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Angiotensin-converting enzyme 2 (ACE2) is a receptor for SARS-CoV-2 spike protein on the
cell surface and plays a key role in the development of COVID-19. The high conservatism of ACE?2
structure in different species and the large number of human contacts with livestock increase the risk
of spreading SARS-CoV-2 among the ones if the virus will be able to penetrate and replicate in the
cells of such animals successfully. The result of this course of events may be the emergence of the
animal reservoirs of coronavirus disease.

To assess this possibility, a comparative analysis of the amino acid sequences of ACE2 recep-
tors for SARS-CoV-2 in different species of livestock with human ACE2 was performed. High degrees
of identity and similarity were found for ACE2 receptors of donkey, horse, rabbit, alpaca, lama,
dromedary, pig, sheep, goat and cattle (taurine and zebu), lower — for poultry species (chicken, duck
and turkey). The data obtained in this study are consistent with the results of previous experiments
on the ability of SARS-CoV-2 to interact with ACE?2 receptors of different animal species. Although
there is evidence of pig, chicken and duck resistance to SARS-CoV-2 by intranasal inoculation, the
risk of the virus adaptation to livestock infecting, given the mutational variability of the virus, remains
high, which makes relevant the further studies of SARS-CoV-2 interactions with livestock.
Keywords: coronavirus, SARS-CoV-2, ACE2, receptor, livestock, degree of identity, degree of
similarity, phylogenetic analysis

MOPIBHSUIBHUI AHAJII3 ACE2 PEHENTOPIB JIIOJUHU TA CLIbCBKOI'OCIIO-

JAPCBKHUX TBAPUH JJISI SARS-COV-2

M. 1O. Ilexa!, B. M. Bananbkuii® 2, A. 1. Bo:xxkos2, A. M. Caenko!

! Inemumym ceunapcmea i azponpomucinosozo eupobruymea HAAH (Tlonmasa, Ypaina)

? Xapriscoruii nayionansnuii ynieepcumem iveni B. H. Kapasina (Xapxis, Ykpaina)
Aneiomenszun-nepemeopiorouuii pepmenm 2 (ACE2) € peyenmopom ons cnaiix-oinka SARS-

CoV-2 na nosepxui knimun i gidiepae knouogy pony y pozeumxy COVID-19. Bucoxa koncepsamug-

nicmo cmpykmypu ACE2 y piznux 6ionociunux 6udié ma 8eiuKka KilbKiCmb KOHMAKMI6 N00UHU 3

CLIbCbKO20CNO0ApPCOKUMU MBapuHamu niosuwye Heoesnexy nowupenus SARS-ColV-2 ceped ocman-

HIX y 8UNAOKY, AKWO OAHULL 8iPYC 3MOMHCE YCRIWHO NPOHUKAMU MA PENTIKYEAMUCA Y KIIMUHAX MAKUX
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meapun. Pezynomamom ybo2o nepebicy nodiil modice 6ymu GUHUKHEHHS MBAPUHHUX Pe3ep8yapis Ko-
POHOBIpYCHOI ingheKkyii.

I oyinku makoi modcaugocmi 0yn0 30IUCHEHO NOPIGHANbHUL AHANI3 AMIHOKUCIOMHUX
nocrioosnocmeti ACE2 peyenmopis ons SARS-CoV-2 y pizHux 6uodis ciibCbK020CnooapcoKux mea-
pun i3 ACE2 moounu. Bucoxi cmyneni ioenmuunocmi ma nodionocmi 6yau euseneri 01 ACE2 pe-
Yenmopis GicoKad, KOHs, KPOIUKA, AIbNAKU, IAMU, 00HO20p0O020 6epOtoda, C8UHi, 8isyi, Ko3u ma
seUKoi poeamoi xyoobu (esponeticokoi ma 3e6y), menuti — 0Jis1 U8 CLIbCbKO2OCNOO0APCHKOL nmuyi
(Kypxu, kauku ma inouuxu). Ompumani 8 po6omi OaHi y32004CYOMbCsL 3 Pe3YIbMamamil POEeOeHUx
paniwe excnepumenmis wooo 30amuocmi SARS-CoV-2 e3aemooiasmu 3 ACE2 peyenmopamu piznux
6106 MBapuH. Xoua iCHYIOMb NIOMEEPONCEHHS Pe3UCTEHMHOCE C8UHEl, KYPOK ma Kauyok 00 SARS-
CoV-2 npu inmpanasanvhitl iHOKYAAYIL, pusuk aoanmayii 6ipycy 00 3aPadiCeHHsl CLIbCbKO2OCHO-
0apCoKUX MEaApuH, 8PAxXo8YIOUU MyMAayitiHy MIHAUGICMb BIPYCY, 3ANUUAEMbC BUCOKUM, WO POOUMD
AKMYanbHUM NOOANbULL 00CTTIOMNCeHHs 83aem00iu SARS-CoV-2 i3 kiimunamu ciibCbK020Cn00apCbKux
MBApPUH.

