
 | Virology | Research Article

Importance of genomic surveillance of SARS-CoV-2 in cats 
during reverse zoonosis events: potential viral evolution 
may occur
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ABSTRACT The apparition of new variants of severe acute respiratory syndrome 
coronavirus 2 and lineages is constantly happening because of the high viral mutation 
rate. Since numerous reverse zoonosis events have been reported so far, genomic 
surveillance should be conducted in susceptible species to evaluate potential adapta­
tions that may trigger the apparition of new variants. Here, we evaluate the evolution of 
the infection in a cat naturally infected in parallel with its owner, performing a compara­
tive phylogenetic analysis. Sequencing analysis showed that both were infected with 
the Omicron BA.5/BF.1 lineage and revealed the presence of nucleotide substitution in 
the viral genome recovered from the cat with respect to the viral genome from the 
human sample. This nucleotide substitution (C11897A) produced the amino acid change 
Orf1a: Q3878K. Therefore, genomic surveillance in the case of reverse zoonosis events is 
still necessary in order to control possible adaptations of the virus to other susceptible 
species.

IMPORTANCE Genomic surveillance of pets for severe acute respiratory syndrome 
coronavirus 2 is important to monitor the emergence of new variants of the virus 
associated with these animals. Pets can serve as a potential reservoir for the virus, 
and their close contact with humans increases the risk of transmission. By conducting 
genomic surveillance in pets, it is possible to detect and track new variants early on, 
allowing for more effective control measures to be put in place. This can help prevent the 
spread of these variants to human populations and potentially mitigate the impact of the 
pandemic. Furthermore, it may also provide insight into the evolution and spread of the 
virus within the animal population.

KEYWORDS SARS-CoV-2, cats, mutation, genomic surveillance, viral evolution

A fter more than two years, the pandemic triggered by the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) is still active. Although the disease control 

measures have been relaxed in the last months, the virus is still active, as reflected 
by the high levels of infections (1). Luckily, the fatality of the cases has decreased 
substantially due to the increase in vaccine coverage and infection-acquired immunity 
in the human population by other variants (2, 3). However, it is crucial to account for 
additional factors, such as the emergence of new variants, variations in public health 
measures, and differences in vaccine efficacy against various strains. Several variants of 
concern (VOCs) have emerged during these years of the pandemic. On November 26, 
2021, the World Health Organization declared the latest VOC of SARS-CoV-2, the Omicron 
(B.1.1.529) variant initially detected in South Africa. In the following months, Omicron 
spread continuously over the world, replacing the previous dominant variant, Delta 
(B.1.617.2). Subsequent experiments proved that Omicron presented a higher infectivity 
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rate and a great capacity to evade current vaccines and previous immunity (4). This 
suggests that SARS-CoV-2 is still adapting to its human host.

Five lineages have been described in the case of Omicron: BA.1 (B.1.1.529.1), BA.2 
(B.1.1.529.2), BA.3 (B.1.1.529.3), BA.4 (B.1.1.529.4), and BA.5 (B.1.1.529.5). In Spain, the 
Omicron BA.5 (B.1.1.529.5) lineage is currently the dominant variant. This isolate presents 
an even higher transmission capacity but with less severe disease outcomes than the 
previous ones (5) and is then responsible for the increase in cases in the country since 
May 2022 (1). BA.5 carries its unique mutations, including changes called L452R and 
F486V in the viral spike protein that might tweak its ability to latch onto host cells 
and skirt some immune responses. Several sublineages of BA.5 have emerged, such as 
BF.1, first detected in Asturias, Spain (6). This sublineage has been gaining rise in the 
United Kingdom, Scotland, Denmark, and Canada, as well as in the North of Spain (7). 
Little is known, however, about the susceptibility of this new subvariant of Omicron 
in other nonhuman susceptible species such as cats. According to experimental and 
field studies conducted on pets, SARS-CoV-2 seems to produce anecdotic infections 
in them, although several VOCs have been related to more severe clinical cases or 
higher viral loads (8–11). Although previous works performed by our research group 
showed that susceptibility to Omicron BA.1 lineage is quite low in pets (12), potential 
adaptation to new hosts cannot be ruled out in the case of other lineages. Here, we 
describe the evolution of the infection of a cat with the Omicron subvariant BF.1 in 
parallel with the evolution of the infection in the human host, who acted as a source of 
infection. The cat became infected two days after exposition to the infected human and 
maintained positive results for RT-qPCR for four days. The only clinical signs presented 
by the cat were occasional sneezes. Importantly, sequencing results showed a nucleo­
tide substitution in the sequence from the cat with respect to the human’s sequence. 
This nucleotide change was located in the ORF1a protein-coding region. This work has 
demonstrated for the first time that potential genomic adaptations can occur in the case 
of reverse zoonosis events in cats, which highlights the importance of performing active 
surveillance on domestic animals exposed to infected people.

