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Abstract 

Emerging RNA viruses cause acute and chronic diseases that threaten the livelihoods of people 

in regions where the virus is endemic. As factors such as climate change and increased 

globalization, travel, and trade alter the co-occurrence of humans and reservoirs or vectors, 

opportunities for viral geographic expansion or viral spillover increase. Viral adaptation enabling 

intra- or interspecies transmission can cause outbreaks on the scale of severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) during the coronavirus disease 2019 pandemic. 

Understanding the mechanisms by which emerging RNA viruses adapt to hosts can inform 

public health strategies targeting the appropriate vectors and reservoirs of the virus or the design 

of effective therapeutics. Therefore, we sought to identify the viral genetic determinants of host 

adaptation of two contrasting viruses, Mayaro virus (MAYV) and SARS-CoV-2. We used either 

selective sweep detection methods or experimental evolution to identify viral mutations with 

putative adaptive potential. A selective sweep region was identified in the Spike gene of human 

SARS-CoV-2 sequences. A residue at site 519 in this region of Spike was identified that differed 

from that of closely related sarbecoviruses infecting bats and pangolins. The ancestral mutation 

H519N reduced the entry of pseudotyped viruses in human ACE2 (hACE2)-expressing cells and 

decreased replication in human lung cells through reduced hACE2 binding. Next, serial 

passaging of SARS-CoV-2 in cells expressing the animal ACE2 receptor identified the recurring 

mutation A222V in the Spike gene. Spike A222V enhanced replication of SARS-CoV-2 in 

primary white-tailed deer lung cells through an ACE2-independent mechanism. Lastly, serial 

passaging of MAYV in cells from two urban mosquito vectors, Aedes aegypti and Aedes 



albopictus, identified a mutation in E2, T179N, that increased viral fitness in these cells. E2-

T179N increased the transmission efficiency of MAYV by Aedes aegypti while coming at the 

cost of reduced fitness and virulence in mice. Taken together, these works highlight the impact 

of single mutations on virus fitness within and between hosts. Our findings underscore the 

importance of combining surveillance, limiting specific reservoir and vector exposure, and 

therapeutic design targeting adaptive residues to prevent the further evolution and emergence of 

SARS-CoV-2 and MAYV. 
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Chelsea Nevins Cereghino 

General Audience Abstract 

Viruses can cause short- and long-lived diseases that affect the wellbeing of people living in 

areas where the virus circulates. In recent years, increased globalization, travel, trade, and 

climate change has led both to the outbreak of new viruses and an increase in the scale of 

outbreaks for pre-existing viruses. These changes can result from increased exposure to animals 

that carry disease, such as mosquitoes or wild animals. The emergence of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for the coronavirus 

disease 2019 pandemic, displayed how virus evolution can lead to new diseases in humans. 

Understanding how virus evolution impacts the infection of a human, animal, or an insect can aid 

in the design of vaccines or drugs effective against new virus mutations that may, for example, 

lead to more severe disease in humans. To identify mutations in viruses that adapt the virus to 

different hosts, we used two viruses: the mosquito-borne Mayaro virus and SARS-CoV-2. First, 

we searched sequences of SARS-CoV-2 from humans and identified a region in Spike, the virus 

protein responsible for binding to the host receptor, that had undergone recent evolution. This 

region in Spike contained an amino acid unique to SARS-CoV-2 that was not found in related 

viruses that infect bats. We generated a SARS-CoV-2 mutant containing the bat virus amino acid 

and measured both a decreased ability of the mutant virus to enter human lung cells and 

decreased virus replication. We showed that the more bat virus-like SARS-CoV-2 could not bind 

as well to the host cell receptor to enter human cells. Next, we allowed SARS-CoV-2 to evolve 

in cells containing the receptor of either dogs, cats, mink, or deer, a proxy for animal infection. 

The resulting virus acquired a mutation in Spike that increased SARS-CoV-2 replication in deer 



lung cells but not in human lung cells. The Spike mutation in SARS-CoV-2 has been identified 

in nature repeatedly across time, including in SARS-CoV-2 infecting dogs, cats, mink, and deer. 

Finally, we allowed Mayaro virus to evolve in two cell types from mosquitoes and identified a 

mutation in a protein that binds to the host cell receptor. This mutation increased the replication 

of Mayaro virus in mosquito cells and enhanced the transmission of Mayaro virus in live 

mosquitoes. We infected mice with the mutant virus and observed both decreased amounts of 

virus in the blood and decreased evidence of disease, suggesting this mutation may negatively 

impact the virus in a human host. Our studies identified mutations that may have been important 

for SARS-CoV-2 to initially infect humans and be maintained in wild animal populations such as 

deer, or for Mayaro virus, to be transmitted more efficiently by mosquitoes. Identification of 

these mutations in nature could provide evidence that the virus has evolved in a way that could 

promote outbreaks. Therefore, it is important to design vaccines or antivirals that are effective 

against viruses with these mutations and to routinely test animals or mosquitoes to identify 

mutated viruses that could pose threats to humans. 
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Chapter 1: Introduction 

RNA viruses evolve rapidly and cause large-scale outbreaks 

Ribonucleic acid (RNA) viruses are obligate intracellular parasites that contain a genome 

composed of RNA that is replicated by a virally-encoded RNA-dependent RNA polymerase 

(RdRp). RNA viruses comprise 21 viral families1, and many RNA viral species cause a 

significant disease burden in humans and animals. RNA viruses have caused isolated outbreaks, 

but others have been the causative agents of pandemics. A non-exhaustive list of RNA viruses 

that have caused pandemics include influenza A virus H1N1 for the influenza pandemic of 1917-

19182, severe acute respiratory syndrome coronavirus 1 for the severe acute respiratory syndrome 

pandemic of 2002 to 20033, influenza A virus H1N1 for the swine flu pandemic of 2009-20104, 

and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) for the coronavirus disease 

2019 (COVID-19) pandemic of 2020-present. Collectively, RNA viruses cause an estimated 

annual global burden of well over 1 billion cases5–8, leading to an estimated cost of over 16 billion 

US dollars for direct healthcare costs alone9–13. Therefore, RNA viruses present a significant 

global health and economic burden, and strategies to mitigate their impacts and understand how 

to prevent pandemics should be a high priority to public health officials and scientific 

communities. 

RNA viruses have historically caused more large-scale outbreaks compared to DNA 

viruses. This is in part due to their higher evolutionary rate that is postulated to be caused by the 

high mutation rate of RNA viruses resulting from lower replication fidelity, smaller average 

genome size, and shorter generation times in comparison to DNA viruses14. RdRps do not have 

proof-reading activity, though genome proofreading mechanisms exist for Nidovirales family 

members15. The outcome of a lack of proof-reading activity is that newly synthesized RNA 

containing incorrectly incorporated ribonucleotides retain mutations relative to the parent strand. 

https://paperpile.com/c/7fRu81/k0a4
https://paperpile.com/c/7fRu81/YQeh
https://paperpile.com/c/7fRu81/x27c
https://paperpile.com/c/7fRu81/3aFP
https://paperpile.com/c/7fRu81/rmjM+3iC9+0ALN+9abn
https://paperpile.com/c/7fRu81/rpXH+tnvk+AaqQ+GgNm+GMxw
https://paperpile.com/c/7fRu81/7fyc
https://paperpile.com/c/7fRu81/bDaq


 2 

While not all DNA-dependent DNA polymerases have proofreading activity, some exhibit 

proofreading activity that contributes to an overall lower average error rate of 10−8 to 10−6 

substitutions per nucleotide per cycle compared to that of an RNA virus at 10−6 and 10−4 

substitutions15. Error-prone replication, mechanisms of genome recombination, and reassortment 

of genome segments leads to genetic diversity within the viral population. Genetic diversity 

generates novel phenotypes for selection to act upon, contributing to viral evolution16. In addition, 

the comparatively smaller genome size of RNA viruses versus DNA viruses increases the rate at 

which genomes are produced, leading to more rapid generation of mutated, recombined, and/or 

reassorted genomes16. These mechanisms allow RNA viruses more opportunity to evolve toward 

phenotypes that allow viruses to cause outbreaks, such as enhanced replication within a host, 

enhanced transmission between hosts, or the ability to switch host species (i.e., transmission 

from an animal to a human and vice versa). 

 

Significance of emerging RNA viruses 

Emerging viruses are those which have recently appeared in a population, recently 

increased in incidence, or have recently expanded their geographic range17. Most emerging 

pathogens are zoonoses--pathogens that are transmitted from animals to humans18. An analysis of 

zoonotic spillover events from severe acute respiratory syndrome coronavirus 1, Nipah virus, 

filoviruses, and Machupo virus from 1963 to 2019 showed annual increases in spillover events 

and deaths of 4.98% and 8.7%, respectively19. Furthermore, outbreaks of all infectious diseases 

have increased significantly since 1980, and 56% of the outbreaks occurring from 1980-2013 

have been caused by zoonotic agents20. Factors mediating these outbreaks that increase the 

overlap of vectors or reservoirs with human populations include climate change, land use 

changes, increased globalization, human susceptibility to viral infection, travel and trade, 

https://paperpile.com/c/7fRu81/bDaq
https://paperpile.com/c/7fRu81/uvTJ
https://paperpile.com/c/7fRu81/uvTJ
https://paperpile.com/c/7fRu81/z9NE
https://paperpile.com/c/7fRu81/yN1e
https://paperpile.com/c/7fRu81/ZTcx
https://paperpile.com/c/7fRu81/eEEe
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demand for non-traditional meat sources, and deforestation21,22. Predictions indicate that zoonotic 

spillover events will increase in the future and that, assuming a tripling rate of disease 

emergence, the probability of experiencing a severe pandemic event in one’s lifetime will 

increase from 17% to 44%23. Predictions have also been made for the magnitude of outbreaks for 

specific virus species in the future. For example, one predictive model assessing the impact of 

climate change on vector distribution and incidence rate for dengue fever indicates that in years 

2041-2060 there will be 76.9 million cases annually. This is in contrast to the annual case burden 

from 2000-2019 which estimated global cases of dengue fever of 49 million24. Emerging RNA 

viruses present challenges to health because effective treatments are lacking and the scale of 

infections can range from small to explosive outbreaks that are predicted to increase in the 

future. 

The focus of this dissertation is on two emerging, zoonotic RNA viruses--Mayaro virus 

(MAYV) and SARS-CoV-2. Though unrelated taxonomically and contrasting in disease 

presentation, immune response, mode of transmission, and outbreak scale, these pathogens pose 

a significant challenge to public health due to either their emergence potential or adaptive 

evolution in human and reservoir populations. In the interest of understanding and combating the 

emergence and evolution of these viruses, we identified the viral genetic determinants 

contributing to these events and explained mechanisms by which these determinants increase 

adaptation to hosts.  

 
Mayaro virus overview 

MAYV is an emerging, zoonotic, mosquito-borne virus in the Alphavirus genus of the 

Togaviridae family. Alphaviruses are positive sense, single-stranded RNA viruses, largely 

transmitted by mosquitoes of the Anophelinae and Culicinae subfamilies25. Alphaviruses are 

https://paperpile.com/c/7fRu81/35p9+qFjT
https://paperpile.com/c/7fRu81/ZPkp
https://paperpile.com/c/7fRu81/46sa
https://paperpile.com/c/7fRu81/4JQa
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characterized by either an encephalitic or arthritogenic disease in humans. MAYV is part of the 

Semliki Forest virus antigenic complex comprising primarily arthritogenic virus members 

including Semliki Forest virus, Bebaru virus, chikungunya virus (CHIKV), Getah virus, 

Sagiyama virus, Ross River virus (RRV), O’nyong nyong virus, and Una virus26,27. The virus was 

identified in 1954 from forest workers in Trinidad28. Three canonical genotypes of MAYV have 

been described: D (dispersed), L (limited) and N (new)29. A recent phylogenetic examination 

of MAYV strains detected a new, recombinant genotype of L/D in a strain from Brazil and 

Haiti30. Mayaro fever is characterized by an acute, febrile illness and prolonged polyarthralgia 

and myalgia that can last at least a year in approximately 54% of cases31. The acute phase of 

disease results in a fever, malaise, headache, myalgia, retro-orbital pain, anorexia, nausea, 

vomiting, dizziness, dysgeusia, abdominal pain, rash, sore throat, and photophobia31. Severe cases 

of disease may result in hemorrhagic phenomena32, encephalopathy33, or rarely in mortality33. 

Underreporting of cases of Mayaro fever is likely, often because the symptoms are 

indistinguishable from other diseases caused by endemic alphaviruses like CHIKV and the 

flaviviruses dengue virus and Zika virus34. The cross reactivity of viral antigens from members of 

the Semliki Forest virus complex with antibodies produced after infection also makes diagnosis 

of Mayaro fever difficult35. As is common with other alphaviruses, treatment options for Mayaro 

virus disease are limited. Analgesics and nonsteroidal anti-inflammatory drugs are commonly 

used to help alleviate symptoms of acute and chronic disease36. 

Mayaro virus, like other alphaviruses, has broad tropism and uses various cell entry 

mechanisms. Entry into cells is mediated by binding of the structural protein E2 to a receptor, 

such as matrix remodeling associated 8 protein (Mxra8), on the cell membrane which triggers 

receptor-mediated endocytosis. Other, putative receptors include TIM4, VLDLR, ApoER2, 

https://paperpile.com/c/7fRu81/94ry+6G2j
https://paperpile.com/c/7fRu81/CKrK
https://paperpile.com/c/7fRu81/bqpi
https://paperpile.com/c/7fRu81/Yr1Z
https://paperpile.com/c/7fRu81/t57Z
https://paperpile.com/c/7fRu81/t57Z
https://paperpile.com/c/7fRu81/vWfU
https://paperpile.com/c/7fRu81/sUGa
https://paperpile.com/c/7fRu81/sUGa
https://paperpile.com/c/7fRu81/9fzk
https://paperpile.com/c/7fRu81/JXy0
https://paperpile.com/c/7fRu81/rFPC
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which increase replication in susceptible cells37. Macropinocytosis in vertebrate cells has also 

been described for MAYV38. In the endosome, acidification causes the E1 fusion protein to 

undergo a conformational change that exposes a fusion loop39. Insertion of the fusion loop into 

the endosomal membrane causes fusion of the viral envelope, releasing the nucleocapsid 

complex into the cytoplasm. Translation of the positive sense genomic RNA by host ribosomes 

results in a polyprotein comprising the non-structural proteins nsP1, nsP2, nsP3, and nsP4. The 

viral nsP2 protease cleaves between nsP3 and nsP4 to form the nsP123/4 replicase complex 

which synthesizes mainly negative sense RNA intermediates40. Maturation of the replicase 

complex into nsP1/2/3/4 leads to synthesis of exclusively positive sense genomic RNA40. Positive 

sense, subgenomic RNA is produced from a promoter in the negative strand which leads to the 

synthesis of a structural polyprotein Capsid-precursor to E2(pE2)-6K/TF-E1. Capsid autocleaves 

away from pE2-6K/TF-E140 and forms nucleocapsid structures with the newly synthesized 

genomic RNA. Polyprotein pE2-6K-E1 traffics to the endoplasmic reticulum where a host signal 

peptidase cleaves after pE2 and 6K. pE2 and E1 then assemble as heterodimers and are 

glycosylated in the endoplasmic reticulum and the golgi41. Furin processes pE2 into E3 and E2 in 

the golgi, and the pE2-E1 heterodimers translocate to the plasma membrane, where E3 is 

released depending on the viral species42. Interaction of capsid with the E2 and E1 glycoproteins 

promotes budding of the particle at the plasma membrane, allowing the virus to acquire an 

envelope43. 