Knwouosi cnosa: woponasipye, SARS-CoV-2, ACE2, peunentop, CUIbCBKOroCHoaapchbKi
TBAPUHU, CTYNIHb iIEHTUYHOCTI, CTYNiHb MOAIOHOCTI, (PLIIOTeHeTHYHMIA aHAJII3

Introduction. Severe acute respiratory syndrome-related coronavirus-2 (SARS-CoV-2) is the
pathogen that causes an infectious respiratory disease known as coronavirus disease 2019 (COVID-
19) [1]. The first cases of COVID-19 were detected in December 2019 in Wuhan (Quebec, China)
[2]. The disease has spread rapidly in China and other countries and reached pandemic proportions,
as reported by the World Health Organization (WHO) in March 2021 [3].

SARS-CoV-2 belongs to the group of coronaviruses, which includes enveloped, nonsegmented,
positive-sense single-stranded RNA viruses [4]. Coronaviruses (subfamily Orthocoronavirinae, fam-
ily Coronaviridae) are divided into four genera: Alphacoronavirus, Betacoronavirus,
Gammacoronavirus, and Deltacoronavirus [5]. Coronaviruses cause respiratory, intestinal and neu-
rological diseases in animals, including birds (Gallusformes, Passeriformes) and mammals (bats,
mice, rats, pigs, cows, sheep, goats, camels, lamas, alpacas, horses, dogs, cats, mink, ferrets, etc.) [5].
At the time of writing, there are seven known species of coronaviruses that cause human disease. Of
these, four species: HCoV-229E, HCoV-NL63 (4/phacoronavirus) and HCoV-OC43, HCoV-HKU1
(Betacoronavirus) cause mild respiratory diseases [1, 4]. The other three species of Betacoronavirus
genus: SARS-CoV (Severe acute respiratory syndrome-related coronavirus), MERS-CoV (Middle
East respiratory syndrome coronavirus) and SARS-CoV-2 cause severe life-threatening respiratory
diseases [1]. SARS-CoV and MERS-CoV are thought to have animal origin. Investigations indicated
that SARS-CoV and MERS-CoV are transmitted from civet cats and dromedary camels, respectively
[5]. The origin of SARS-CoV-2 continues to be investigated [6]. Phylogenetic analysis data show
that SARS-CoV-2 is closer to bat coronaviruses detected in China in Zhoushan in 2018 (Bat-SL-
CoVZ(C45 and Bat-SL-CoVZXC(C21, 88% identity) and in Yunnan in 2013 (Bat-CoV RaTG13, 96%
identity) than to human coronaviruses SARS-CoV and MERS-CoV (79% and 50% identity, respec-
tively) [7].

SARS-CoV-2 uses a trimeric spike glycoprotein to enter the host cell [8]. Each spike monomer
contains 1273 amino acid residues and consists of two subunits: S1 (amino acid residues 14—685) and
S2 (amino acid residues 686—1273), preceded by a short signal peptide (amino acid residues 1-13)
[9, 10]. The S1 subunit is responsible for binding to the receptor on the surface of the host cell, and
the S2 subunit ensures the fusion of the virus membrane with the cytoplasmic membrane [8].