MATERIALS AND METHODS

Animal and human sampling and clinical inspection

Human SARS-CoV-2 infection was confirmed by a SARS-CoV-2 antigen test (Roche, 
Basel, Switzerland) and RT-qPCR on 24 May 2022 after showing COVID-19-compati­
ble symptoms (fever, fatigue, and headache). Cat and human samplings were daily 
conducted from this day until 10 days after that. Samples consisted of oropharyngeal 
(cat) and nasopharyngeal (human) swabs collected in DeltaSwab Virus 3 mL contained 
in viral transport media (VTM) (Deltalab S.L., Cataluña, Spain) using protocols approved 
by the Complutense University of Madrid’s Ethics Committee for Animal Experiments 
(Project License 14/2020). Serum sample from the cat was collected in a tube without any 
anticoagulant 14 days after the initial cat sampling in order to evaluate the presence of 
neutralizing antibodies. During the sampling period, the cat was daily observed in search 
of clinical signs, and pulmonary auscultation was performed by a veterinarian.

Detection of SARS-CoV-2 infection by reverse transcription-quantitative PCR

Total RNA extraction and reverse transcription-quantitative PCR (RT-qPCR) were 
performed as previously described in reference (13).

Virus and cells

SARS-CoV-2 MAD6 isolated from a 69-year-old male patient in Madrid (Spain) was kindly 
provided by Dr. Luis Enjuanes from the National Biotechnology Centre at the Higher 
Council for Scientific Research.
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Vero E6 cells (ATCC, Manassas, VI, USA) were prepared in order to reproduce the 
SARS-CoV-2 stocks. Cells were incubated at 37°C under 5% CO2 in Gibco Roswell 
Park Memorial Institute (RPMI) 1640 medium with lglutamine (Lonza Group Ltd., Basel, 
Switzerland) and supplemented with 100  IU/mL penicillin, 100  µg/mL streptomycin, and 
10% fetal bovine serum (FBS) (Merck KGaA, Darmstadt, Germany). SARS-CoV-2 titers were 
determined via a tissue culture infectious dose (TCID50) assay.

Neutralizing antibody detection

Serum was tested for neutralizing antibodies against SARS-CoV-2 using the SARS-CoV-2 
surrogate virus neutralization test (GenScript, Inc., NJ, USA), according to the manufactur­
er’s instructions. This kit has been previously validated in references 13–15.

Viral isolation

Positive specimens from the cat and the human were subjected to virus isolation. Viral 
isolation was performed in six-well plates with monolayers of Vero E6 cells at 80% 
confluence. The cell medium was removed, and the inoculum containing 200 µL of the 
sample plus 800 µL of free FBS medium was added. Then, adsorption of the virus was 
performed in continuous agitation at 37°C for 1 h. After that, fresh medium with 5% FBS 
was added. The plates were incubated at 37°C with 5% CO2 for 5 days. The plates were 
daily observed, finding a cytopathic effect. After 5 days, the cell cultures were frozen, 
thawed, and subjected to three passages with inoculations of fresh Vero E6 cell cultures 
with the lysates, as described above. SARS-CoV-2 molecular detection was performed 
by employing RT-qPCR on the supernatants from every passage in order to confirm the 
presence/absence of the virus in the cell culture and virus recovery by means of the 
decrease in the Ct.

Whole-genome sequencing and phylogenetic analysis

Whole-genome sequence was obtained from the positive oropharyngeal (cat) and 
nasopharyngeal (human) samples (both biological samples) with the lowest Ct value by 
RT-PCR using the methods previously described in reference (13) using Sanger sequenc­
ing, a method particularly efficient in correctly reading through homopolymeric regions 
(16).