 
Mayaro virus pathogenesis in humans 

MAYV is transmitted to humans by the bite of a mosquito containing the infectious virus 

in the saliva. Upon a mosquito bite, the virus may be dispensed directly into the bloodstream or 

the virus may infect and replicate in the fibroblasts44 and macrophages45 of the skin46. There is also 

https://paperpile.com/c/7fRu81/xc2cf
https://paperpile.com/c/7fRu81/TEJg
https://paperpile.com/c/7fRu81/LJBP
https://paperpile.com/c/7fRu81/skYq
https://paperpile.com/c/7fRu81/skYq
https://paperpile.com/c/7fRu81/skYq
https://paperpile.com/c/7fRu81/Amfa
https://paperpile.com/c/7fRu81/IM3L
https://paperpile.com/c/7fRu81/K2SV
https://paperpile.com/c/7fRu81/lj6a
https://paperpile.com/c/7fRu81/F6aI
https://paperpile.com/c/7fRu81/r7IX
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evidence that MAYV may infect endothelial cells lining capillaries in humans47. Dissemination of 

MAYV is likely mediated by Ly6C+ monocytes, as CHIKV replicates in infiltrating Ly6C+ 

monocytes in the skin, facilitating dissemination of the virus via the draining lymph nodes48. In 

this case, the virus enters the bloodstream via the thoracic duct. The virus circulates to secondary 

sites of replication such as the liver and spleen which then seed the virus into joint and 

musculoskeletal tissues where replication continues49. MAYV infection elicits a robust interferon 

response46,50, resulting in chemokines that recruit myeloid cells to sites of replication46. Neutrophils 

and inflammatory monocytes are recruited to sites of MAYV replication via the NLRP3 

inflammasome, a mechanism that may contribute to early pain generation51. Studies with RRV 

indicate that it is the innate and not the adaptive immune infiltrate in muscle tissues that mediates 

arthritogenic disease severity52. CHIKV infection induces the recruitment of macrophages to sites 

of infection, and depletion of macrophages reduces footpad swelling in mice, suggesting their 

role in promoting CHIKV disease53. Macrophages and neutrophils expressing arginase 1 also 

contribute to persistence of viral RNA in inflamed tissues and are associated with greater muscle 

tissue pathology in RRV-infected mice 54. For MAYV, CCR2-/- mice, which do not permit the 

influx of CCR2+ monocytes to sites of replication, did not lose any bone tissue, suggesting that 

these monocytes promote MAYV disease55. Long-term arthralgia is associated with viral RNA 

and viral antigens in the joint tissues, and proinflammatory cytokine levels are high in patients 

with chronic symptoms56. There are limited studies on the cytokines associated with patients with 

chronic MAYV disease versus those with mild disease that recover early. Santiago et al., 2015 

observed significantly higher levels of IL-13, IL-7, and VEGF in patients during the acute and/or 

convalescent phases of MAYV disease that correlated with chronic arthralgia 56. While no 

comparison was made between patients with chronic MAYV fever and those that recovered from 
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the disease, patients with arthralgia 30 days after symptom onset have elevated levels of IL-5, 

IL-6, IL-7, IL-8, IL-9, IL-10, IL-13, IL-17, interferon-γ–induced protein 10, RANTES, 

macrophage inflammatory proteins 1α and 1β, granulocyte-macrophage colony-stimulating 

factor (GM-CSF), and interferon-γ57. More extensive studies have been conducted with CHIKV, 

where Lohachanakul et al., 2012 determined that low levels of IL-8 combined with high levels of 

IL-6 and MCP-1 are associated with severe disease58. Ng et al., 2009 determined that low 

RANTES combined with high levels of IL-1β and IL-6 correlated with severe CHIKV disease59. 

In another study, four patients with persistent arthralgia had lower levels of eotaxin and 

hepatocyte growth factor but higher levels of IL-6 and GM-CSF compared to patients that 

recovered60. The elevated cytokines IL-6 and GM-CSF are common to chronic disease caused by 

MAYV and CHIKV and offer insights into combating the long-term arthralgia associated with 

MAYV and CHIKV disease. 

 
Ecology, epidemiology and mechanisms of Mayaro virus transmission 

MAYV has caused sporadic, small outbreaks of less than 100 cases across South America 

since it was discovered in 1954. MAYV is primarily maintained in a sylvatic cycle in the 

Amazon basin region of South America between non-human primates and forest-dwelling 

mosquitoes of the Haemagogus janthinomys species61, although birds62, small mammals63, and 

reptiles64 may be implicated in the sylvatic cycle as well. Other potential sylvatic vectors include 

other Haemagogus species65, Psorophora species66, Mansonia venezuelensis67, Mansonia 

humeralis68, Culex species65, Sabethes species65, and Aedes scapularis65. A rural cycle has been 

proposed for MAYV whereby the more anthropophilic vectors Haemagogus janthinomys and Ae. 

scapularis vectors may feed on humans who reside near or work in forested areas of the Amazon 

basin69. Most human cases occur when people visit rural and jungle areas in the Amazon basin 
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region of South America where the virus is endemic70. An urban transmission cycle, though 

occurring infrequently, is probable since MAYV can be transmitted by the urban Ae. aegypti in 

laboratory studies37,71,72 and has been isolated from Ae. aegypti in Brazil73. Smaller, urban outbreaks 

of less than 100 cases occurred in Belterra, Pará, Brazil in 197874 and Boa Vista, Roraima, Brazil 

in 202175. 

In 2014-2015, MAYV was detected in new geographic areas within the Caribbean nation 

of Haiti76. Evidence of three separate introductions of the virus into Haiti and the identification of 

five cases over a 10 month period76 raise the concern that MAYV has adapted to mosquito 

species or mammalian hosts capable of supporting a transmission cycle within the island of 

Hispaniola. Given that the primary sylvatic vector Haemagogus janthinomys has not been 

identified in Haiti77, it is possible that adaptation to urban vectors may have occurred prior to or 

during the outbreak. The lack of a wild population of nonhuman primates in Hispaniola could 

also support the hypothesis that Haitian MAYV strains have further adapted toward humans or 

other vertebrate animals78. Further adaptation of MAYV either to a mosquito vector or to humans 

could result in more frequent urban transmission and outbreaks. 

 
SARS-CoV-2 overview 

SARS-CoV-2 is a zoonotic RNA virus that emerged in the human population in 2019 and 

is the causative agent of the COVID-19 pandemic that began in 202079. SARS-CoV-2 is 

transmissible by respiratory droplets when infected individuals cough, sneeze, speak, or breathe80. 

COVID-19 is asymptomatic in approximately 80% of infections82 but otherwise affects the upper 

and lower respiratory tracts. Fever, fatigue, cough, sputum production, loss of sense of taste and 

smell, difficulty breathing, sore throat, and chills are the primary acute symptoms of the disease83. 

Severe cases of COVID-19 may result in pneumonia, acute respiratory distress syndrome, or 
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septic shock, requiring hospitalization81. COVID-19 can also involve a chronic phase of disease. 

Long COVID or post-acute sequelae of COVID-19 is a chronic, non-curable disease that occurs 

in approximately 10% of SARS-CoV-2 infections and involves multiple organs such as the 

lungs, heart, blood vessels, immune system, gastrointestinal tract, pancreas, kidneys, spleen, 

liver, nervous system, and reproductive system84. COVID-19 can cause mortality, particularly in 

the elderly or in immunocompromised patients, and as of July 2025 has resulted in cumulative 

fatalities in the United States of 1.23 million since the beginning of the pandemic85. As a life-

saving measure early in the pandemic, a COVID-19 vaccine was made available in December 

2020 under the United States Food and Drug Administration emergency use authorization. The 

first vaccine was an mRNA vaccine encoding the Spike glycoprotein developed by Pfizer-

BioNTech, which demonstrated 85% effectiveness in preventing death in older adults after a 

single dose86. Additional vaccines available in the United States were developed by Moderna and 

Johnson & Johnson. The Moderna vaccine was also an mRNA-based vaccine encoding the Spike 

glycoprotein sequence87 while the Johnson & Johnson vaccine was a less effective, virally 

vectored vaccine88. Other companies supported vaccination efforts in countries outside of the 

United States, and vaccines were based on either mRNA, inactivated SARS-CoV-2, subunit, or 

adenovirus vectors89,90. Vaccination strategies are currently being updated as the virus evolves91. 

The current treatment options for SARS-CoV-2 infection include FDA-approved antivirals 

nirmatrelvir with ritonavir (Paxlovid), baricitinib with tocilizumab, and remdesivir92. 

SARS-CoV-2 is part of the subfamily Orthocoronavirinae of the large Coronaviridae 

family of viruses that contain an enveloped nucleocapsid and a positive sense, singled-stranded 

RNA genome93,94. Coronaviruses are distinctive amongst the RNA viruses for their large genomes 

of 26-32 kilobases in length94. Of the four genera in the Orthocoronavirinae subfamily95, 
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Betacoronavirus contains the most human pathogens and includes SARS-CoV-294. 

Betacoronaviruses cause both respiratory and gastrointestinal disease in humans with some 

species causing mild, seasonal illness94. The species HKU1 typically causes mild upper 

respiratory disease but progression to pneumonia and bronchiolitis sometimes occurs96. OC43 

causes upper respiratory disease but is associated with neuroinvasion and multiple sclerosis97. In 

addition to mild disease, severe epidemics or pandemics have been caused by betacoronaviruses: 

Severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome 

coronavirus (MERS-CoV), and SARS-CoV-2. Both SARS-CoV and SARS-CoV-2 share 

sequence similarity to other SARS-related coronaviruses (SARSr-CoV) in the Sarbecovirus 

subgenus that infect bats, palm civets, or pangolins, and as such, these animals are often the 

suspected species of origin for these pandemics98,99. Indeed, isolation of SARSr-CoVs from palm 

civets in a wildlife market identified four viruses with 99.8% sequence similarity to the human 

SARS-CoV, suggesting these animals may have played a role in the emergence of SARS-CoV100. 

Additionally, recent field investigations have identified SARSr-CoVs in colonies of horseshoe 

bats in China that have 93.2-96% nucleotide identity to the human SARS-CoV and palm civet-

derived SARSr-CoVs. One of these viruses, WIV1, can replicate efficiently in human primary 

airway epithelial cells101 Since farmed palm civets do not have high exposure to SARSr-CoVs102, 

the current evidence suggests bats may be the natural reservoir of the progenitor to SARS-CoV 

with palm civets acting as an intermediate host103. 

 The genome of SARS-CoV-2 comprises a 5’ cap followed by non-structural proteins, 

structural and accessory proteins at the 3’ end, and a poly-A tail. The non-structural proteins are 

involved in critical processes of replication and transcription of the genome104. The structural 

proteins spike, envelope, membrane, and nucleocapsid are key proteins required for virion 
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assembly105, and some are involved in pathogenesis and antagonism of the interferon response106. 

The accessory proteins are not critical for virus replication and instead antagonize the host 

interferon response107. The virion itself is composed of a host-derived lipid bilayer membrane 

decorated with transmembrane proteins envelope, membrane, and spike108–110. Infection of cells is 

mediated by the interaction of the viral spike glycoprotein and angiotensin-converting enzyme 2 

(ACE2) on cells. Spike, which is composed of S1 and S2 subunits111, binds to receptor ACE2 via 

the receptor binding motif within the receptor binding domain of the S1 subunit. Cleavage by 

host proteases transmembrane serine protease 2 (TMPRSS2) or cathepsins in S2 potentiates 

Spike rearrangement and fusion of the viral and host membranes either in the endosome or at low 

pH, at the surface of the cell112,113. The positive-sense viral RNA is uncoated and released into the 

cell to initiate translation of the viral genome. Polyproteins 1a and 1b are translated from the 

non-structural protein genes, cleaved by viral proteases, and the non-structural proteins assemble 

into the replication transcription complex (RTC). The RTC generates full-length negative sense 

RNA which is used as a template for positive sense genomic RNA and for 10 sgRNAs114. 

Replication of the genome occurs in double-membrane vesicles where the RNA is shielded from 

recognition by innate sensors MDA5 and RIG-I115. Both the structural and accessory proteins are 

translated from the sgRNAs, and translation of the structural proteins occurs in the endoplasmic 

reticulum (ER)116. Spike, envelope, membrane, and nucleocapsid are implanted in the ER 

membrane and are transferred to the ER golgi intermediate complex where they join newly 

formed nucleocapsids and participate in budding. Spike protein maturation occurs in the Golgi 

where furin and furin-like proprotein convertases process Spike into S1 and S2 subunits that 

remain non-covalently associated117. Virions traffic to the plasma membrane through the secretory 

pathway117 and are released into the extracellular space to infect new cells. 
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SARS-CoV-2 pathogenesis and transmission 

SARS-CoV-2 is transmissible primarily by aerosol and respiratory droplets, and as such 

enters the airway through inhalation. In the upper respiratory epithelium, the virus likely infects 

multiciliated epithelial cells118,119. As the virus is aspirated into the bronchioles and alveoli of the 

lung, alveolar cells AT1 or AT2 can become infected119. During viral replication, cytoplasmic 

sensors MDA5 and RIG-I recognize double stranded RNA that leads to the production of type I 

and III interferons, but this response is too late to control early viral replication120. Infection of 

lung epithelial cells leads to the production of cytokines and chemokines, and infection of local 

tissue-resident macrophages triggers pyroptosis and the production of chemokines and 

interferons115. Macrophages also play a role in the immunopathogenesis of SARS-CoV-2 via Toll-

like receptor signaling (TLR). TLR2 recognition of the SARS-CoV-2 envelope and spike 

proteins by macrophages results in the production of pro-inflammatory cytokines and 

chemokines IL-1, IL-6, TNF-α, GM-CSF, CXCL8, IL-1β, CXCL10, MCP-1, CCL3, IFN-γ, IL-

1α, MCP-1, and G-CSF121–123. These cytokines are positively correlated with severe COVID-19122. 

Alternative pathways to cytokine release during COVID-19 can occur in later stages of infection 

through mitochondrial damage in endothelial cells. Mitochondrial DNA activates the cyclic 

GMP-AMP synthase–stimulator of interferon genes pathway and leads to type I interferon 

production. Macrophages that engulf the endothelial cells are also stimulated to produce type I 

interferons124. This leads to severe lung inflammation and tissue damage. In addition, severe 

clinical outcomes of COVID-19 are mediated by a cytokine storm that results from PANoptosis 

cell death triggered by TNF-α and IFN-γ. PANoptosis further leads to pro-inflammatory cytokine 

release and ultimately results in systemic inflammation. In late stages of COVID-19, organs can 

fail, leading to fatality125. 
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Epidemiology of the COVID-19 pandemic and SARS-CoV-2 origin 

 
The first case of COVID-19 occurred in Wuhan city, Hubei province, China on 

December 10, 2019126. By the end of December 2019, there were 174 cases in Wuhan City127. 

Thirty-two percent of the cases were linked to the Huanan Seafood Wholesale Market where live 

and deceased wild and domestic animals were sold127. Given the long-standing link between live 

animal markets and infectious disease outbreaks and the association of COVID-19 cases with 

this market, the Chinese government shut down the market on January 1, 2020128. By this point in 

time, however, an epidemic in China had begun that peaked on February 12129. During January 

2020, SARS-CoV-2 spread to the United States, Thailand, Japan, the Republic of Korea, 

Germany, and Vietnam130,131. The virus continued to spread to additional countries. The World 

Health Organization declared COVID-19 a pandemic on March 11, 2020131. As of July 26, 2025, 

there have been 778,457,848 reported cases globally132. While weekly global cases of COVID-19 

and mortality have significantly decreased since its peak in January of 2023132, the virus continues 

to evolve, largely due to pressures from either natural or vaccine-induced immunity133. Indeed, 

most circulating lineages as of summer 2025 are sublineages of the Omicron variant that harbor 

the Spike mutation F456L134 that evades neutralizing antibodies135. 