It has been experimentally confirmed that SARS-CoV-2, as well as SARS-CoV, uses angioten-
sin-converting enzyme 2 (ACE2) as a receptor for cell entry [1, 11], which under physiological con-
ditions participates in the functioning of the renin-angiotensin system, whose task is to maintain ho-
meostasis of the cardiovascular system and the functioning of various organs, regulation of systolic
pressure, osmotic and electrolyte balance [8]. ACE2 is a type I transmembrane protein consisting of
an extracellular N-glycosylated N-terminal domain containing a carboxypeptidase site and a short
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intracellular C-terminal cytoplasmic tail [2]. Crystallographic analysis data of the SARS-CoV-2 spike
protein complex with human ACE2 indicate that the N-terminal peptidase domain is involved in the
interaction with the virus [12]. In addition, a comparison of the complexes that form SARS-CoV and
SARS-CoV-2 with human ACE2 shows that SARS-CoV-2 binds to ACE2 with higher affinity, and
mutational adaptive changes in SARS-CoV-2 in comparison with SARS-CoV can cause high conta-
gious capacity of SARS-CoV-2 and widespread of COVID-19 [8].

A significant role of ACE2 in the SARS-CoV-2 disease induction makes it relevant to study
ACE2 for better understanding of the mechanisms of COVID-19 development, antiviral drug search,
and prediction of possible routes of human-to-animal transmission and vice versa. The high conserv-
atism of ACE2 in different species, as well as the prevalence of other coronavirus infections in ani-
mals, increases this potential.

A large number of human contacts with different species of livestock may increase the risk of
SARS-CoV-2 spreading among the ones if the virus will be able to penetrate and replicate in the
animal cells successfully. The result of this course of events may be the emergence of the animal
reservoirs of the coronavirus disease, which, on the one hand, is dangerous to humans, and, on the
other hand, can cause the economic damage to livestock industry. One approach for evaluation of this
possibility is a comparative analysis of the amino acid sequences of ACE2 receptors for SARS-CoV-
2 in different species of livestock with human ACE2. Obviously, the higher is the degree of their
similarity, the more likely is the possibility of interpenetration of the coronavirus disease between
humans and animals.

The aim of this study was to determine the similarity of the amino acid sequences of human
ACE?2 and different livestock species to assess the potential risks of SARS-CoV-2 transmission and
the emergence of the animal reservoirs of COVID-19.

Materials and methods. The ACE2 amino acid sequences of human (Homo sapiens, GenBank:
BAD99266.1) and 14 species were used for analysis: domestic pig (Sus scrofa domesticus, GenBank:
ASK12083.1), taurine cattle (Bos taurus, isoform X2, NCBI RefSeq: XP 005228486.1), zebu cattle
(Bos inducus, isoform X2, NCBI RefSeq: XP _019811720.1), sheep (Ovis aries, isoform X2, NCBI
RefSeq: XP 011961657.1), goat (Capra hircus, isoform X1, NCBI RefSeq: XP_005701129.2),
dromedary (Camelus dromedarus, NCBI RefSeq: XP_031301717.1), lama (Lama glama, GenBank:
QWMSE88990.1), alpaca (Vicugna pacos, NCBI RefSeq: XP 006212709.1), horse (Equus cabalus,
NCBI RefSeq: XP_001490241.1), donkey (Equus asinus, Ensembl ID: ENSEAST00005000893.1),
rabbit (Oryctolagus cuniculus, NCBI RefSeq: XP_002719891.1), chicken (Gallus gallus, isoform
X1, NCBI RefSeq: XP 040517014.1), wild turkey (Meleagris gallopavo, Uniport ID: GIN3RS),
duck (4nas platyrhynchos, NCBI RefSeq: XP 012949915.3). If ACE2 in a particular species was
represented by several isoforms, the isoform with the closest to human ACE2 amino acid composition
was taken into account.

To assess the degree of identity and the degree of similarity of livestock ACE2 amino acid
sequences with human ACE?2, the pairwise alignment of the human ACE2 amino acid sequence with
the corresponding sequences of animals was performed using the Needleman-Wunsch algorithm [13]
and BLOSUMSG62 substitution matrix [14] in EMBOSS Neddle tool [15]. As “identical” were consid-
ered the same amino acids in two sequences (no substitutions), as “similar” were considered amino
acid pairs with a score > 0 in BLOSUMSG62 substitution matrix.