MEGA 11 software (17) was used for the phylogenetic analysis. The analysis involved 
both sequences obtained in this study (cat and owner) as well as representative 
sequences from Spain, including the five lineages of the Omicron variant (BA.1, BA.2, 
BA.3, BA.4, BA.5, and BF.1). The final alignment involved 22 whole-genome sequen­
ces, with an average amino acid p-distance (1-amino acid identity) of 0.011, which is 
considered adequate since it is within the acceptance threshold of <0.8. This alignment 
was used to build the phylogenetic tree using the maximum likelihood method, the 
Subtree-Pruning-Regrafting (SPR) algorithm, and bootstrap testing of 2,000 replicates. 
Since only those bootstrap values ≥70% are considered valid, a consensus tree was 
computed, accepting the default 50% cut-off value, according to Hall, BG (18), in such a 
way that several clades are shown as a polytomy.

The presence of mutations was evaluated using the CoVsurver mutations app 
and AudacityInstant (v3.08) available on the GISAID website (https://www.gisaid.org/) 
(accessed on 30 September 2022). We appreciate and acknowledge the different 
laboratories and funders of GISAID for offering these SARS-CoV-2 sequences. A 
comparative analysis of both sequences was also performed using Nextclade (https://
clades.nextstrain.org).

Prediction of mutation significance in the protein

The sequence of the nsp7 SARS-CoV-2 protein was retrieved from GenBank-protein 
(NCBI Reference Sequence: YP_009742614.1) as a reference. The sequences correspond­
ing to the same protein from both the owner and the cat (mutated protein) were 
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obtained using Expasy (https://web.expasy.org/translate/). The MudPred2 tool (http://
mutpred.mutdb.org/) was employed to analyze the amino acid sequences of two 
proteins: the wild type (from the owner sequence) and the mutant variant (from the cat). 
MudPred is a computational tool that predicts the impact of amino acid substitutions 
on protein stability and function. The analysis was performed by inputting the amino 
acid sequences of the proteins and running the MudPred algorithm. The output of 
the analysis included the site of the mutation, the MudPred score, and the predicted 
mechanisms that could be impacted by the mutation (19). Values of P < 0.005 were 
considered significant.

RESULTS

Clinical case description

The cat, a common European 2-year-old cat, had been living with a confirmed COVID-19-
positive owner since 24 May 24, 2022. The owner reported a high rate of close contact 
(kisses, sleeping together, and coughing in the presence of the animal). The only clinical 
sign displayed by the cat was occasional sneezing.

Comparative evolution of the infection between the cat and the owner

The cat became infected and showed the first positive result for RT-qPCR 2 days after the 
owner’s disease confirmation. While the human resulted positive for RT-qPCR for 8 days, 
the cat was positive for 4 days, with lower viral loads than the owner. Infection evolution 
is shown in Fig. 1.

Virus isolation was possible from the owner’s first sample (Ct value: 17.89). However, 
virus isolation was not possible from any of the cat’s samples.

Neutralizing antibodies detection by employing VNT

Serum sample taken from the cat 14 days after the initial sampling presented neutraliz­
ing antibodies according to the SARS-CoV-2 surrogate virus neutralization test, with an 
inhibition percentage of 86.

FIG 1 Comparative Ct (cycle threshold) values for SARS-CoV-2 RT-qPCR in the cat and its owner.
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Whole-genome sequencing and phylogenetic analysis

Two sequences were obtained in this study, one from the cat (EPI_ISL_16456631) and 
the other from its owner (EPI_ISL_15809378). Both sequences were identified as VOC 
Omicron GRA (B.1.1.529 + BA. 2.1.1) BF.1 lineage, according to AudacityInstant (GISAID). 
Regarding the owner’s sequence, there were 144 related genomes found (at a distance of 
2 or less from the uploaded sequence). The minimum quality of the matches was 0.901. 
Among the related genomes, the most frequent country was the United States (32.6% 
of genomes), the most frequent lineage was BF.1 (57.6% of genomes), and 81.1% of the 
related genomes were from samples collected between June 2022 and August 2022. In 
the case of the cat’s sequence, there were 177 related genomes found (at a distance of 
2 or less from the uploaded sequence). The minimum quality of the matches was 0.909. 
Among the related genomes, the most frequent country was the United Kingdom (47.5% 
of genomes), the most frequent lineage was BF.1 (44.1% of genomes), and 81.8% of the 
related genomes were from samples collected between May 2022 and August 2022.