 The original source of SARS-CoV-2 and its means of spillover to humans remains 

unknown. Through extensive sampling, sequencing, and phylo-geographic and -dynamic 

analyses, however, evidence supports a strong hypothesis for the Huanan Seafood Market in 

Wuhan as the location of the spillover event of SARS-CoV-2. Sixty-six percent of the patients 

initially infected with SARS-CoV-2 had previous exposure to the Huanan Seafood Market in 

Wuhan136. Environmental samples taken from the market that were located in spaces where live 
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mammals were sold tested positive for SARS-CoV-2 RNA137. Two lineages of SARS-CoV-2, A 

and B, have been identified from environmental samples from the market and human cases, with 

lineage B dominating the early cases of those who had visited the market. The two lineage A 

cases, though reported to have no association with the market, have a statistically higher 

likelihood of being linked to the market than not based on the geographic location of other 

COVID-19 cases128. The presence of these two lineages of SARS-CoV-2 at the market is 

consistent with multiple spillover events, and the appearance of these lineages in humans 

coincide within weeks of each other138. Of the animals at the market, civets were a suspected 

intermediate host for SARS-CoV-2 since it was a proposed source for SARS-CoV139. As 

mentioned previously, SARSr-CoVs that have a 99.8% identity with SARS-CoV have been 

isolated from palm civets from a wildlife market in Guangdong, China100. Since no sampling of 

SARS-CoVs in wild civets has been performed since the start of the COVID-19 pandemic, there 

is not enough evidence that civets were harboring SARSr-CoVs similar enough to SARS-CoV-2 

to support their case as the source of SARS-CoV-2. Other animals suspected as reservoirs of 

SARS-CoV-2 include pangolins since they also harbor SARSr-CoVs140,141. Pangolin-CoV-2020, a 

SARSr-CoVs isolated from pangolins, demonstrates a 84.52% nucleotide identity in Spike with 

SARS-CoV-2 and 90.32% identity at the whole genome level142. However, based on phylogenetic 

analysis of the whole genome of Pangolin-CoV-2020, it is not likely that this virus was the 

progenitor to SARS-CoV-2142. In addition, pangolins were not amongst the animals sold at the 

Huanan Seafood Wholesale Market during the time preceding and during the initial outbreak143, 

refuting the idea that it could have been an intermediate host or source of the virus. Rather, bats 

present a stronger case as the origin of SARS-CoV-2. SARSr-CoVs found in bats display a 

higher sequence similarity to SARS-CoV-2 than Pangolin-CoV-2020--RaTG13 isolated from a 
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Rhinolophus affinis is 96.2% similar to SARS-CoV-279. Several bat viruses were also discovered 

in 2021 from northern Laos, one of which has a high whole-genome similarity of 96.8% with 

SARS-CoV-2. This virus, BANAL-20-52, has a higher S1 similarity to SARS-CoV-2 than 

RaTG13. Still, a virus with a similarity higher than 99% identity to SARS-CoV-2 has not been 

identified, though one exists for SARS-CoV. While the origin of SARS-CoV-2 remains 

unknown, the bioinformatic and evolutionary analyses of SARSr-CoVs isolated from bats 

support the hypothesis that SARS-CoV-2 was derived from a progenitor that infects a bat host 

and spilled over to humans at the Huanan Seafood Market through an unknown intermediate 

host144. 

 

Objectives/Aims 

The aim of this dissertation is to define the mechanism by which two, diverse emerging 

RNA viruses--MAYV and SARS-CoV-2--adapt to hosts. Mechanisms of viral adaptation to 

vertebrates will be described for both viruses, as well as the mosquito vector for Mayaro virus 

and animal reservoir species for SARS-CoV-2. 
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Abstract 

Adaptation to mosquito vectors suited for transmission in urban settings is a major driver in the 

emergence of arboviruses. To better anticipate future emergence events, it is crucial to assess their 

potential to adapt to new vector hosts. In this work, we used two different experimental evolution 

approaches to study the adaptation process of an emerging alphavirus, Mayaro virus (MAYV), to 

Ae. aegypti, an urban mosquito vector of many other arboviruses. We identified E2-T179N as a 

key mutation increasing MAYV replication in insect cells and enhancing transmission after 

escaping the midgut of live Ae. aegypti. In contrast, this mutation decreased viral replication and 

binding in human fibroblasts, a primary cellular target of MAYV in humans. We also showed that 

MAYV E2-T179N generates reduced viremia and displays less severe tissue pathology in vivo in 

a mouse model. We found evidence in mouse fibroblasts that MAYV E2-T179N is less dependent 
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on the Mxra8 receptor for replication than WT MAYV. Similarly, exogenous expression of human 

apolipoprotein receptor 2 and Mxra8 enhanced WT MAYV replication compared to MAYV E2-

T179N. When this mutation was introduced in the closely related chikungunya virus, which has 

caused major outbreaks globally in the past two decades, we observed increased replication in both 

human and insect cells, suggesting E2 position 179 is an important determinant of alphavirus host-

adaptation, although in a virus-specific manner. Collectively, these results indicate that adaptation 

at the T179 residue in MAYV E2 may result in increased vector competence – but coming at the 

cost of optimal replication in humans – and may represent a first step towards a future emergence 

event. 

Author Summary 

Mosquito-borne viruses must replicate in both mosquito and vertebrate hosts to be maintained in 

nature successfully. When viruses that are typically transmitted by forest dwelling mosquitoes 

enter urban environments due to deforestation or travel, they must adapt to urban mosquito vectors 

to transmit effectively. For mosquito-borne viruses, the need to also replicate in a vertebrate host 

like humans constrains this adaptation process. Towards understanding how the emerging 

alphavirus, Mayaro virus, might adapt to transmission by the urban mosquito vector, Ae. aegypti, 

we used natural evolution approaches to identify several viral mutations that impacted replication 

in both mosquito and vertebrate hosts. We show that a single mutation in the receptor binding 

domain of E2 increased transmission by Ae. aegypti after bypassing the midgut infection barrier 

but simultaneously reduced replication and pathology in a mouse model. Mechanistic studies 

suggested that this mutation decreases the dependence of MAYV on human Mxra8 and the 

putative MAYV receptor human ApoER2 during replication. This suggests MAYV with this 

mutation alone is unlikely to be maintained in a natural transmission cycle between mosquitoes 
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and humans. Understanding the adaptive potential of emerging viruses is critical to preventing 

future pandemics. 

 

Introduction 

Arthropod-borne viruses (arboviruses) impose significant economic and public health costs 

worldwide. Zika virus (ZIKV), dengue virus (DENV), chikungunya virus (CHIKV) and West Nile 

virus (WNV) are now globally established and have caused significant outbreaks. In past decades, 

they mainly affected developing countries in tropical regions of the world and have often been 

neglected. Recently, local cases of ZIKV, DENV and CHIKV [1,2] have been detected in Europe 

and the United States, demonstrating that more temperate areas of the world are endangered by 

arboviruses, and that preventing arboviral emergence is one of the key public health challenges for 

years to come. 

Mayaro virus (MAYV; Genus Alphavirus) was first isolated in Trinidad and Tobago in 

1954 where it was associated with cases of mild febrile illness [3]. Since then, MAYV has caused 

sporadic outbreaks in several countries in South and Central America, including Brazil [4], Mexico 

[5], Peru [6], French Guiana [7], Bolivia [8], Ecuador [9] and Venezuela [10]. Imported cases have 

been described in multiple European countries including the Netherlands [11], France [12], 

Germany [13] and Switzerland [6]. Three genotypes have been described for MAYV: D (widely 

dispersed), L (limited) and N (new) [14]. However, recombinant strains of MAYV may also 

circulate in the Amazon basin [15]. Despite the increase in epidemiological data and surveillance 

in recent years, MAYV circulation is still likely under-estimated. Many factors contribute to this 

underreporting, including antibody cross-reactivity which complicates serological studies [6]; 

significant overlap in the areas of distribution of MAYV and CHIKV; and the similarities between 
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the clinical manifestations caused by MAYV and other arboviruses [16]. Like CHIKV and DENV, 

MAYV infection induces a febrile illness, with symptoms such as fever, rash, headaches, and 

nausea [17]. MAYV also induces joint pain in most symptomatic patients [18], which sometimes 

lasts for several months [19] and may be caused by sustained production of pro-inflammatory 

cytokines [20,21]. In rare cases, Mayaro fever is associated with more serious clinical outcomes, 

such as neurological complications, hemorrhagic manifestations or death [22]. Antibodies directed 

against MAYV have been observed in many animal species beyond humans, including primates, 

birds, and rodents [4,23] which may act as reservoir species. 

MAYV is considered a serious candidate for viral emergence [14,24,25]. While most 

MAYV outbreaks so far have happened in rural areas in close proximity of tropical [26] or in 

indigenous communities [27], there is increasing concern that MAYV may escape this sylvatic 

cycle and become urbanized. Indeed, MAYV circulation has recently been observed in urban areas 

of Haiti [15]. In such areas, efficient transmission by Ae. aegypti would likely increase the risk of 

a sustained outbreak. Thus, the current epidemiological situation of MAYV is reminiscent of that 

of CHIKV before it emerged in 2006, when a single mutation in E1 allowed for better adaptation 

to Ae. albopictus, ultimately leading to the CHIKV outbreak in the Indian Ocean region [28]. 

While it is well established that MAYV can infect forest-dwelling Haemagogus 

mosquitoes in the context of its sylvatic cycle of MAYV [29], it is unclear whether MAYV can be 

transmitted in nature by mosquito vectors suited for urban transmission. Several laboratory studies 

have suggested that Ae. aegypti [30–32] and Ae. albopictus [33,34] mosquitoes can be readily 

infected by MAYV and may support viral transmission, albeit to different levels. One report also 

suggested that Anopheles mosquitoes may also participate in MAYV transmission [35]. While 
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these studies suggest that MAYV has the potential to be transmitted by urban vectors, definitive 

evidence that this happens outside of laboratory settings is still lacking.  

In this work, we sought to test the hypothesis that similar to CHIKV pre-emergence, 

MAYV is not yet fully adapted to Ae. aegypti transmission. We used two different in vitro 

evolution approaches to identify the genetic blocks that MAYV must overcome to better adapt to 

the anthropophilic vector Ae. aegypti. Deep mutational scanning and serial passaging approaches 

both identified T179N as a key mutation in the receptor binding protein, E2, resulting in increased 

MAYV transmission by Ae. aegypti after overcoming an initial infection barrier. This mutation 

decreased viral replication in human and mouse cells and in mice, and during replication was 

associated with decreased dependence on human Mxra8 and a putative human MAYV receptor 

apolipoprotein E receptor 2 (ApoER2), suggesting that adaptation of MAYV to this new vector 

may come at an evolutionary cost. This may explain why this mutation has not arisen yet in nature. 

Evolution at this residue may constitute an important first step towards increasing MAYV 

transmission in Ae. aegypti, although other barriers to infection of the mosquito midgut and human 

cells must be overcome to result in sustained transmission. 

 
Results 

Natural evolution and deep mutational scanning enrich for similar high frequency mutations 

in MAYV. We sought to identify mutations enabling MAYV adaptation to mammalian and insect 

hosts using two complementary approaches: naturally evolving virus through serial passaging and 

facilitating evolution through deep mutational scanning (DMS). Serial passaging was performed 

in BHK-21 (baby hamster kidney fibroblast), Aag2 (Ae. aegypti mosquito cells), U4.4 (Ae. 

albopictus mosquito cells), and 4a-3A (Anopheles gambiae mosquito cells) cells. Our rationale for 

using Anopheles cells was based on a recent report showing them to be competent for MAYV [35]. 
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We sequenced the virus using Illumina next-generation sequencing (NGS) after passage 1, 5 and 

10 (Fig. 1A). All variants were below our threshold based on coverage depth and frequency in the 

passage 1 samples. As expected, most high frequency mutations were observed in the passage 10 

samples, and the vast majority were found in the genes encoding for the envelope proteins, 

specifically E2 (Fig. 1B-D). We only present mutations in the envelope proteins since few 

mutations in other protein-coding sequences were identified. Of note, we observed a consensus 

change in 3/6 replicates from Aag2 cells (with frequencies ranging from 0.58 to 0.97) at nucleotide 

position 8918 (Fig. 1D), which resulted in a change within E2 at amino acid position 179 from a 

threonine (T) to either an isoleucine (I) or an asparagine (N). Mutations were also observed at this 

site for U4.4 cells (Fig. 1C: 2/6; range of 0.07-0.89), but not mammalian cells (Fig. 1B). Following 

passage in 4a-3A cells, we observed a consensus level mutation within E2 in 4/6 replicates at 

amino acid position 232 resulting in a change from histidine (H) to proline (P) (Fig. S1). While 

not the focus of these studies, future studies should study the impact of this mutation on adaptation 

potential for Anopheles mosquitoes. S1 File presents all the variants that passed our threshold, 

along with their frequencies and sequence coverage. 

 MAYV DMS populations (Fig. 1E) were generated for all envelope genes (E3-E2-6K-E1; 

Fig. S2A) in 3 independent populations, as previously described for other viruses [36–38]. DMS 

is a powerful approach to create a diverse viral population that theoretically contains all possible 

amino acid substitutions at each site within a given genomic region. Following selection in an 

environment, deep sequencing is performed, and computational analyses then identify sites that 

are enriched or decreased. As expected, the initial DMS populations were highly diverse (Fig. 

S2B) as assessed by nucleotide diversity in the DMS and WT MAYV populations. We then 

passaged the DMS viruses in LLC-MK2 (immunocompetent rhesus monkey kidney epithelial) and 
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Aag2 cells at a MOI of 0.01 for three passages. Virus titers were relatively stable throughout 

passaging in LLC-MK2 (Fig. S2C) and Aag2 (Fig. S2D). Following sequencing, we observed 

several amino acid changes that were enriched in Aag2- and LLC-MK2-passaged DMS 

populations (Fig. 1F-G). S2 and S3 files present the full DMS selection outputs, including 

mutations enriched and selected against. Interestingly, the top three sites under selection (T179N, 

T179I, and Q183P) in Aag2 cells were in the E2 protein and were found as consensus changes in 

a least one of the replicates during natural evolution in Aag2 or U4.4 cells, though T179N and 

T179I were the most abundant in traditional passaging. The top sites under selection in LLC-MK2 

were in E1 (Y118V) and E2 (P240F and N238L). We also passaged the DMS populations in live 

mice and Ae. aegypti mosquitoes (Fig. S2E-F); however, we observed only weak signals of 

selection (Fig. S3). For the remaining studies, we will focus on mutations that were identified in 

vitro. 

 

Figure 1: Natural evolution and deep mutational scanning (DMS) enrich for similar high 

frequency mutations in Mayaro virus (MAYV). Experimental evolution was performed using 

traditional serial passaging and DMS to identify molecular determinants of emergence. A: 

Traditional experimental evolution was performed by serially passaging MAYV at a MOI of 0.01 
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in BHK-21 cells (hamster) and two insect cell lines, Aag2 (Ae. aegypti) and U4.4 (Ae. albopictus). 