In order to determine the conservatism of ACE2 receptors in different animal species and to
conduct phylogenetic analysis, the multiple alignment was performed according to the Clustul W al-
gorithm in MegaX software. The statistics obtained in MegaX on the content of individual amino
acid residues in the ACE2 receptors were grouped using Venn diagram [18] according to physico-
chemical properties of amino acids [19]. The phylogenetic tree was built in MegaX using the Maximal
Likelihood method and the JTT matrix-based model [20].

Data grouping, statistical processing and other necessary calculations were performed in Mi-
crosoft Office Excel software [21].

Results. Human ACE2 polypeptide chain consists of 805 amino acid residues. The same length
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of the polypeptide chain have ACE2 of donkey, horse, dromedary, lama, alpaca, rabbit and pig. The
results of the pairwise and multiple alignments showed that in the ACE2 sequences of these species
there are no insertions or deletions of amino acids when compared with human ACE2. The ACE2
polypeptide chains of sheep, goat, cattle (taurine and zebu) consist of 804 amino acid residues and
have a deletion at position 136. ACE2 receptors of poultry (chicken, duck, turkey) have both inser-
tions and deletions when compared with human ACE2 and differ from human and mammalian ACE2
receptors more significantly. Despite the fact that duck ACE2 consists of 805 amino acid residues, as
well as human ACE2, the same length of the polypeptide chain in this case is due to the presence of
several insertions and deletions and does not indicate the greater similarity of duck ACE2 to human
ACE2 than for other bird species.

Obtained through the pairwise alignment data on the degree of identity (% of identical amino
acid residues in the sequences) and the degree of similarity (% of similar amino acid residues in the
sequences) of the livestock ACE2 receptors with human ACE2 receptor were ranked in the descend-
ing order of alignment scores (Table 1). Donkey, horse and rabbit had the highest degrees of similarity
with human ACE2. The ACE2 receptors of other mammals (dromedary, alpaca, lama, pig, sheep,
goat, taurine and zebu cattle) were somewhat less similar. The lowest degree of similarity to human
ACE2 was shown for the poultry ACE2 receptors.

Results of the determined ACE2 receptors’ degrees of similarity were compared with experi-
mental data obtained by C. Conceicao et al. [22] (Table 1). In that study authors used 2 related ap-
proaches to examine the capacity of SARS-CoV-2 to enter cells bearing different ACE2 proteins. The
first approach, based on the pseudotyping of lentiviral particles with SARS-CoV-2 spike protein,
mimicked particle entry. The second approach, based on a quantitative cell—cell fusion assay, assessed
the capacity of spike protein to induce cell—cell fusion following receptor engagement [22]. The abil-
ity of SARS-CoV-2 to use human ACE2 receptor was taken as 100%, and for other animal species
the value was taken relative to it.

1. Degrees of human and livestock ACE2 amino acid sequences’ identity and similarity

Hl;rl?an ACE2 Length Identity Similarity Alignment ACE2 usage profile [22]
gnment (aa) (%) (%) score Pseudotype Cell-cell
with (%) (%)

Human 805 100.0 100 4291.0 100 100
Donkey 805 87.0 93.4 3795.0 - -

Horse 805 86.8 93.4 3791.0 102.1 96.8

Rabbit 805 85.2 92.8 3722.0 86.5 87.3
Dromedary 805 83.2 92.4 3666.0 - -
Alpaca 805 83.4 91.9 3653.0 - -
Lama 805 83.4 91.9 3652.0 - -

Domestic pig 805 81.7 91.1 3587.0 78.0 103.9
Sheep 804 81.7 90.8 3579.0 117.8 126.7
Goat 804 81.6 90.6 3572.0 75.9 112.9

Taurine cattle 804 81.1 90.7 3568.0 91.9 139.4

Zebu cattle 804 81.1 90.4 3563.0 - -
Chicken 808 65.6 79.3 2924.5 0.5 14.4
Duck 805 64.7 78.6 2847.0 - -
Wild turkey 807 63.8 78.5 2827.0 0.5 15.6
Note: “—” experimental data is absent.