Comparative analysis of both sequences revealed one change in the nucleotide 
sequence of the cat compared to the owner’s sequence. The change occurred in the 
nucleotide position 11,897 (located in the ORF1ab), where a C was replaced by an A (Fig. 
2). This nucleotide substitution involves the amino acid substitution Orf1a: Q3878K.

The maximum likelihood based on the Tamura–Nei model (20) was used for inferring 
the evolutionary relationships among the different whole-genome sequences. A total of 
22 nucleotide sequences, including first, second, third, and noncoding codon positions, 
were analyzed. In order to avoid the inclusion of alignment gaps, missing data, and 
ambiguous bases, positions with <95% site coverage were removed from the alignment, 
resulting in the analysis of 29,728 positions. The evolutionary history of the analyzed 
sequences was obtained from the bootstrap consensus tree deducted from 2,000 
replicates (17). First, initial tree(s) were obtained automatically using the neighbor-join­
ing and BioNJ algorithms to a matrix of pairwise distances estimated using maximum 
composite likelihood and then choosing the topology with a better log-likelihood value. 
For the modelization of differences in the rate of evolution among different sites, a 
discrete gamma distribution (two categories, +G parameter = 0.067) was used. The 
resulting phylogenetic tree is shown in Fig. 3. As observed in the phylogenetic tree, 
the genome sequences from this study (Cat_2245 and Owner) clustered with sequences 
belonging to the BF.1 (Omicron) sublineage.

FIG 2 Alignment of the partial nucleotide sequence of the ORF1ab protein of SARS-CoV-2 showing the nucleotide change (C is replaced by an A) in the position 

sequence of Cat_2245 with respect to the owner´s sequence. Ten additional Omicron sequences (EPI ISL 13824643, EPI ISL 13833466, EPI ISL 13844673, EPI ISL 

13876324, EPI ISL 13907952, EPI ISL 13907956, EPI ISL 13967718, EPI ISL 13967733, EPI ISL 13970526, EPI ISL 13986409) were included in the analysis as well as the 

reference SARS-CoV-2 sequence (WIV04).
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FIG 3 Phylogenetic analysis of SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) indicated that the whole-genome sequences from this study 

(black square: Owner; black circle: Cat_2245) clustered with the genomes of the SARS-CoV-2 BF.1 (Omicron) sublineage that were included in the alignment. 

Reference SARS-CoV-2 (WIV04) genome from Wuhan was also included. We appreciatively acknowledge the different laboratories and funders of GISAID for 

offering these SARS-CoV-2 sequences.
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Mutation significance

The results of the MudPred analysis indicated that the mutated protein (from the cat) 
carries a substitution at site Q19. The MudPred overall score for the mutated protein 
was 0.30894, indicating a relatively low probability of the mutation being pathogenic. 
The predicted mechanisms impacted by the mutation include the catalytic site (P = 
0.028316), iron binding (P = 0.039549), and proteolytic cleavage (P = 0.040032).

DISCUSSION

Numerous reports have evidenced the capacity of SARS-CoV-2 virus to produce reverse 
zoonosis events (13, 21–23). Despite the increased adaptation to human receptors that 
is expected to have occurred during virus evolution, susceptible animal species remain 
infected when exposed to infected humans or their excretions. This fact evidences the 
necessity to perform surveillance in these species in order to detect potential virus 
alterations derived from different hosts. Here, we have studied the SARS-CoV-2 infection 
evolution in an infected cat in parallel with its owner, who acted as the source of 
infection for the animal. In addition to RT-qPCR monitoring of both human and pet, 
sequencing analysis was performed, showing potential adaptation of the virus to the 
animal host, as reflected by the presence of a nucleotide substitution.