A total of ten passages were performed. B-D: Following one, five, and ten passages, the viral RNA 

was sequenced using Illumina NGS to identify potentially adaptive mutations. No high frequency 

variants were identified following passage one, and as such are not depicted here. E: The three 

MAYV DMS populations, along with WT MAYV, were used to perform three passages in Aag2 

(F) and LLC-MK2 (G) cells. Following passage, the viral RNA was sequenced, and selection 

analyses were performed to identify enriched variants. The top three variants in each environment, 

based on selection strength, are presented for each graph. A and E were created with 

BioRender.com whose terms and conditions are at biorender.com/terms. 

 
Adaptive mutations to Ae. aegypti cells come at a fitness cost. We next generated several 

mutants identified in NGS data from both traditional passaging and DMS studies in order to 

measure the fitness of individual mutations in multiple environments (Fig. 2A). The fitness of 

mutants was measured in a high-throughput fitness screen in several cell lines against a neutral, 

genetically marked competitor virus, as previously described [39–41]. Two of three mutations that 

were enriched during Aag2 passaging (E2-T179N, p<0.0001; and E2-Q183P, p=0.0036) 

significantly increased viral fitness in Aag2 cells in comparison to WT MAYV (Fig. 2B). In U4.4 

cells, the fitness of E2-T179N trended higher than WT, although this difference did not reach 

significance and is considered neutral along with mutation E2-Q183P (p=0.0624; Fig. 2C). These 

results suggest that MAYV E2-T179N and, to a lesser extent E2-Q183P, which were identified by 

two distinct passaging methods, demonstrate increased replication in insect cells but in a species-

specific manner. In LLC-MK2 cells, two of the three mutations enriched in LLC-MK2-passaged 

DMS populations showed significant fitness losses (E1-Y118V, p<0.0001; E2-P240F, p<0.0001; 

Fig. 2D). E1-Y118 also had lower fitness in MRC-5 human fibroblast cells, (p<0.0001; Fig. 2E). 

https://biorender.com/
https://biorender.com/terms
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We also observed fitness losses for all Aag2-enriched variants in MRC-5 (p<0.001 for all 

comparisons to WT), which we did not observe in LLC-MK2. We then evaluated the fitness of 

mutations enriched following passage through live mice and mosquitoes and observed mostly 

modest effects on fitness in Aag2, U4.4, and LLC-MK2 cells (Fig. S4). In contrast, 50% of variants 

enriched in mice and 66% of variants enriched in mosquitoes demonstrated fitness losses in MRC-

5 cells (Fig. S4E). Notably, the E2-I354D mutant, which was enriched following passage in mice, 

lost fitness in both mammalian and mosquito environments. 

To confirm the effect of the E2-T179N mutation on viral replication, we performed viral 

growth curves in Aag2, U4.4, and MRC-5 cells. Results were consistent with the competition 

assays, with a positive effect of E2-T179N on MAYV replication in Aag2 mosquito cells 

(p=<0.0001 at 24h p.i.) and U4.4 mosquito cells (p=0.0262 at 1 d.p.i.), coming at the cost of 

reduced replication in MRC-5 human cells (p=0.0021 at 24h p.i.) (Fig. 3A-C). No differences in 

genome:PFU ratios were observed between WT MAYV and MAYV E2-T179N during replication 

in Aag2 cells (Fig. S5). 

Next, we assessed whether the E2-T179N mutation similarly impacts CHIKV, a closely 

related alphavirus that has caused major outbreaks globally in the last decades. Like MAYV, we 

observed that E2-T179N significantly enhanced CHIKV replication in Aag2 cells (Fig 3D; 

p=0.0108 at 120h p.i.). However, in contrast to our MAYV results, we observed an increased 

replication in MRC-5 cells for the mutant compared to WT CHIKV (Fig. 3E; p=0.0164 at 48h 

p.i.). Together, these results indicate that E2 position 179 is a key residue impacting viral 

replication not only of MAYV but also of other related alphaviruses like CHIKV, albeit with 

different outcomes in human cells. 
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Considering the enhanced replication of MAYV E2-T179N in Aag2 cells, we hypothesized 

E2-T179N, which lies in the receptor binding domain of E2 domain B, may positively impact 

replication through increased binding of the mutant to Aag2 cells. To test our hypothesis, we 

performed binding assays of WT MAYV and MAYV E2-T179N with Aag2 cells. We observed 

significantly reduced binding of MAYV E2-T179N compared to WT (Fig. S6; p=0.0005). This 

result suggested another component of the viral infection cycle may be impacted by E2-T179N 

such as egress since domain B of E2 plays a role in egress of CHIKV [42]. As such, we interrogated 

differences in release between WT MAYV and MAYV E2-T179N after the first round of 

replication at 12 h.p.i. by performing a one-step growth curve in Aag2 cells. Mutant titers were 

significantly higher than WT MAYV at 12 h.p.i (Fig. 3F), and we observed an increase in the 

mutant titer by 9 h.p.i that was not observed in the WT virus even at 12 h.p.i. These data suggest 

that the mutant is released earlier from infected cells than WT MAYV. 

 

Figure 2. Variants enriched in an Ae. aegypti cell line (Aag2) have increased fitness in Aag2 

cells but decreased fitness in a human cell line (MRC-5). A: List of the viruses used for the 

competition assays. The method (serial passaging or DMS) used to identify the mutations, as well 
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as the phenotypes observed for these different viruses are indicated. B-E: Competition assays in 

mosquito (Aag2 and U4.4) and mammalian (LLC-MK2 and MRC-5) cell lines: Aag2 (B), U4.4 

(C), LLC-MK2 (D), and MRC-5 (E) cells. Cells were infected at an MOI of 0.01 using a 1:1 ratio 

based on PFUs for each mutant or WT with a genetically marked MAYV competitor virus. Viral 

supernatants were harvested at 72h post-infection for Aag2 and 48h post-infection for the other 

cell lines. Replication of WT and mutant viruses was assessed by RT-qPCR using specific probes 

labeled with different fluorophores. Log10 fitness was calculated by normalizing replication of each 

virus against a genetically marked reference virus. The mean of 4 independent experiments is 

represented with standard deviation. Statistical analysis: * = p<0.05; ** = p<0.01; *** = p<0.001; 

**** = p<0.0001 (one-way ANOVA with Dunnett’s correction). “Serial” refers to the serial 

passaging natural evolution experiments to find adaptive mutations. 
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Figure 3. E2-T179N increases viral replication of MAYV and CHIKV in insect cells and 

causes early release. A-C: Replication of WT MAYV and MAYV E2-T179N in insect and human 

cells. Aag2 (A) and U4.4 (B) cells were infected with WT MAYV or MAYV E2-T179N at a MOI 

of 0.1, while MRC-5 were infected at a MOI of 0.01 (C). Replication was assessed over time by 

plaque assay titration. Data represents the mean of 2 independent experiments apart from the U4.4 

growth curve which is representative of three independent experiments. D-E: Replication of WT 

CHIKV and CHIKV E2-T179N in insect and human cells. Aag2 cells were infected with WT 

CHIKV or CHIKV E2-T179N at a MOI of 0.1 (D), while MRC-5 were infected at a MOI of 0.01 



 43 

(E). Replication was assessed over time by plaque assay. Data represents the mean of 2 

independent experiments. F: One-step growth curve of WT MAYV and MAYV E2-T179N in 

insect cells. Aag2 cells were infected with WT MAYV and MAYV E2-T179N at an MOI of 10. 

Replication was assessed over time by plaque assay. Data represent the mean of 2 independent 

experiments. Statistical analysis: Two-Way ANOVA using Šídák’s multiple comparisons; * = 

p<0.05; ** = p<0.01; **** = p<0.0001. Error bars represent the standard deviation. 

 
E2-T179N negatively impacts MAYV replication in human cells via Mxra8 and ApoER2. 

While the process by which MAYV enters insect cells remains largely unknown, there is evidence 

that entry in mammalian cells happens through the endosomal pathway [43] after binding with 

Mxra8, originally identified as the receptor for CHIKV and several other alphaviruses, including 

MAYV [44,45]. Thus, we investigated whether the negative effect of E2-T179N on viral 

replication in human cells (Fig. 2 and Fig. 3) is due to decreased viral binding prior to entry and 

whether binding and replication is altered via the Mxra8 receptor and or other putative MAYV 

receptors. 

To assess viral binding, we inoculated MRC-5 cells with either WT or MAYV E2-T179N 

at a MOI of 0.1 and incubated the cells at 4°C to allow for binding without internalization of the 

virus. We then measured the amount of bound virus via RT-qPCR, which showed significantly 

lower relative binding of MAYV E2-T179N compared to WT MAYV (~4.3 fold less on average, 

p<0.0001, Fig. 4A). 

To assess the potential impact of E2-T179N on MAYV E2 structure and binding to Mxra8, 

we used the cryo-EM structure of MAYV (PDB ID: 7KO8 [46]) aligned with the CHIKV structure 

in complex with Mxra8 (PDB ID: 6JO8 [47]). The E2-T179N change was not expected to have a 

major impact on the secondary structure of subdomain B or to impair protein-protein contacts 
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between subdomains in the MAYV E2 (Fig. S7A). However, the E2-T179 position is in proximity 

to the binding site for the Mxra8 receptor (Fig. S7B). We thus reasoned that E2-T179N may impair 

the interaction with Mxra8, which may explain our results on binding to MRC-5 cells. To 

investigate the E2-T179N-Mxra8 interaction, we conducted several in silico analyses. First, we 

used two N-glycosylation prediction servers, NetNGlyc [48] and NGlycPred [49] to determine 

whether E2-T179N could create an additional N-glycosylation site via a N-X-S/T motif. Both 

methods failed to detect any additional N-glycosylation site in E2-T179N. Next, we used 

molecular modeling and molecular dynamics (MD) simulations with predicted free energy of 

binding calculations to evaluate if the E2-T179N mutation could affect the interaction between the 

E2 glycoprotein and the Mxra8 receptor. We obtained a ΔΔG of 0.15 ± 0.66 kcal/mol, indicating 

that the T179N mutation did not change predicted binding affinity to the Mxra8 D2 domain (p > 

0.05, one-sample t-test) (Fig. S7C). To consider small adjustments in the binding of Mxra8 to 

MAYV ectodomains, we modeled and performed molecular dynamics simulations in quintuplicate 

of the full MAYV spike, formed by three pairs of E1 and E2 ectodomains, in complex with 3 

copies of the entire Mxra8 ectodomain. We calculated the binding free energy using MMGBSA 

and computed the difference between the relative binding free energy (ΔΔG) of MAYV E2-T179N 

and WT MAYV spike to Mxra8. The ΔΔG predicted with MM/GBSA was –6.0 ± 26.3 kcal/mol 

(Fig. S7D), which again indicates no significant (p > 0.05, one-sample t-test) free energy change 

associated with the E2-T179N mutation. Our structural analyses failed to detect any differences 

between binding of WT E2 and E2-T179N to Mxra8.  

Given that structural analyses did not detect differences in E2-T179N binding to Mxra8, 

we sought to validate the results experimentally by performing binding assays in cells expressing 

Mxra8 and Mxra8 knock-out (KO) cells. WT MAYV and MAYV E2-T179N were inoculated onto 
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WT 3T3 (mouse fibroblasts) and 3T3 Mxra8 KO cells at a MOI of 0.1, and the cells were incubated 

at 4°C. Unbound virus was washed away, and virus bound to the cells was quantified by RT-qPCR. 

We did not detect significantly less binding of MAYV E2-T179N to WT 3T3 cells as compared 

to WT MAYV, although there was a trend towards decreased binding which is similar to our 

binding results with MRC-5 cells (Fig. 4B). However, both WT MAYV and MAYV E2-T179N 

bound less to 3T3 Mxra8 KO cells than to WT 3T3 cells. When we compared the reduction in 

binding to 3T3 Mxra8 KO cells from WT 3T3 cells between both viruses, we found no significant 

difference (Fig. 4C). To assess whether E2-T179N alters replication through Mxra8, we performed 

growth curves of WT MAYV and MAYV E2-T179N in WT 3T3 and 3T3 Mxra8 KO cells at a 

MOI of 0.1, measuring infectious virus every 24 hours post-infection. Consistent with previous 

studies [44], replication of WT MAYV was decreased in 3T3 Mxra8 KO cells compared to WT 

3T3 cells at 1 and 2 d.p.i., indicating Mxra8 is important for replication (Fig. 4D; p=0.0095, 

p=0.0007). Similarly, replication of MAYV E2-T179N was reduced at 1 and 2 d.p.i. in 3T3 Mxra8 

KO compared to WT 3T3 cells (Fig. 4E; p=0.0126, p=0.0485). To compare MAYV E2-T179N to 

WT MAYV, we calculated the mean change in log10-transformed virus titer between WT MAYV 

and MAYV E2-T179N in 3T3 Mxra8 KO cells and WT 3T3 cells at 1 d.p.i. WT MAYV had a 

significantly greater reduction in titer in the absence of Mxra8 compared to the mutant (Fig. 4F; 

p=0.0039). This result suggests the reduced replication of MAYV E2-T179N in human cells is in 

part explained by its reduced dependence on Mxra8. 

We explored other potential receptors that may explain additional mechanisms which 

attenuate MAYV E2-T179N in mammalian cells by infecting HEK-293A cells transfected with 

constructs encoding human SLC1A5, hTIM4, VLDLR, and ApoER2 isoforms 1 and 2. SLC1A5 

is a component of the CD147 protein complex and was shown to be important for MAYV 
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replication in HEK-293T cells, and the complex is implicated in the entry of CHIKV and other 

alphaviruses [50]. TIM4 is a human T-cell immunoglobulin and mucin-domain-containing protein 

which binds phosphatidylserine and was shown to enhance infection of Eastern equine encephalitis 

pseudovirus particles [51]. VLDLR and ApoER2 are receptors for many alphaviruses, including 

Semliki Forest virus, a close relative to MAYV [52]. As such, we hypothesized these putative 

MAYV receptors could contribute to differences in replication of WT MAYV and MAYV E2-

T179N in mammalian cells. We transfected 293A cells with the constructs, including ACE2 and 

Mxra8 as negative and positive controls, respectively, and infected cells 24 hours later with either 

WT MAYV or MAYV E2-T179N at a MOI of 0.1. We measured replication by quantifying virus 

in the supernatant 1 d.p.i. After normalizing the data to replication in HEK-293A cells transfected 

with ACE2, we found that replication of MAYV E2-T179N was significantly decreased in cells 

expressing Mxra8 compared to WT MAYV (Fig. 4G; p=0.0476). Replication was also 

significantly increased for WT MAYV and MAYV E2-T179N in cells transfected with the 

construct encoding hTIM4 (p=0.0031; p=0.01), although there was no significant difference 

between replication of the two viruses. Compared to MAYV E2-T179N, ApoER2 isoforms 1 and 

2, but not VLDLR, increased WT MAYV replication when exogenously expressed (p=0.0016; 

p=0.0004). These data indicate E2-T179N may negatively impact usage of the putative MAYV 

receptors ApoER2 isoforms 1 and 2, in addition to Mxra8, in mammalian cells. 
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Figure 4. Interaction with human receptors Mxra8 and ApoER2 may contribute to the 

attenuation of MAYV E2-T179N. A: Binding of WT MAYV and MAYV E2-T179N to MRC-5 

cells. Pre-chilled MRC-5 cells were infected at a MOI of 0.1, and virus was adsorbed to the cells 

at 4°C. Unbound virus was washed away, and bound virus was quantified by extracting RNA from 

the cells and performing RT-qPCR. Relative genome copies of bound virus were determined by 

normalizing the Ct value of bound virus to the Ct value of the housekeeping gene and virus in the 

inoculum. Statistical Analysis: unpaired t-test; **** = p<0.0001. Data comprise two independent 

binding assays, each with n=3. The Y-axis is log-transformed for clearer visualization. B-C: 

Binding of WT MAYV and MAYV E2-T179N to WT 3T3 and 3T3 Mxra8 KO cells. Binding 

assays were performed as above for MRC-5 cells. The change in binding between WT 3T3 and 

3T3 Mxra8 KO cells was calculated for each virus (C). Statistical Analysis: unpaired t-test; * = 

p<0.05; ** = p<0.01. D-F: Growth curves of WT MAYV and MAYV E2-T179N in WT 3T3 and 

3T3 Mxra8 KO cell lines. WT 3T3 and 3T3 Mxra8 KO cells were infected at a MOI of MOI 0.1 

with either WT MAYV (D) or MAYV E2-T179N (E). Viral titers were quantified each day post-

infection by plaque assay. Change in titer for each virus between WT 3T3 and 3T3 Mxra8 KO 

lines were compared (F). Data represent two independent biological replicates performed in 

triplicate. Statistical Analysis: Two-Way ANOVA with Šídák's multiple comparisons test and 

unpaired t-test; * =p<0.05; ** = p<0.01; *** = p<0.001. G: WT MAYV and MAYV E2-T179N 

infection in HEK-293A cells transiently expressing endogenous, putative MAYV receptors. Cells 

were transfected with constructs encoding hMxra8, hACE2, SLC1A5, hTIM4, hVLDLR, and 

hApoER2 isoforms 1 and 2. Twenty-four hours post-transfection, cells were infected with WT 

MAYV or MAYV E2-T179N at a MOI of 0.1. Infectious virus in the supernatant 24 h.p.i. was 

quantified by plaque assay and normalized to infection in cells expressing human ACE2.  Data 
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comprise two independent replicates, each performed in triplicate. Statistical Analysis: unpaired t-

test; * = p<0.05; ** = p<0.01; *** = p<0.001. All error bars represent the standard deviation. 