Results obtained in our study on the human and livestock ACE2 amino acid sequences’ degrees
of similarity are fully consistent with previously published experimental data on the ability of SARS-
CoV-2 to use ACE2 receptors of different animal species. Pearson’s correlation coefficient » = (.89
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between “receptor similarity” and “pseudotype entry assay”, and » = (.77 between “receptor similar-
ity” and “cell-cell fusion assay”. Thus, it can be argued that ACE2 receptors of horse, rabbit, pig,
sheep, goat, cattle and other mammalian species have the significant similarity to human ACE2, as
well as that ACE2 receptors of bird species have the insufficient similarity to ensure their effective
interaction with SARS-CoV-2.

Data on the percentage of individual amino acids in human and livestock species ACE2 recep-
tors were grouped according to the physicochemical properties of amino acids (Table 2). It was shown
that there is a significant relative difference (RD) in the composition of charged amino acids. Thus,
in ACE2 of all livestock species RD > 8% compared with human ACE2 for negative charged amino
acids (Asp, Glu), and in sheep, goat, cattle (taurine and zebu) ACE2 receptors RD > 6% for positive
charged amino acids (Lys, Arg, His). In addition, it is necessary to note significant differences com-
pared with human ACE2 in the composition of aliphatic amino acids (Ile, Leu, Val) for some of
studied species, as well as differences (both in the smaller and larger direction) in the composition of
Proline (Pro).

The results of phylogenetic analysis, performed on the basis of the multiple alignment, were
presented in the form of a phylogenetic tree (Fig. 1) and also demonstrated the greater similarity of
human ACE2 receptors with mammalian receptors (rabbit, donkey, horse, dromedary, alpaca, lama,
pig, taurine and zebu cattle, sheep, goat) than with bird receptors (chicken, duck, turkey). However,
the smallest distances on the phylogenetic tree are between human ACE2 and ACE2 of donkey, horse
and rabbit.

Alpaca
Lama

Dromedary

Domestic pig

Sheep

Goat

Taurine cattle

Zebu cattle

— Donkey
Horse

Human

Rabbit

Duck

— Chicken

: Wild turkey
1

0.300 0.250 0.200 0.150 0.100 0.050 0.000

Fig. 1. Phylogenetic analysis of human and livestock species ACE2 receptors
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2. Amino acid composition of human and livestock ACE?2 receptors