Both the owner and the cat in this study were infected with the Omicron BF.1 
sublineage of the BA.5 variant, which has been quietly replacing the previous Omicron 
strains (24). According to current knowledge, BA.5 and its derivated lineages are the 
predominant lineages in Spain (25), representing 84.7% of the sequenced samples in 
the country. Regarding genome sequencing and evolutionary analyses, BA.5 and their 
sublineages appear to have developed enhanced pathogenicity, transmission ability, and 
the potential of escaping neutralizing antibodies induced by vaccination or infection 
(26). Concretely, BF.1 comprises some exclusive mutations in its S protein, including 
nsp16_V288F and nsp6_V289L, which confer greater fusogenicity and resistance to the 
immunity triggered by previous infection with early variants or vaccination. Additionally, 
a recent study has reported that BA.5 is still low pathogenic compared to the ancestral 
strain but has progressed to induce enhanced inflammation when compared to prior 
Omicron subvariants (26). All these together may explain the outcomes of this study, in 
which we have observed differences in the pathogenicity level of the BA.5 subvariant 
with respect to previous reports studying animal infection with the early BA.1 Omicron 
subvariant (12, 27). In our study, the cat was effectively infected after being exposed 
to the owner, and relatively high viral loads were detected in its oropharyngeal swabs 
during the first and second days of the infection, according to RT-qPCR results. This 
fact contrasts with a previous study conducted by our research group, in which active 
surveillance sampling was performed (12). In this previous report, carried out during 
the Omicron BA.1 wave in Spain, we evidenced a low susceptibility to the infection in 
the studied pets despite being in high contact with their positive owners. In fact, viral 
loads detected in the few positive animals were very low (Ct values above 30 in all the 
cases), and the shedding period was limited to one or two days at most. The outcomes 
of this previous study were also in line with those observed in an experimental study in 
Syrian golden hamsters (27), where lower replication levels of the virus were detected as 
well as a lack of typical histological lesions in hamsters infected with the BA.1 Omicron 
subvariant. On the contrary, the results presented here suggest higher pathogenicity 
of the BA.5 strain, similar to that observed with previous VOCs such as Alpha or Delta 
variants in pets (8, 9, 11), although further experimental studies should be conducted in 
order to confirm this hypothesis.