 
E2-T179N increases transmission potential for urban vector Ae. aegypti after bypassing 

initial infection barriers. Given that the E2-T179N mutation increased fitness of MAYV in Aag2 

cells, we hypothesized that it may impact MAYV transmission potential in Ae. aegypti mosquitoes. 

To test this hypothesis, we performed five independent transmission studies across two study sites 

and two populations of Ae. aegypti: Kamphaeng Phet and Guerrero. We exposed groups of Ae. 

aegypti to an artificial bloodmeal containing either WT or MAYV E2-T179N. To assess infection 

rates, we collected either midguts, as this is the first site infection, or bodies lacking legs and wings. 

In our studies with the Kamphaeng Phet population, both WT and MAYV E2-T179N infected 

mosquitoes to high rates (Fig. 5A), although WT MAYV infection rates were higher than for 

MAYV E2-T179N (p=0.035). In the Guerrero population, WT MAYV infection rates were also 

significantly higher than MAYV E2-T179N (Fig. 5B; p=0.0035). 

We collected legs and wings to assess the ability of MAYV to disseminate to peripheral 

organs and did not observe significant differences between WT and MAYV E2-T179N in the 

Kamphaeng Phet population (Fig. 5A; p=0.093) but did observe significantly lower dissemination 

rates for MAYV E2-T179N in the Guerrero population (Fig. 5B; p=0.0034). In contrast, we 

observed a significant increase in the proportion of mosquitoes able to transmit MAYV E2-T179N 

in the Kamphaeng Phet population (Fig. 5A; p<0.0001), but transmission rates were similar in the 

Guerrero population (Fig. 5B).  

Since several transmission barriers exist within the mosquito [53], we calculated 

dissemination and transmission rates based on the mosquitoes that became infected (Fig. 5C-F) or 

those with a disseminated infection (Fig. 5G-H) to understand how each barrier contributes to 



 50 

transmission of MAYV E2-T179N. The rate of infected mosquitoes that developed a disseminated 

infection was similar for both viruses (Fig. 5C-D), indicating that the viruses had similar ability to 

disseminate from the midgut after successful infection of the midgut. The transmitting of infected 

rate was higher for MAYV E2-T179N compared to WT MAYV in the Kamphaeng Phet population 

(Fig. 5E; p<0.0001), and the Guerrero population trended toward a similar result (Fig. 5F; 

p=0.0731). Finally, we calculated the transmission rates for mosquitoes with a disseminated 

infection and found significantly higher rates for MAYV E2-T179N than WT MAYV in both the 

Kamphaeng Phet (Fig. 5G; p<0.0001) and Guerrero populations (Fig. 5H; p=0.0407). Our results 

indicate MAYV E2-T179N is less able to overcome the initial midgut infection barrier; however, 

once MAYV E2-T179N has disseminated, it is more likely to enter the saliva than WT MAYV. 
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Figure 5. Vector competence of Ae. aegypti infected by WT and MAYV E2-T179N. A-B: 

Adult Ae. aegypti Kamphaeng Phet colony mosquitoes were infected with a bloodmeal containing 

106 PFU/mL (A) Ae. aegypti Guerrero colony mosquitoes with 107 PFU/mL (B) of either WT 

MAYV or MAYV E2-T179N. Fully engorged mosquitoes were kept at 28°C with 80-90% relative 

humidity, 12hr light:12hr dark, and permanent access to a 10% sucrose solution. Mosquitoes were 

cold-anesthetized and dissected at 7 d.p.i. (A) or 10 d.p.i. (B). Viral titers in the midgut (A) or 

bodies (B) and legs and wings were quantified by plaque assay titration. During dissection, saliva 

was harvested from live mosquitoes and viral loads were either amplified on C6/36 or BHK-21 

cells (A). After 3 days, presence of virus was detected using RT-qPCR or direct visualization of 

CPEs. For the experiments with Ae. aegypti Guerrero mosquitoes, virus in the saliva was quantified 

by plaque assay, and plaques as little as one in neat saliva were validated by RT-qPCR (B). The 

infection, dissemination, and transmission rates are represented as positive mosquitoes of total 

bloodfed mosquitoes and span 3 independent experiments (with n=16, n=24, and n=32 per group 

for the first, second, and third replicates, respectively; n=72 total/group) are represented as positive 

mosquitoes of total bloodfed mosquitoes (A). Infection, dissemination, and transmission rates are 

also represented as positive mosquitoes of total bloodfed mosquitoes and span 2 independent 

experiments (with n=36/n=47 and n=35/n=60 for WT/mutant-infected groups for replicates one 

and two, respectively; total n=71 for WT and total n=107 for mutant) (B). C-D: Percentage of 

mosquitoes positive for virus in legs and wings of infected mosquitoes as measured by RT-qPCR 

on amplified saliva samples (C) or plaque assay and RT-qPCR (D). E-F: Percentage of mosquitoes 

positive for virus in saliva of infected mosquitoes as measured by RT-qPCR on amplified saliva 

samples (E) or plaque assay and RT-qPCR (F). G-H: Percentage of mosquitoes positive for virus 

in saliva of mosquitoes with disseminated virus in legs and wings as measured by RT-qPCR on 
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amplified saliva samples (G) or plaque assay and RT-qPCR (H). Statistical analysis: ns = not 

significant, * = p<0.05; ** = p<0.01; **** = p<0.0001 (Two-tailed Fisher’s exact test). Sample 

sizes for independent experiments are described panels A and B and relate to unique symbols for 

data points on the graphs. All error bars represent the standard deviation. 

 
MAYV E2-T179N generates reduced viremia and tissue pathology in mice. Since MAYV E2-

T179N exhibited increased replication in insect cells but reduced replication in mammalian cells 

compared to WT MAYV, we sought to explore whether adaptation to Ae. aegypti comes at the 

cost of reduced viral fitness in a mammalian host. Thus, we infected CD-1 mice with WT MAYV 

and MAYV E2-T179N. Mice infected with MAYV E2-T179N had significantly lower viremia 

than mice infected with WT MAYV at all timepoints tested (Fig. 6A) but mice consistently gained 

weight over the course of the study in both groups (Fig. 6B). Mice infected with MAYV E2-T179N 

had significantly lower footpad swelling relative to WT MAYV at five days post infection (Fig. 

6C; p=0.0006) and delayed peak swelling, although swelling between the groups was similar. To 

determine whether MAYV E2-T179N infection caused less tissue damage compared to WT 

MAYV, we collected the inoculated footpad of each mouse at seven days post-infection and 

processed them for histological analysis. Based on the severity of lymphoplasmacytic myositis, 

scores ranging from zero to three were assigned to samples, with zero denoting normal tissue and 

three the greatest extent of myofiber loss across all samples. Mice infected with MAYV E2-T179N 

yielded significantly lower footpad scores than those infected with WT MAYV (Fig. 6D; 

p=0.0150), indicating lower levels of tissue damage at this timepoint. Images taken from the 

stained cross-sections of footpads show the degree of muscle fiber degeneration and immune cell 

infiltration, with this symptom being more severe in the group infected with WT MAYV (Fig. 6E, 

panel 1) than MAYV E2-T179N (Fig. 6E, panel 2). The primary infiltrating immune cells were 
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lymphocytes, and to a lesser extent, plasma cells and macrophages. A representative image from 

mock-infected mice is presented in Fig. 6E, panel 3. These results demonstrate that MAYV E2-

T179N replicates to lower levels and causes less severe tissue pathology compared to WT MAYV 

in the mammalian host. 

 

Figure 6. E2-T179N attenuates MAYV replication and tissue pathology in mice. Four-week-

old CD-1 mice were infected with 105 PFU in 50 μL via injection to the left, hind footpad. A: Viral 
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load in serum was assessed daily by plaque assay. Statistical comparisons were made using 

multiple unpaired t tests with correction for multiple comparisons using the false discovery rate 

method of Benjamini, Krieger, and Yekutieli. B: Mice were weighed daily following infection to 

assess weight change. C: Footpad swelling was measured daily using a digital caliper. B-C: 

Statistical comparisons were made using a two-way ANOVA with Dunnett’s correction for 

multiple comparisons. Data represent the percent of the weight or footpad width before infection. 

D: Footpad swelling score as determined by histopathology whereby a score of 0 indicates a 

normal state, 1 mild (<25%) myofiber loss, 2 moderate (25-50%) myofiber loss, and 3 severe 

(>50%) myofiber loss. Statistical comparisons were made by Mann-Whitney test. E: Hematoxylin 

and eosin stain of muscular tissue in left, hind footpad of mice seven days post infection with WT 

(left) MAYV E2-T179N (center) or after a mock treatment (right). Footpad scores of 3 and 1 are 

shown for images of WT MAYV and MAYV E2-T179N, respectively. The scale bar in the images 

is 200 microns. Studies were performed in two independent experiments, using 10 mice per 

infected group and five mock-treated mice. Error bars represent standard deviation from the mean. 

Discussion 

 MAYV is an emerging viral threat with epidemic potential. The main goal of this study 

was to determine whether evolution of MAYV may lead to viral emergence through adaptation to 

the urban vector Ae. aegypti. We identified E2-T179N as a mutation that confers increased 

replication in Ae. aegypti cells (Fig. 2-3) and enhances transmission rates after initially overcoming 

the midgut infection barrier in two distinct populations of Ae. aegypti (Fig. 5). Thus, we 

demonstrate MAYV has the potential to adapt to Ae. aegypti and enter the urban transmission cycle 

in some capacity. 
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 Transmission studies of WT MAYV and MAYV E2-T179N in Ae. aegypti Kamphaeng 

Phet and Guerrero populations demonstrated a reduced infection rate for MAYV E2-T179N, 

however this was paired with an increased transmission rate of mosquitoes with a disseminated 

infection compared to WT MAYV. However, we observed similar dissemination rates and a trend 

toward higher transmission potential of the mosquitoes that became infected. These data suggest 

E2-T179N has an initial fitness reduction at the midgut which is later overcome as the virus either 

infects and or escapes the salivary gland. The mechanism by which this occurs should be explored 

further by investigating differences in receptor populations across mosquito tissue types, and the 

translatability of these data to other alphaviruses such as CHIKV should also be explored. 

The same E2-T179N mutation caused a fitness reduction in human cells (Fig. 2-3) and 

mice (Fig. 6), suggesting that this mutation alone would not favor a complete, urban MAYV 

transmission cycle. Other roadblocks remain in the way of MAYV emergence: notably, it is still 

unclear whether the viremia induced by MAYV in humans is sufficient to sustain human-to-human 

amplification. With reduced viremia in mice (Fig. 6A), it is even less likely MAYV E2-T179N 

generates enough viremia for human transmission. Serum viral loads of 104-105 PFU/mL MAYV 

have been observed in a study involving 21 humans with confirmed MAYV infection during the 

three days following symptom onset [4]. In comparison, infectious titers for CHIKV range from 

103.9 to 106.8 PFU/mL [54]. Thus, titers in humans appear to be slightly lower for MAYV than the 

successful human pathogen, CHIKV, which may limit emergence potential without further 

adaptation. Furthermore, the geographical overlap between MAYV and CHIKV may prevent 

MAYV emergence, as studies in mice have suggested that a prior CHIKV infection confers cross-

protection against MAYV infection [55,56]. 
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 The two different experimental evolution approaches we used (serial passaging and DMS) 

led to the identification of E2-T179N as a key mutation enhancing MAYV replication in Ae. 

aegypti and Ae. albopictus cells. Notably, we observed that only three serial passages of DMS 

viruses in Aag2 cells allowed identification of this adaptive mutation (Fig. 1F), while we observed 

this mutation in only 50% of the replicates in our serial passaging experiment after ten passages 

(Fig. 1D). This confirms that DMS passaging speeds up the process of selection, although DMS 

can only be targeted to a portion of the viral genome. Thus, we conclude that combining these two 

approaches represents an efficient strategy to identify adaptive mutations with high confidence. 

Perhaps unsurprisingly, most mutations detected with both approaches occurred within the 

receptor-binding protein (E2), highlighting the importance of this protein for host range. 

Furthermore, the residues with the strongest impact on fitness (positions 179 and 183 in E2) both 

reside within domain B, which we previously showed was critical for cell tropism [57]. A 

surprising finding in our DMS studies was that variants enriched during passage in LLC-MK2 

either had neutral or deleterious impacts on fitness in mammalian cells. However, these data are 

consistent with results observed in ZIKV [38] where mammalian fitness gains were only observed 

with a double mutant. A possible explanation for this is the importance of cooperative interactions 

with other residues (either on the same genome or on other genomes) occurring within the viral 

population. Moreover, a mutation that was slightly enriched during mouse passage (E2-I354D) 

decreased fitness appreciably in both mammalian and insect cells; thus, this mutation represents a 

broadly attenuating mutation and suggests that DMS studies may be useful for developing 

rationally designed attenuated vaccine viruses. For example, in future studies, selecting the 

residues most differentially selected against may lead to a highly attenuated virus and could help 

increase understanding of fundamental virus biology using a safer loss-of-function approach. 
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Given the reduced fitness, replication, and binding of MAYV E2-T179N to human 

fibroblasts MRC-5, we sought to explore known and putative human MAYV receptors which may 

be mediating these differences. Binding assays to WT 3T3 and 3T3 Mxra8 KO cells showed no 

difference in the reduction in binding posed by the loss of Mxra8 between the viruses, however, 

there was a larger reduction in replication of WT MAYV than MAYV E2-T179N in 3T3 Mxra8 

KO cells. We conclude the human MAYV receptor Mxra8 contributes to the replication 

attenuation of MAYV E2-T179N in mammalian cells.  