Charged

Hydrophobic Polar Small . . . . .
(I’FL’YV’\&?’S’T?A’ Positive Negative ](EY’ W]’) I; KS’ 1;’ v, Aé C%(;’; D, N, (ATIS,YS) él 1Eh'{1/u C) (F/,\?,m v?/t,lii) Pr?fl’l)ne
bl E E t el (H’ K’ R) (E’ D) b QJ b 9 9 ) b 9’ )
Content Content Content Content Content Content Content Content Content
Co | R e | RP | Ty | RP Ty | R Tep | RD | T | RD | T RD T RD | Tt RD
Human 61.12 - 11.68 - 12.30 - 53.91 - 47.08 - 20.00 - 20.62 - 13.79 - 4.60 -
Donkey 6124 | 020% | 11.80 | 1.06% | 1329 | 8.08% | 5429 | 0.69% | 47.58 | 1.06% | 2137 | 6.83% | 20.00 |-3.01% | 13.54 |-1.80% | 4.84 | 5.41%
Horse 61.12 | -0.00% | 11.80 | 1.06% | 1329 | 8.08% | 5441 | 0.92% | 47.58 | 1.06% | 21.49 | 7.45% | 19.88 |-3.61% | 13.54 |-1.80% | 4.84 | 5.41%
Rabbit 60.25 | -1.42% | 1130 | -3.19% | 13.66 |11.11% | 55.03 |2.07% | 46.58 | -1.06% | 21.86 | 9.32% | 1938 |-6.02% | 13.66 |-0.90% | 4.35 | -5.41%
Dromedary | 62.61 | 2.44% | 11.68 | 0.00% | 13.66 |11.11% | 5441 |0.92% | 46.58 | -1.06% | 20.50 | 2.48% | 2025 |-1.81% | 1429 | 3.60% | 4.47 | -2.70%
Alpaca 6248 | 2.24% | 12.05 | 3.19% | 13.66 |11.11%| 5441 | 0.92% | 46.46 | -1.32% | 20.62 | 3.11% | 20.12 | -2.41% | 14.16 | 2.70% | 4.47 | -2.70%
Lama 6224 | 1.83% | 12.05 | 3.19% | 13.54 |10.10% | 5441 | 0.92% | 46.58 | -1.06% | 2075 | 3.73% | 20.12 | -2.41% | 14.04 | 1.80% | 4.47 | -2.70%
Domestic
big 6137 | 0.41% | 1130 | -3.19% | 13.54 |10.10% | 54.04 | 0.23% | 46.96 | -026% | 21.61 | 8.07% | 20.00 |-3.01% | 13.54 |-1.80% | 4.97 | 8.11%
Sheep 61.69 | 0.94% | 12.56 | 7.58% | 13.93 |13.27%| 5597 | 3.82% | 4527 | -3.84% | 20.65 | 3.23% | 19.53 |-530% | 14.30 | 3.73% | 423 | -7.99%
Goat 6157 | 0.73% | 1244 | 6.52% | 13.81 |12.26%| 5585 | 3.58% | 4527 | -3.84% | 2077 | 3.86% | 19.53 |-530% | 14.30 | 3.73% | 423 | -7.99%
Té‘;‘tﬂze 61.69 | 0.94% | 1244 | 6.52% | 1381 |1226% | 5585 | 3.58% | 4552 | -3.31% | 2139 | 6.97% | 19.65 |-4.70% | 1443 | 4.63% | 4.10 | -10.70%
Zebucattle | 61.82 | 1.14% | 1244 | 6.52% | 13.68 |1125%| 5572 |3.35% | 4552 | -331% | 2127 | 6.34% | 19.78 |-4.10% | 1443 | 4.63% | 4.10 | -10.70%
Chicken 6238 | 2.06% | 12.25 | 4.93% | 1337 | 8.69% | 5520 | 2.38% | 47.77 | 1.47% | 2178 | 891% | 18.94 |-8.17% | 14.23 | 3.22% | 4.08 | -11.14%
Duck 63.11 | 325% | 11.68 | 0.00% | 1329 | 8.08% | 54.66 | 1.38% | 47.95 | 1.85% | 21.61 | 8.07% | 1925 |-6.63% | 1429 | 3.60% | 4.35 | -5.41%
Wlll(‘é;“r‘ 6221 | 1.78% | 12.14 | 4.00% | 1375 |11.84% | 55.02 | 2.05% | 4560 | -3.14% | 21.93 | 9.67% | 19.95 |-3.25% | 14.25 | 3.35% | 3.84 | -16.42%

Note. Amino acids residues are denoted using the single-letter code.
RD - relative differences in amino acid composition of animal ACE2 receptors from human ACE2, %.




Conclusions. ACE2 is the SARS-CoV-2 receptor and plays a key role in the development of
COVID-19. In this study were shown significant degrees of identity and similarity of ACE2 amino
acid composition for human and various livestock species. Donkey and horse ACE2 are identical to
human ACE2 by 87%, rabbit ACE2 — by 85.2%, alpaca, lama and dromedary — by about 83.4%, pig,
sheep, goat — by about 81.7%, taurine and zebu cattle — by 81.1%. ACE2 of poultry species (chicken,
duck, turkey) have less similarity to human ACE2 at about 65%.

The data obtained in this study are consistent with the results of previous experiments that de-
tected the high ability of SARS-CoV-2 to interact with receptors on the cells of sheep, goat, cattle,
pig, horse, rabbit, and low — with the receptors of bird species [22]. However, there is evidence of
pig, chicken and duck resistance to SARS-CoV-2 by intranasal inoculation [23, 24]. Thus, pig is not
susceptible to SARS-CoV-2 despite the high degree of similarity of its ACE2 to human ACE2, as
well as the high ability of the virus to interact with pig ACE2. This fact makes it a priority to study
in more detail both the virus-receptor interaction in pigs and other processes on which the develop-
ment cycle of SARS-CoV-2 depends and which should occur for the development of infection in
pigs. This may become the basis for identifying disease-blocking mechanisms even for the case when
receptor interacts successfully.

Given the mutational variability of SARS-CoV-2 and the lack of large amount of experimental
data on the possibility of disease in livestock, the risk of virus adaptation to livestock infecting re-
mains high, so further studies of SARS-CoV-2 interactions with livestock remain relevant to prevent
the new animal reservoirs of the virus.
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