution
of SARS-CoV-2 in cat populations.

Additionally, to obtain more insights into the evolutionary dynamics of SARS-CoV-2 in cat
populations, our dataset was evaluated by multiple evolutionary tests previously used in SARS-CoV-
2 studies [33]. We aimed to understand if multiple divergence events observed in our phylogenetic
analysis might be linked to natural selection or genetic drift. The overall dN/dS rate <1 calculated in
the viral lineages from the cat population indicated that negative selection was the main force shaping
the evolution of SARS-CoV-2 in cats. This result suggests that in nature, human-cat transmission
events were characterized by a strong evolutionary constraint in cats, favoring the preservation of
the viral phenotypes circulating in humans. Our result was consistent with an experimental study in
cats, showing the relevance of purifying selection during the infection of SARS-CoV-2 in this animal
species [34]. However, when we calculated dN/dS ratios within different lineages, we observed
disparate levels of purifying selection among them, suggesting that different lineages were subjected
to different evolutionary constraints. This situation may be consistent with the phenotypic differences
depicted in diverse SARS-CoV-2 lineages during experimental infections in cats [15].

In evaluating the presence of positive selection at different codon sites of the viral genomes
recovered from cat populations, we described multiple sites under positive selection. However, when
we analyzed the dataset from human populations, we found that all these sites were already selected
because of the evolution of SARS-CoV-2 in human populations, supporting our last statement about
the essential role of purifying selection during the evolution of SARS-CoV-2 in cat populations. In
this context, some of the codon sites predicted under positive selection in both populations, including
NSP4- 492 (increased infectivity and evasion of the immune response [35], S-95 (increased infectivity
and transmissibility) [36], S-452 (decreased sensitivity to monoclonal antibodies) [37-39], S-477
(decreased sensitivity to monoclonal antibodies) [40,41], S-501(decreased sensitivity to monoclonal
antibodies, enhance infection and transmission) [42], and N-13 (Affect CD8+ response) [43], have
shown their biological relevance for the immune host evasion produced by SARS-CoV-2, suggesting
that these positions may provide adaptive advantages for this virus during the infection in both hosts.
However, despite the failure to infer putative specific codon sites evolving under positive selection
exclusively in the viral population recovered from cats, our comparison among genes between viral
populations recovered from both hosts, suggested disparate evolutionary rates between viruses
recovered from different hosts, indicating the possible different evolutionary contrast imposed by
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humans and cats during the infection. In this sense, further experiments are required to explain the
increased levels of positive selection found in E and ORF10 genes in cat populations. Based on
previous publications, it may be possible to speculate about probable repercussions in controlling the
immune host response [44—46].

Finally, according to the algorithm used in aBSREL, our results showed evidence of the potential
action of natural selection in the emergence of SARS-CoV-2 lineages due to replication in cat
populations. However, considering the minimal number of cat lineages found evolving by the action
of natural selection and the topology showing the divergence events that occurred between human
and cat lineages, it is possible to suggest that genetic drift is another significant force shaping the
evolution of SARS-Cov-2 in cats. This result was consistent with a previous experimental study in
cats [34]. Also, we found that specific mutations linked to the identified cat lineages under positive
selection had minimal impact in human populations, suggesting the unconnected role of cats as
generators of relevant SARS-CoV-2 variants during the pandemic.

In summary, our study shows a perspective on the evolution of SARS-CoV-2 in cat populations
during the pandemic. Our findings were consistent with previous publications using experimental
approaches in cats, indicating the rapid evolution of SARS-CoV-2 in this domestic animal, with
purifying selection and genetic drift as the main evolutionary forces acting on this virus during the
infection in cats. Although the main conclusion of our study is the possible lack of relevance of cats
as generators of relevant variants for public health, considering the high susceptibility of cats to the
infection of SARS-CoV-2, it is important to warn about the possible role of cats in the transmission of
this pathogen. Considering the phenotypic differences observed experimentally among SARS-CoV-
2 lineages in cats [15], it is essential to state that our results may be regarded as inconclusive based
on the limited dataset used in this study. In this sense, more studies are needed to understand the
potential role of cats in the generation of relevant SARS-CoV-2 lineages for the public health,
especially in the context of the Omicron sub-lineages infections currently dominating the
infections in human populations.
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