To date, there is no evidence TIM-family receptors, VLDLR, and ApoER2 are used 

specifically by MAYV. We tested a panel of putative MAYV receptors by infecting HEK-293A 

cells transiently expressing exogenous human TIM4, VLDLR, and ApoER2 isoforms 1 and 2 with 

WT MAYV and found increased replication in the presence of these host factors. These results 

warrant further studies to elucidate the precise role they play in infection. MAYV E2-T179N 

displayed significantly decreased replication than WT MAYV in the presence of exogenous Mxra8 

and ApoER2 isoforms 1 and 2 (Fig. 4G). While there may be other factors responsible for the 

attenuation of MAYV E2-T179N such as binding to heparan sulfate [58], these data suggest that 

MAYV E2-T179N’s attenuation may in part be mediated through interactions with these host 

factors. 

While we showed E2-T179N negatively impacts binding and viral replication in MRC-5 

cells, and replication through the human receptors Mxra8 and ApoER2, the mechanisms 

underlying the impact of E2-T179N on binding and replication in Aag2 cells are still unclear. The 

significantly reduced binding of MAYV E2-T179N to Aag2 cells was unexpected given its 

increased replication in these cells. We hypothesize E2-T179N compensates reduced binding via 

increased fitness later in the viral life cycle. Our data showed MAYV E2-T179N is released earlier 
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than WT MAYV in Aag2 cells (Fig. 3F), suggesting there may be differences in egress or some 

other stage during replication. This may be through interactions with other viral proteins; for 

example, it is known that the cytoplasmic domain of E2 of alphaviruses such as Sindbis virus 

interact with the nucleocapsid core to promote budding [59]. Structural analyses of E2-T179N in 

complex with MAYV nucleocapsid could elucidate changes to E2 that may positively impact 

encapsidation and budding efficiency. Other possible explanations for the phenotypes observed 

are disrupted E1:E2 interactions, since this residue resides in domain B, which interacts with E1 

and could disrupt endosomal fusion [60]. Future studies will help shed light on the mechanisms 

responsible for the phenotypes observed. 

Alphaviruses, like other arboviruses, navigate evolutionary trade-offs because of their 

dual-host nature. Our studies exemplified this concept: MAYV cannot optimize its replication in 

both insect vectors and mammalian hosts simply through the E2-T179N mutation, possibly due to 

the need to use different receptors in each host or even that a mutation in one environment may 

increase replication through efficient egress while simultaneously negatively impacting receptor 

binding in another host. Mutations well-suited for increased fitness in one part of the viral infection 

cycle may negatively influence fitness in another part of the cycle or within or between hosts. 

However, it is possible that additional mutations in E1 or E2 may compensate for this defect, 

and/or that evolution at the T179 towards other residues may confer increased replication in both 

hosts. Interestingly, we observed that two distinct mutations (T179N and T179I) were enriched in 

mosquito cells. Therefore, testing other T179 mutation combinations may provide additional 

insights into MAYV viral evolution potential. A limitation of this work is our use of a single strain 

and genotype of MAYV, and future studies should assess the impact of E2 T179N on other MAYV 

genotypes. Importantly, previous reports have shown a viral strain-dependent impact of the 
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CHIKV A226V mutation that enhances Ae. albopictus transmission for the ECSA genotype, but 

not the Asian genotype [61]. To that end, we found that E2-T179N CHIKV mutant similarly 

displayed increased fitness in Ae. aegypti cells (Fig. 3C), but, in contrast to MAYV, also showed 

increased fitness in human fibroblasts (Fig. 3D). Thus, this residue is important for fitness for both 

viruses but the differential impact on fitness suggests different mechanisms or epistatic 

interactions. This result is consistent with the effect we observed with the E1-A226V MAYV 

mutant, which is known to enhance CHIKV’s fitness in Ae. albopictus [62] but greatly reduced 

MAYV’s fitness in U4.4 cells (Fig. 2C). Finally, given that E2-T179N in MAYV did not alter 

fitness in monkey cells (Fig. 2B-C), we cannot conclude that this is a mammalian- or insect-

specific phenotype; rather, it appears to be species-specific, likely dependent on the presence of 

various entry factors and receptors. 

In addition, the E2-T179N mutation led to reduced viral replication and tissue damage in 

vivo in a mouse model, which was consistent with the attenuation of MAYV E2-T179N in human 

and mouse fibroblasts (Fig. 3 and 6). Future work will establish whether reduced tissue pathology 

of MAYV-induced disease is solely due to lower viral replication, or to other immune parameters 

such as inflammation, cytokine response, IFN signaling, etc. It will also be important to study why 

no differences in footpad swelling were observed despite differences in tissue damage, which may 

shed light on the inflammatory processes induced by alphaviruses. Furthermore, future studies will 

assess whether viremia levels in mice are still sufficient to cause productive infection in 

mosquitoes. Our work suggests that mutations in the E2 of MAYV may favor its dissemination 

through the usage of alternate mosquito vectors and should therefore be monitored closely with 

appropriate surveillance programs. 
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Materials and Methods 
 
Cells, viruses and plasmids. Vero, BHK-21, LLC-MK2, and MRC-5 cells were grown in 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco), containing 10% fetal calf serum (FBS; 

Gibco), 1% penicillin/streptomycin (P/S; Thermo Fisher) in a humidified atmosphere at 37°C with 

5% CO2. U4.4 and Aag2 cells were maintained in Leibovitz's L-15 medium (Gibco) with 10% 

FBS, 1% P/S, 1% non-essential amino acids (Sigma) and 1% tryptose phosphate (Sigma) in a dry 

atmosphere without CO2 at 28°C. 3T3 WT and Mxra8 KO cells were a kind gift of Dr. Mike 

Diamond and were maintained in a humidified atmosphere at 37°C with 5% CO2 in DMEM 

(Genesee Scientific) supplemented with 10% fetal bovine serum (R&D Systems), 1% non-

essential amino acids, 50 µg/mL gentamicin sulfate, and 25 mM HEPES. HEK-293A cells were 

grown in DMEM (Genesee Scientific) containing 5% FBS (R&D Systems), 1% non-essential 

amino acids, 50 µg/mL gentamicin sulfate, and 25 mM HEPES in a humidified atmosphere at 

37°C with 5% CO2. For some studies, Aag2 were maintained in Schneider’s insect medium 

(Genesee Scientific) with 7% FBS, 1% non-essential amino acids, 2.5 μg/μL Amphotericin B, 50 

μg/mL gentamicin sulfate, and 5% tryptose phosphate broth in a humified atmosphere without CO2 

at 28°C. MAYV strain TRVL 4675 was derived from an infectious clone we previously described 

that contains an SP6 promoter to generate infectious RNA [63]. To generate the MAYV infectious 

clones under the CMV promoter, we amplified the entire MAYV genome from the previously 

described SP6-containing plasmid along with the pcDNA3.1-based CMV vector [41] containing 

overlapping ends. All clone sequences were confirmed using next generation sequencing (NGS). 

The generation of the infectious molecular clone for CHIKV strain SL-CK1 was described 

previously [41]. The expression construct encoding hTIM4 was provided by H. Choe [51], 

constructs for hVLDLR, hApoER2 isoform 1, hApoER2 isoform 2, and hMxra8 were provided by 
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J. Abraham [52], and constructs for expression of hACE2 receptor were provided by G. Larson 

from the United States Centers for Disease Control and Prevention. The pLX304 vector containing 

SLC1A5 was obtained from the Arizona State University DNASU Plasmid Repository. 

 
Viral stocks. To generate MAYV viral stocks for the serial passaging experiments, a T25 flask of 

BHK-21 cells at 75% confluency was transfected with 10 μg of MAYV CMV-promoter driven 

plasmid using TransIT-LT1 Transfection Reagent (Mirus) according to the manufacturer's 

instructions. Viral supernatants were collected 48h later and used to perform one blind passage on 

C6/36 cells. The high titer viral stock used for viral growth curves and mosquito experiments was 

generated the same way, except that the virus was passaged twice on Vero cells (MOI 0.01). The 

generation of MAYV and CHIKV mutant stocks was performed by transfecting 500 ng of DNA 

into a 24-well plate well using JetOptimus (Polyplus, France). The mutants were then passaged 

once in BHK-21 cells at a MOI of 0.01. Viral stocks were titrated by plaque assay. 

 
Plaque assay. Vero cells were seeded in 24-well plates (105 cells per well) and infected with serial 

dilutions of infectious supernatant diluted in RPMI-1640 with 2% FBS and 10 mM HEPES (viral 

diluent). After 1h at 37°C, a semi-solid overlay consisting of 1.5% methylcellulose, 2X EMEM, 

4X L-glutamine, 0.735% sodium bicarbonate, 0.2 mg/mL gentamicin sulfate, 4% heat-inactivated 

FBS, and 20 mM HEPES was added to the cells. Cells were fixed with 4% formalin solution, pH 

6.2 at 3 or 4 d.p.i. and stained with 0.1% crystal violet. 

 
Serial passaging. We infected cells at a MOI of 0.01 as indicated above for viral growth curves, 

except infections were carried out with 6 replicates instead of 3. Viral supernatants were collected 

(2 days p.i. for BHK-21 cells; 3 days p.i. for U4.4 and Aag2 cells) aliquoted, and frozen. After 
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each passage, all supernatants were titrated by plaque assay. Supernatants collected at passages 1, 

5 and 10 were sequenced using NGS as described below. 

 
NGS for serial passaged samples. RNA of 100 μL of each sample supernatant was extracted 

using TRIzol reagent (Invitrogen) following the manufacturer’s protocol. RNA was eluted in 30 

μL of nuclease-free water. After quantification using Quant-IT RNA assay kit (Thermo Fisher 

Scientific), viral RNA was enriched using polyA selection NEBNext Poly(A) mRNA Magnetic 

Isolation Module (NEB). Libraries were prepared with NEBNext Ultra II RNA Library Prep Kit 

for Illumina. The quality of the libraries was verified using a High Sensitivity DNA Chip (Agilent) 

and quantified using the Quant-IT DNA assay kit (Thermo Fisher Scientific). Sequencing of the 

libraries was performed on a NextSeq 500 sequencer (Illumina) with a NextSeq Mid Output kit v2 

(151 cycles). 

 
Generation of MAYV envelope DMS populations. DMS populations were created in the genes 

encoding E3, E2, 6K, and E1 using the SP6-driven MAYV infectious clone as previously described 

[36–38] with modifications. Notably, we used a bacteria-free cloning approach that we have 

previously described [64,65]. DMS mutagenesis primers are listed in S4 file. The forward 

mutagenesis primers pool was used with a corresponding MAYV reverse end primer (5’ 

CCCGCATTACACGGTACTTATGAT 3’) The reverse mutagenesis primers pool was used with 

a corresponding MAYV forward end primer (5’ CGGAAGGCACAGAGGAGTGG 3’). We 

performed one round of mutagenesis with ten PCR cycles. All PCRs were performed with SuperFi 

II PCR master mix (Invitrogen). The fragments were then joined by PCR. The vector containing 

the remaining MAYV genome was amplified to create overlapping ends with the mutagenized 

fragments that are compatible with Gibson assembly. The primer sequences used to amplify the 
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vector are forward (5’ CCACTCCTCTGTGCCTTCCG 3’) and reverse (5’ 

ATCATAAGTACCGTGTAATGCGGG 3’). Amplicons were run on a 0.6% agarose gel 

containing GelGreen nucleic acid stain, excised, and then purified using the NucleoSpin Gel and 

PCR clean-up kit (Macherey-Nagel). Amplicons were then assembled (1:1 insert:vector molar 

ratio) into circular molecules using the NEBuilder HiFi DNA Assembly Master Mix incubated at 

50°C for two hours. To confirm that no parental plasmid vector was carried through the process, 

for each mutant, we included a control containing the DNA fragments but no assembly mix; this 

was then treated identically to the other samples for the remainder of the process. The assembly 

was then digested with exonuclease I, lambda exonuclease, and DpnI (all from NEB) to remove 

single-stranded DNA, double-stranded DNA, and bacterial-derived plasmid DNA, respectively. 

This product was then amplified by rolling circle amplification (RCA) using the Repli-g mini kit 

(Qiagen). The RCA product was linearized with SgrAI (NEB) and purified. Capped RNA was 

generated using the mMESSAGE mMACHINE SP6 kit (Invitrogen) and then transfected into a 

T150 flask of BHK-21 cells using JetMessenger (Polyplus). Viral supernatants were harvested 48h 

later, clarified by centrifugation, and then precipitated using polyethylene glycol (PEG) 8000 [66]. 

We constructed three replicate libraries by performing all the steps independently for each replicate 

starting with individual PCR reactions.  

 
DMS passaging. Passaging in vitro was performed in Aag2 and LLC-MK2 at a MOI of 0.01 for 

a total of three passages. Following one passage, the virus was titrated by plaque assay and the 

next passage was initiated at the same MOI. Only one passage was performed for in vivo studies. 

Three week-old female C57BL/6J mice (Jackson laboratory) were inoculated with 106 PFU of WT 

MAYV or DMS populations in the left hind footpad. The mice were bled on days one and two 

post-infection to measure viremia and collect virus for sequencing. Ae. aegypti females originally 
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collected in Guerrero (Mexico) were exposed to an infectious bloodmeal containing 3x107 

PFU/mL. Fully bloodfed mosquitoes were separated and allowed to incubate at 28°C for ten days. 

Following incubation, salivary secretions were collected in viral diluent containing RPMI-1640 

media supplemented with 25 mM HEPES, 1% BSA, 50 µg/mL gentamicin, and 2.5 μg/mL 

amphotericin B. We collected only saliva samples because this best represents the virus with 

potential to transmit to the mammalian host. 

 
DMS sequencing and analysis. Viral RNA for sequencing was extracted using the Direct-zol 

RNA extraction kit (Zymo Research). RNA was converted to cDNA using the Maxima H Minus 

cDNA Synthesis Master Mix (Invitrogen). PCR amplicons containing the DMS region were 

amplified using SuperFi II master mix with MAYV specific primers: forward (5’ 

AGTGGGTAAGCCTGGCGACA 3’) and reverse (5’ TAAATCGGTCCGCATCATGCAC 3’). 

The fragments were purified using a 1x ratio of AMPure XP (Beckman). Libraries were prepared 

using Nextera XT and sequenced on an Illumina NextSeq 500. Data was analyzed using the 

dms_tools2 software, which is available at https://jbloomlab.github.io/dms_tools2/. Differential 

selection was calculated by comparing the starting virus stock to the post-passage samples.  

 
NGS data analysis. Raw sequencing data was deposited under the Sequence Read Archive (SRA, 

NCBI) under bioproject number PRJNA796940. The raw NGS reads were first trimmed using 

BBDuk, a tool from the BBMap tool kit, to remove the sequencing adapters and reads with a 

quality score of less than 30 [67]. The sequences were then aligned to the MAYV genome using 

the Burrow Wheeler Aligner (BWA) tool with no added parameters [68]. The resulting .bam files 

were then sorted using Sambamba [69]. Indels and variants were called using LoFreq [70] and 

then filtered to remove variants present at less than 5% frequency. We then used snpdat to annotate 

https://jbloomlab.github.io/dms_tools2/


 66 

the variants [71]. A variant threshold was calculated by comparing the coverage depth to the allele 

frequency. Specifically, we took the reciprocal frequency of a given variant and multiplied by 10; 

if the sequencing coverage at this site was greater than that number, it was considered positive; 

otherwise, it was discarded [72]. 