The most important conclusion from the present study is, however, the sequencing 
results that may indicate a potential for changes in SARS-CoV-2 when infecting cats. 
This fact has been previously suggested in the case of mink and deer (28, 29), but it 
has also been confirmed in the case of our study. This underscores the importance of 
performing genomic surveillance in all the susceptible species to SARS-CoV-2 infection. 
Our findings suggest that reverse zoonosis events might be associated with changes in 
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the viral genome that may favor the apparition of new variants or increase the risk of 
transmission to other animals or even humans. While the efficacy of vaccines appears to 
be high in controlling the spread of the virus but still remains under debate, genomic 
surveillance of animal populations should be considered an important complementary 
measure. This would allow for early detection of potential viral adaptations and the 
implementation of targeted prevention measures, such as vaccination campaigns or 
targeted testing and isolation of infected animals. Further research is needed to identify 
the most effective strategies to control the emergence and spread of new viral variants, 
and we encourage the scientific community to continue to investigate this important 
topic. The rapid generation of nucleotide substitution in the virus infecting the cat 
contrasts with previous research that estimates the substitution rate of SARS-CoV-2 at 
around 1.16 × 103 substitutions per site per year in the human population (30), which 
means around one mutation per 2 wk. RNA virus genomes are extremely predisposed 
to mutation, although the evolutionary mechanism by which the virus is capable of 
adapting to further mammalian hosts depends on the genetic variation generated 
within and between hosts. In a study conducted by Braun and collaborators (31), 
they demonstrated that species- and context-specific adaptations of SARS-CoV-2 are 
expected to continue to emerge. After inoculating three cats with SARS-CoV-2 virus and 
putting additional cats in touch to assess potential transmission, the authors evaluated 
genetic variations in the virus using whole-genome sequencing. With this approach, 
they observed limited within-host diversity. However, they found variants (S H655Y and 
E S67S) that were amplified in all three index cats on the first day post-inoculation. 
This predisposition of cats to variant selection has also been demonstrated in another 
study performed by Bashor and collaborators (32), where the authors detected up to 14 
emergent variants in viruses recovered from animals during experimental infection. In 
addition, Klaus and collaborators (33) also observed single nucleotide polymorphisms in 
the viral genome sequence from the cat of study. These outcomes are in line with those 
presented here since the virus recovered from the cat in this study showed detecta­
ble genomic variation after infection, reflecting the capacity of the virus to generate 
mutations during the replication cycle in the host. The nucleotide substitution observed 
in this study was located in Orf1a, a gene that codes for nonstructural proteins (nsp1–16), 
responsible for the replication machinery and maintenance of the viral genome (34). 
Within this gene, the substitution was located in the region that codifies for the nsp7. 
This protein plays a key role in viral replication, working in tandem with the RdRp protein 
(RNA-dependent RNA polymerase) and the nsp8 protein, forming an RdRp–nsp7–nsp8 
supercomplex (35). For this reason, mutations located in the nsp7 or nsp8 proteins may 
affect the complex formation among these proteins, consequently affecting genome 
replication (36). According to the analysis conducted to evaluate the significance of this 
amino acid change in the protein, it is presumed that the mutation may have had a 
low impact on the protein. Although our findings suggest the mutation might affect the 
protein’s function, these results must be interpreted with caution. Our study involved 
one SARS-CoV-2-infected cat, and while these findings contribute to our understanding 
of possible viral adaptations in this species, they are not conclusive due to the limited 
sample size. Thus, making any global claims regarding the evolution of SARS-CoV-2 in 
infected cats and the potential adaptation of this virus are not sustained by these data. 
However, empirical P-scores for each mechanism were considered significant. In this 
sense, disruption of the catalytic site, which is the specific region of an enzyme where the 
chemical reaction catalyzed by the enzyme takes place (37), was identified as the most 
probable mechanism for the mutation. It is, therefore, essential for the enzyme’s function, 
and its alteration can result in a loss of the ability to catalyze a specific chemical reaction 
by the involved enzyme. Another potential impact was the disruption of binding to iron. 
Iron is essential for many biological processes, such as DNA synthesis and the generation 
of ATP, and is crucial for viral replication within living host cells (38). In some viruses, 
such as the hepatitis C virus, iron plays a key role in viral replication cycle. By preventing 
the RNA polymerase NS5B enzyme from performing its normal enzymatic function, 
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iron can inhibit the expression of viral RNA and proteins (39). Finally, mutations in the 
nsp7 protein could potentially affect its susceptibility to proteolytic cleavage. Proteolytic 
cleavage of viral proteins is also essential for viral replication and pathogenesis. All these 
mechanisms, therefore, are critical for the proper function of the protein, suggesting 
that the mutation may have a significant effect on the protein’s overall activity. Future 
studies will be needed to fully understand the impact of this mutation on the virus, 
and further in silico analysis may be conducted in order to explore the effect of this 
mutation on the interaction between nsp7 and RdRp proteins. It should be considered 
that mutations that give rise to substantial modifications in viruses typically tend to 
affect multiple nucleotides (40). Therefore, in this study, where only one nucleotide has 
been changed, the expected impact seems to be low. It could be hypothesized that the 
mutation found in this study may have been related to a decrease in the replication 
capacity of the virus since the cat in this study was able to remove the virus quickly (only 
4 days). However, this hypothesis should be corroborated by more clinical case studies. 
Unfortunately, in studies reporting cases of reverse zoonosis, it is rare to have parallel 
sequencing of both the infected animal and the human acting as the source of infection. 
This has resulted in the inability to explore the occurrence of mutations associated with 
these events, and therefore, the results presented in this article must be approached with 
caution due to the low n. While our study focuses on a single case, its relevance lies in 
its potential to contribute to the broader understanding of SARS-CoV-2 host adaptation. 
We acknowledge that the extrapolation of our findings is limited. However, our study 
provides a crucial starting point for further investigations into SARS-CoV-2 infections and 
potential mutations in domestic cat populations.

In conclusion, the results presented here demonstrate that cats are also susceptible to 
the BA.5 Omicron and their sublineages. This lineage seems to be slightly more virulent 
for cats than the previous BA.1 strain, but still does not seem to represent a high risk for 
this species. Although the detected mutation in the SARS-CoV-2 nsp7 protein observed 
in the cat may suggest potential host adaptation, we want to clarify that this inference 
is made with caution due to the limited sample size of our study. The occurrence of 
the same mutation in additional individuals of the same species would provide stronger 
evidence of host adaptation. Our study serves to raise important questions about the 
potential for SARS-CoV-2 adaptation in various host species, a topic that warrants further 
investigation. We hope our work encourages further studies that include larger sample 
sizes and a broader range of host species to comprehensively address these questions.
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