 
Site-directed mutagenesis and virus rescue. All mutants were created using our bacteria-free 

cloning approach described above with some modifications. The CMV-promoter-driven plasmids 

for MAYV and CHIKV were used to make mutants. Mutations were incorporated into PCR 

primers that created 20-30 bp overlaps for Gibson assembly; all primer sequences are available 

upon request. PCR fragments were amplified using Platinum SuperFi II PCR master mix 

(Invitrogen). The assembled product was amplified by RCA with the FemtoPhi DNA amplification 

kit (Evomic Science). Virus rescue was performed by transfecting RCA products directly into 

BHK-21 cells using JetOptimus (Polyplus), as we have previously described [73]. Viral titers were 

measured by plaque assay. To sequence the viral genome, we extracted RNA, performed DNase 

treatment to remove residual plasmid DNA, and generated cDNA using Maxima RT 

(ThermoFisher). PCR amplicons were generated using SuperFi II PCR master mix. Following gel 

or PCR purification, amplicons were submitted for Sanger sequencing at the Virginia Tech 

Genomics Sequencing Center. 

 
Viral growth curves. One or two days prior to infection, cells were seeded in a 24-well plate and 

infected at 60-80% confluency. Cells were infected in triplicate at a MOI of 0.01 for all cells except 

Aag2, WT 3T3, and 3T3 Mxra8 KO cells, which were infected at MOI 0.1. Virus was diluted in 

RPMI-1640 (Genesee Scientific) media containing 2% FBS and 10 mM HEPES. One hour post-

infection, viral inoculum was removed, cells were washed once with PBS, and the appropriate 
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culture media was added to the cells. Cells were incubated at either 37°C or 28°C, according to 

cell type and conditions listed above. Supernatant was collected every 24 hours for the indicated 

time points and frozen until viral titration. One-step growth curves were performed by infecting 

Aag2 cells at a MOI of 10. Cells were chilled at 4°C for 30 minutes and adsorption was performed 

at 4°C for 30 minutes to synchronize infection. Unbound virus was washed away with cold PBS 

six times, and internalization and infection were initiated by adding media to cells and incubating 

at 28°C. Supernatants were harvested every 3 hours post-infection, and all infectious virus was 

quantified by plaque assay. 

 
Genome:PFU ratio. A viral growth curve was performed in Aag2 cells, as above, with a MOI of 

0.1 for both WT MAYV and MAYV E2-T179N. Supernatant was harvested each day post 

infection and titrated by plaque assay. Viral genomes were quantified each day post infection via 

RT-qPCR on a Bio-Rad CFX96 Touch Real-Time PCR Detection System. Briefly, supernatant 

was diluted 1:5 in nuclease-free water before performing reverse transcription using the New 

England Biolabs Universal One-Step RT-qPCR kit followed by SYBR green-based qPCR using 

the following primers: MAYV 5028For. (5’ CCTCTGTTAGTCCTGTGCAATAC 3’); MAYV 

5108Rev. (5’ AAGGTGCTTAGGGAGCTACT 3’). A standard curve was generated using full-

length MAYV genomic RNA derived from a SP6-containing MAYV infectious clone [73] to 

calculate MAYV genomes per milliliter of supernatant, and the genome:PFU ratio was calculated 

by dividing the genome concentration by the PFUs per milliliter of supernatant achieved via plaque 

assay. 

 
Competition assays. In vitro competition assays were performed against a genetically marked 

reference virus essentially as previously described [39–41]. Briefly, the competitor and test virus 
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(in this case WT or mutant MAYV) were mixed at an equal PFU:PFU ratio and then used to infect 

cells at a MOI of 0.01. Virus-containing supernatant was harvested at two days p.i. for all cell lines 

used: Aag2, U4.4, MRC-5 and LLC-MK2. The proportion of each virus was measured using 

TaqMan RT-qPCR with probes specific to each virus containing ZEN / Iowa Black FQ quenchers. 

The primers used are as follows: MAYV 5028For. (5’ CCTCTGTTAGTCCTGTGCAATAC 3’); 

MAYV 5108Rev. (5’ AAGGTGCTTAGGGAGCTACT 3’); WT probe (5’ FAM 

CACAGTGAAACTACTGTAAGCTTGAGCTCG 3’); Competitor probe (5’ JOE 

CACAGTGAAACTACTGTttcCcTttcCTCG 3’). The genome copies of each virus in a given 

sample were calculated using a standard curve of viral RNA derived from the SP6 promoter-based 

clones for both WT and the marked reference virus. The relative fitness was determined with 

methods previously described [39,74] using the genome copies for each virus. Briefly, the formula 

W = [R(t)/R(0)]1/t represents the fitness (W) of the mutant genotype relative to the common 

competitor virus, where R(0) and R(t) represent the ratio of mutant to competitor virus in the 

inoculation mixture and at t days post-inoculation, respectively. 

 
Binding assays in MRC-5 and Aag2 cells. Pre-chilled MRC-5 or Aag2 cells were washed with 

4℃ PBS containing 5% w/v BSA prior to inoculation with WT MAYV or MAYV E2-T179N at 

a MOI of 0.1. Adsorption of the virus proceeded for 30 minutes at 4℃. Inoculum was removed, 

and cells were washed six times with the 4℃ PBS solution before RNA extraction. New England 

Biolabs Universal One-Step RT-qPCR kit was used to prepare cDNA from total RNA. MAYV 

genomes in the total RNA were quantified through SYBR green-based RT-qPCR on a Bio-Rad 

CFX96 Touch Real-Time PCR Detection System using the following primers: MAYV 5028For. 

(5’ CCTCTGTTAGTCCTGTGCAATAC 3’); MAYV 5108Rev. (5’ 

AAGGTGCTTAGGGAGCTACT 3’); GAPDHFor. (5’ CCAGGTGGTCTCCTCTGACTT 3’); 
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GAPDHRev. (5’ GTTGCTGTAGCCAAATTCGTTGT 3’); rp49For. (5’ 

AAGAAGCGGACGAAGAAGT 3’); rp49Rev. (5’ CCGTAACCGATGTTTGGC 3’). The 

housekeeping primers for GAPDH and rp49 were used with MRC-5-derived RNA and Aag2-

derived RNA, respectively. Relative MAYV genomes were calculated by normalizing the Ct 

values of MAYV to the inoculum and the housekeeping gene. 

 
Binding assays in WT 3T3 and 3T3 Mxra8 KO cells. WT 3T3 and 3T3 Mxra8 KO cells at near 

confluency were pre-chilled at 4℃ for 30 minutes. Cells were washed on ice twice with cold PBS 

containing 5% w/v BSA then inoculated with either WT MAYV or MAYV E2-T179N diluted in 

PBS with 5% w/v BSA at a MOI of 0.1. Adsorption occurred at 4℃ for 30 minutes. After 

adsorption, the inoculum was removed, and cells were washed six times with cold PBS with 5% 

w/v BSA. To remove cells, a solution of 0.1% BSA and 0.3% Igepal CA 630 was added to the 

cells. After 5 minutes on ice, the cells were taken off the wells by pipetting. To analyze virus bound 

to the cells, viral genomes were quantified using a SYBR green-based RT-qPCR assay on an 

Applied Biosystems QuantStudio 3 using the following primers: MAYV 5028For. (5’ 

CCTCTGTTAGTCCTGTGCAATAC 3’); MAYV 5108Rev. (5’ 

AAGGTGCTTAGGGAGCTACT 3’); GAPDHFor. (5’ CCAGGTGGTCTCCTCTGACTT 3’); 

GAPDHRev. (5’ GTTGCTGTAGCCAAATTCGTTGT 3’). Relative MAYV genomes were 

calculated by normalizing the Ct values of MAYV to the housekeeping gene. 

 
Infection in HEK-293A cells exogenously expressing receptors. HEK-293A cells were 

transfected when at 70% confluency using JetOPTIMUS reagent (Polyplus) according to the 

manufacturer’s protocols. Expression constructs encoding SLC1A5, hTIM4, hApoER2 isoform 1, 

hApoER2 isoform 2, hVLDLR, hMxra8, and hACE2 receptor were supplied to the cells at a 1:1 
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DNA:reagent ratio. Twenty-four hours post-transfection, cells were pre-chilled then inoculated 

with WT MAYV or MAYV E2-T179N at a MOI of 0.1 while on ice. The cells were placed at 4℃ 

for 30 minutes to synchronize binding. The inoculum was removed and cells washed three times 

with PBS to remove unbound virus. Media was added to the cells, and an initial supernatant sample 

was collected. The cells were incubated at 37℃ for the next 24 hours post-infection before 

collecting another supernatant sample. Infectious virus in the supernatant was quantified by plaque 

assay. 

 
Mouse infection. Four-week-old, female CD-1 mice were inoculated with 105 PFU/mL of either 

WT MAYV or MAYV E2-T179N in 50 μL of RPMI-1640 via injection to the left, hind footpad; 

in the same manner, a mock-infected group was injected with RPMI-1640. At days 1-3 p.i. serum 

was collected via submandibular bleed and titrated for viremia. Weights of the mice were taken 

and footpad widths were measured using digital calipers daily following infection. At seven d.p.i. 

a subset of mice was euthanized for collection of the left, hind footpad for histopathology. Footpad 

tissue was fixed in 4% formalin solution, pH 6.2 before decalcification in 10% EDTA pH, 7.3 at 

4°C. Tissues were hematoxylin- and eosin-stained, imaged and assigned scores by a board-

certified pathologist according to the extent of myofiber loss. The remaining mice were euthanized 

at 9 d.p.i., and footpads were collected and processed as mentioned above.  

Mosquito rearing. Laboratory colonies of Ae. aegypti were established from field collections in 

Kamphaeng Phet Province, Thailand or from a colony isolated from Guerrero, Mexico. All the 

experiments were performed within 20 generations of laboratory colonization.  The insectary 

conditions for Kamphaeng Phet colony maintenance were 28°C, 70% relative humidity, and a 12h 

light:12h dark cycle. For Guerrero colonies, maintenance was 28°C, 70-80% relative humidity, 
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and a 12h light:12h dark cycle. All adults were maintained with permanent access to a 10% sucrose 

solution. Kamphaeng Phet adult females were offered commercial rabbit blood (BCL) twice a 

week through a membrane feeding system (Hemotek). 

Ae. aegypti Kamphaeng Phet population infections. 6-8 days old Kamphaeng Phet female 

mosquitoes were selected and starved overnight prior to the bloodmeal. They were fed with an 

infectious bloodmeal consisting of 2 mL of previously washed human blood (ICareB platform, 

Institut Pasteur), 1 mL of MAYV viral solution (3x106 PFU diluted in L15 media with P/S, NEAA, 

10% FBS and 1% sodium bicarbonate) and 5 mM ATP (Sigma). Mosquitoes were offered the 

infectious bloodmeal for 20 min through a membrane feeding system (Hemotek) set at 37°C with 

a piece of hog gut as the membrane. Following the bloodmeal, fully engorged females were 

counted, selected, and kept at 28°C in 70% relative humidity and under a 12 h light: 12 h dark 

cycle with permanent access to 10% sucrose. 7 days after the bloodmeal, mosquitoes were cold-

anesthetized and dissected. Legs and wings were collected on ice. Mosquitoes were salivated for 

20 min in a tip containing 20 μL of FBS (Gibco), and midguts were collected. Body parts were 

collected in microtubes (Qiagen) containing 5 mm diameter stainless steel beads (Qiagen) and 

150 μL DMEM supplemented with 2% FBS and homogenized using a TissueLyser II (2 cycles at 

30 Hz, 1 min, Qiagen). Homogenates were clarified by centrifugation and frozen until plaque assay 

titration. Viral loads in the saliva were further amplified on BHK-21 or C6/36 for 3 days, and 

presence of the virus was determined by direct visualization of cytopathic effects or RT-qPCR 

detection in the conditions described above for competition assays. 

Ae. aegypti Guerrero population infections. 3-5 days old Guerrero [53] female mosquitoes were 

cold anesthetized and sorted 2 days prior to infection. Mosquitoes were starved for 24 hours then 
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fed with an infectious bloodmeal of defibrinated sheep blood consisting of 0.05 mM ATP and 107 

PFU/mL of either WT or MAYV E2-T179N diluted in viral diluent. The mosquitoes were fed for 

30 minutes through a membrane feeder supplying the infectious bloodmeal at 37°C with a piece 

of hog gut. Fully engorged mosquitoes were sorted and maintained in an environmental chamber 

set to 26°C, 70-80% relative humidity, and a 12hr light:12hr dark cycle. Mosquitoes were 

anesthetized at 10 d.p.i., and bodies, legs and wings, and saliva were collected. Bodies and legs 

and wings were collected in tubes containing a metal bead and RPMI-1640 with 2% FBS, 10 mM 

HEPES, Amphotericin B (2.5 μg/mL), and gentamicin sulfate (50 μg/mL) (mosquito diluent). Live 

salivation occurred for one hour in Type A immersion oil which was collected in mosquito diluent 

and frozen. Tissues were homogenized using a TissueLyser II (30 Hz/s, 2 min, Qiagen). 

Homogenates were clarified by centrifugation and frozen until plaque assay titration or RT-qPCR 

on all samples. 

Human blood and ethics statement. Human blood used to feed mosquitoes was obtained from 

healthy volunteer donors. Healthy donor recruitment was organized by the local investigator 

assessment using medical history, laboratory results, and clinical examinations. All adult subjects 

provided written informed consent. Biological samples were supplied through participation of 

healthy volunteers at the ICAReB biobanking platform (BB-0033-00062/ICAReB 

platform/Institut Pasteur, Paris/BBMRI AO203/[BIORESOURCE]) of the Institut Pasteur to the 

CoSImmGen and Diagmicoll protocols, which have been approved by the French Ethical 

Committee (Comité de Protection des Personnes; CPP) Ile-de-France I. The Diagmicoll protocol 

was declared to the French Research Ministry under the reference: DC 2008–68 COL 1. 
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Biosafety protocols. The research protocols at Virginia Tech were approved by the Institutional 

Animal Care and Use Committee (IACUC #18-084) and the Institutional Biosafety Committee of 

Virginia Tech (IBC #18-026). All studies performed at the Institut Pasteur were approved by the 

Committee of Health, Safety, and Working Conditions under protocol number 75-1448. Biosafety 

practices at Virginia Tech were conducted according to the recommendations of the National 

Institutes of Health and the Centers for Disease Control and Prevention which included performing 

mosquito infections at ACL3 and mouse infections at ABSL2. The mouse studies were carried out 

in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory 

Animals of the National Institutes of Health. Handling of MAYV and CHIKV was performed at 

BSL2 and BSL3, respectively. At Institut Pasteur, all work with MAYV was performed in 

dedicated BSL3 facilities. 

 
In silico N-glycosylation predictions: N-glycosylation prediction was performed using two 

webservers: NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/) and NGlycPred 

(https://bioinformatics.niaid.nih.gov/nglycpred/). For both servers, we used the MAYV E2 

glycoprotein sequence from strain IQT4235. With the NetNGlyc server, we used the default option 

to run predictions only on the Asn-Xaa-Ser/Thr sequons and used a 0.5 threshold. In NGlycPred 

server, we used the preferred option to consider structural properties and patterns. 

 
Molecular dynamics simulations and calculation of binding free energy values: All the 

structural models of MAYV in complex with the human Mxra8 receptor were built based on the 

coordinates position of CHIKV crystallographic structure in complex with Mxra8 (PDB ID: 6JO8 

[47]). To model the complexes between MAYV E2 subdomain and Mxra8 D2 domain, we 

removed from 7KO8 and 6JO8 structures all residues not included in those domains. The 

http://www.cbs.dtu.dk/services/NetNGlyc/
https://bioinformatics.niaid.nih.gov/nglycpred/
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asymmetric unit of MAYV Cryo-EM structure (PDB ID: 7KO8) has 4 E1-E2 heterodimer copies 

whereas CHIKV crystallographic structure (PDB ID: 6JO8) has three copies. Thus, we cross-

aligned, one by one, the E2 B subdomains of MAYV structure to each E2 B subdomains of CHIKV 

with the Chimera software [75]. This cross-alignment returned 12 complexes between MAYV E2 

B subdomains and Mxra8 D2 domain. We estimated predicted free energy changes upon T179N 

mutation for all 12 MAYV complexes using FoldX 5 software [76]. Before energy calculations, 

each structure was treated to optimize sidechain rotamers using the FoldX function RepairPDB. 

In FoldX, wild-type structures were mutated and the ΔΔG (in kcal/mol) was estimated by 

subtracting the resulting energy of the mutated complex by the wild-type complex. We reported 

the FoldX result as mean ± standard deviation of ΔΔG for the 12 MAYV complexes. These same 

WT and T179N complexes were used as initial structures for molecular dynamics simulations 

using Amber 20 suit of programs with the ff14SB force field. Using tleap, we added Na+ and Cl- 

counter ions to reach net-neutralization with salt excess to reach 150 mM NaCl [77]. Each structure 

was solvated in a truncated octahedral box (15 A from the solute) filled with TIP3P water. The 

PBRadii was set to mbondi2 with tleap program. The system was minimized by 2500 steps of 

steepest descent minimization and 2500 steps of conjugate gradient. The equilibration was 

performed using the NVT ensemble (200 ps) followed by NPT ensemble (200 ps), both with 

harmonic restraints in protein atoms. A last NPT equilibration step without restraints was 

performed for 500 ps. For each complex, the production run was performed at 298 K for 2 ns with 

a time step of 0.002 fs in triplicate. Hydrogen-containing bonds were constrained using SHAKE 

[78]. Long-range electrostatic interactions were calculated using particle Mesh Ewald and short-

range nonbonded interactions were calculated with a 9 A cutoff. In all simulation steps we applied 

a harmonic restraint of 10 kcal·mol−1 ·Å −2 to the backbone atoms to prevent an overall 
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displacement of the complex from its initial position. We estimated the relative binding free energy 

using 1-trajectory Molecular Mechanics Generalized Born Surface Area (MM/GBSA) 

calculations. For this, we used 20 frames from entire 2 ns simulations with MMPBSA.py script 

[79]. The individual topology files for the calculations were generated using ante-MMPBSA.py 

script. Since our objective was only to compare wild-type and mutant interactions, we did not 

include the entropy term. As result, the binding free energy estimate reported a relative value, not 

an absolute. In MMGBSA calculations, we used igb model 5 (all the other parameters were 

default). We reported the MMGBSA results as a ΔΔG of the difference between the relative ΔG 

estimated for T179N MAYV:Mxra8 and WT MAYV:Mxra8. To model the entire MAYV spike, 

formed by three E1-E2 heterodimers (not including transmembrane domains), in complex with 

Mxra8, we aligned individually the MAYV E1-E2 heterodimers (from PDB ID: 7KO8) with 

CHIKV E1-E2 heterodimers (from PDB ID: 6JO8) in Chimera. Then, we created the MAYV 

T179N mutated structure with the YASARA software [80]. Both wild-type and mutant MAYV 

trimeric complexes were submitted to energy minimization in solvent with YASARA to obtain an 

initial model. Then, we performed a 20 ns molecular dynamics simulation in quintuplicate for WT 

and T179N MAYV complexes, following the same simulation protocol described above without 

backbone restraints. The MMGBSA calculation was performed using 100 frames from the last 4 

ns with the same parameters described above. Before any calculations or simulations, the 

protonation state at pH 7.4 for each residue of the structural models was assigned using the 

pdb2pqr30 script [81] and propka as the titration state method [82]. For all cases, we also modeled 

the missing loop of Mxra8 D2 domain using YASARA software [80]. The convergence of the 

simulations was accessed by the RMSD of the Mxra8 backbone in a trajectory aligned by the 

MAYV backbone (Fig. S7). 

https://www.zotero.org/google-docs/?XqswTG
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Statistical analysis. All data were analyzed using the Prism 9 software (GraphPad) and are 

presented as mean ± standard deviation unless indicated otherwise. The statistical tests used are 

described in each figure legend and were performed using GraphPad Prism. All experiments 

(except serial and DMS passaging) were performed in two to three independent replicates with at 

least three technical replicates per group. 
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Supplementary Figures 

 

Figure S1: Natural evolution of Mayaro virus (MAYV) in Anopheles gambiae cells. 

Experimental evolution was performed using traditional serial passaging in 4a-3A cells. We 

serially passaged MAYV at a MOI of 0.01 for a total of ten passages. Following one, five, and ten 
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passages, the viral RNA was sequenced using Illumina NGS to identify potentially adaptive 

mutations. No high frequency variants were identified following one passage, and as such are not 

depicted here. 
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Figure S2: MAYV deep mutational scanning (DMS) populations are highly diverse and 

replicate in vitro and in vivo. A. Genome organization of MAYV DMS viruses. Created with 

BioRender.com. B. Non-synonymous nucleotide diversity for wild-type (WT) and MAYV DMS. 

The three independent MAYV DMS populations were combined to aid visualization. C-D. Three 

passages were performed in vitro at an MOI of 0.01 in LLC-MK2 (monkey kidney; C) and Aag2 

(mosquito; D). E. Statistical analysis: * = p<0.05; ** = p<0.01; **** = p<0.0001 (one-way 

ANOVA with Dunnett’s correction). 

 

Figure S3: Deep mutational scanning (DMS) of Mayaro virus (MAYV) in live mice and 

mosquitoes. A-B. The three MAYV DMS populations, along with WT MAYV, were used to 

perform three passages in mice (A) and Ae. aegypti mosquitoes (B). Following passage, the viral 

RNA was sequenced, and selection analyses were performed to identify enriched variants. The top 

three variants based on selection strength, are presented for mice (A). Given the low level of 

enrichment observed in Ae. aegypti mosquitoes, we do not present individual variants.   
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Figure S4. Variants enriched in live mice and mosquitoes have little effect on viral fitness. A: 

List of the viruses used for the competition assays. All mutations were identified from deep 

mutational scanning data, and the phenotypes observed for the different viruses are indicated. The 

wild-type data—included as a comparison—is the same as is presented in Figure 2 in the main 

text. B-E: Competition assays in Aag2 (B), U4.4 (C), LLC-MK2 (D), and MRC-5 (E) cells. Cells 

were infected at a MOI of 0.01 using a 1:1 ratio based on PFUs for each mutant or WT with a 

genetically marked MAYV competitor virus. Viral supernatants were harvested at 72h post-

infection for Aag2 and 48h post-infection for the other cell lines. Replication of WT and mutant 

viruses was assessed by RT-qPCR using specific probes labeled with different fluorophores. Log10 

fitness was calculated by normalizing replication of each virus against a genetically marked 

reference virus. The mean of 4 independent experiments is represented with standard deviation. 

Statistical analysis: * = p<0.05; ** = p<0.01; **** = p<0.0001 (one-way ANOVA with Dunnett’s 

correction). Consensus change in some mosquito saliva means that the mutation was found at a 
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above 50% in one mosquito saliva sample: E2 L414I was found at 89%, E3-P34T was found at 

99.7%, and E3-K65A was found at 99.7%. 

 
 
Figure S5. WT MAYV and MAYV E2-T179N have similar genome:PFU ratios following 

Aag2 infection. Aag2 cells were infected with either WT MAYV or MAYV E2-T179N at a MOI 

of 0.1, and genome:PFU ratios were measured each day post infection via RT-qPCR and plaque 

assay. The -1 day post infection represents the genome:PFU ratio of the inoculum used for the 

infection. Genome:PFU ratios represented are log10-transformed. The means of two independent 

experiments are represented, and error bars represent standard deviation. Statistical analysis: non-

significant (two-way ANOVA with Šídák’s multiple comparisons test). 
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Figure S6. Binding affinity of WT and MAYV E2-T179N MAYV to Aag2 cells. Binding assays 

of WT MAYV and MAYV E2-T179N were performed by inoculating chilled Aag2 cells with 

virus at a MOI of 0.1 prior to adsorption at 4°C. Unbound virus was washed away, and bound virus 

was quantified by RT-qPCR using RNA extracted from the inoculated cells. The relative quantities 

of MAYV genomes were determined by normalizing to the Ct values of a housekeeping gene and 

the Ct value of virus in the inoculum. Data represent the means of two independent experiments. 

Y-axis is log-transformed for clearer visualization. Statistical analysis: *** = p<0.002 (unpaired t-

test). 
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Figure S7. Structural analysis of WT MAYV and MAYV E2-T179N Spike and complexation 

with Mxra8. A: MAYV spike structure (PDB ID: 7KO8) composed of three E1-E2 heterodimers. 

Only the E1-E2 ectodomains are presented. For clarity, we showed only one heterodimer (E1 in 
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green and E2 in magenta) in cartoon representation, the other two are represented as a surface. 

Zoomed-in views of T179 and the T179N mutation are shown in insets. T179, T179N and the E1 

protein are represented in spheres. B: MAYV spike in complex with three copies of the human 

Mxra8 receptor (in yellow) obtained from the last frame of the 20 ns molecular dynamics 

simulations. For clarity, only one E1-E2 heterodimer is represented as a cartoon. Inset shows a 

side view of the interface between the E2 B subdomain and the Mxra8 receptor. T179 is shown in 

spheres. All images were generated using the ChimeraX software. C: Binding free energy changes 

(ΔΔG in kcal/mol) of 12 MAYV E2 B:Mxra8 D2 subdomain complexes (n = 12) upon MAYV 

T179N mutation using FoldX and MM/GBSA methods. ΔΔG was obtained by subtracting the ΔG 

estimated for T179N MAYV:Mxra8 interaction from the ΔG obtained for WT MAYV:Mxra8 

interaction. MMGBSA calculations were performed from 2 ns molecular dynamics simulation (in 

triplicate) of each complex. In none of the applied methods, did the estimated ΔΔG significantly 

differ from zero (p > 0.05 - one sample t-test). The box plot central line indicates the median and 

the red circle indicates the mean. D: Binding free energy changes (ΔΔG in kcal/mol) of the full 

trimeric MAYV spike in complex with the full Mxra8 ectodomain upon MAYV T179N mutations 

using MM/GBSA method. The calculations were performed from a quintuplicate of 20 ns 

molecular dynamics simulations (n = 5) (see methods for details). ΔΔG was obtained by 

subtracting the relative ΔG estimated for T179N MAYV:Mxra8 interaction from the ΔG obtained 

for WT MAYV:Mxra8 interaction. The estimated ΔG did not significantly differ from zero (p > 

0.05 - one sample t-test). The box plot central line indicates the median and the red circle indicates 

the mean. E-F: Root-mean-square deviation (RMSD) of Mxra8 receptor in complex with (E) WT 

MAYV spike or (F) MAYV T179N during 20 ns molecular dynamics simulations. To calculate 

the RMSD of Mxra8 backbone atoms, the trajectory was aligned by the MAYV backbone atoms 
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using the first frame as reference in VMD. Each line corresponds to a replicate and the vertical 

dashed line indicates the last 4 ns of the simulation.   
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Abstract 

As the COVID-19 pandemic enters its fourth year, the pursuit of identifying a progenitor virus to 

SARS-CoV-2 and understanding the mechanism of its emergence persists, albeit against the 

backdrop of intensified efforts to monitor the ongoing evolution of the virus and the influx of new 

mutations. Surprisingly, few residues hypothesized to be essential for SARS-CoV-2 emergence 

and adaptation to humans have been validated experimentally, despite the importance that these 

mutations could contribute to the development of effective antivirals. To remedy this, we searched 
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for genomic regions in the SARS-CoV-2 genome that show evidence of past selection around 

residues unique to SARS-CoV-2 compared with closely related coronaviruses. In doing so, we 

identified a residue at position 519 in Spike within the receptor binding domain that holds a static 

histidine in human-derived SARS-CoV-2 sequences but an asparagine in SARS-related 

coronaviruses from bats and pangolins. In experimental validation, the SARS-CoV-2 Spike protein 

mutant carrying the putatively ancestral H519N substitution showed reduced replication in human 

lung cells, suggesting that the histidine residue contributes to viral fitness in the human host. 

Structural analyses revealed a potential role of Spike residue 519 in mediating conformational 

transitions necessary for Spike prior to binding with ACE2. Pseudotyped viruses bearing the 

putatively ancestral N519 also demonstrated significantly reduced infectivity in cells expressing 

the human ACE2 receptor compared to H519. ELISA data corroborated that H519 enhances Spike 

binding affinity to the human ACE2 receptor compared to the putatively ancestral N519. 

Collectively, these findings suggest that the evolutionary transition at position 519 of the Spike 

protein played a critical role in SARS-CoV-2 emergence and adaptation to the human host. 

Additionally, this residue presents as a potential drug target for designing small molecule inhibitors 

tailored to this site. 

 

Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of 

coronavirus disease 2019 (COVID-19), which has claimed just under seven million lives and 

caused 770 million cases of the disease since its emergence in 20191. SARS-CoV-2 is a positive 

sense, single-stranded RNA virus of the family Coronaviridae, genus Betacoronavirus, and 

subgenus Sarbecovirus2. The first human cases were detected in the city of Wuhan in the Hubei 
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province of China3,4 and were associated with the Huanan wholesale seafood market5,6, where the 

virus may have spilled over from a live animal source7,8.  

While not definitive, there is evidence of a bat origin of the progenitor to SARS-CoV-29. 

Sarbecoviruses isolated from bats have high nucleotide sequence similarity to SARS-CoV-2 on a 

genome level and within the receptor-binding domain (RBD) of the Spike protein4,10. BANAL-20-

52, isolated from a bat in Laos has the highest nucleotide similarity with SARS-CoV-2 to date at 

96.8%10. Hypotheses posited the progenitor to SARS-CoV-2 evolved in bats and was pre-adapted 

to humans since positive selection was detected on deep branches of the nCoV clade and not 

terminal branches leading to SARS-CoV-2 on a phylogenetic tree9,10. However, the precise 

molecular mechanisms of adaptation of the progenitor to SARS-CoV-2 to humans have not been 

well characterized despite how these data would aid in the development of therapeutics and 

surveillance for pandemic prevention. Our previous study determined evolution towards an 

alanine at position 372 in the SARS-CoV-2 Spike protein was important for human adaptation by 

first identifying selective sweeps in the SARS-CoV-2 genome 11. Selective sweeps occur when a 

favorable mutation is quickly fixed in the population12. Neighboring “hitch-hiker” alleles also 

increase in frequency as a result of the driver mutation of the selective sweep on the recombinant 

genomic region13,14 Thus, parsing out truly adaptive mutations requires experimental validation 

and is critical to determining mechanisms of emergence. 

Many studies investigating the emergence of SARS-CoV-2 have strictly involved 

computational analyses or the generation of pseudotyped viruses expressing Spike. These 

methods are useful but do not validate predictions or provide the most accurate quantitation of 

fitness of SARS-CoV-2 compared to examining phenotypes of replication-competent virus. 

Here, we gain new insights into the evolutionary pressures and molecular mechanisms behind the 



 101 

emergence of SARS-CoV-2 in humans by generating both pseudotyped and replication-

competent virus with a putative ancestral residue consistently mapping to a selective sweep 

region, as based on the analysis of approximately two million SARS-CoV-2 genomes. The 

mutation (Spike H519N) significantly decreased SARS-CoV-2 replication in human lung 

epithelial cells and reduced infectivity in pseudotyped virus assays and binding to human ACE2 

in a biochemical assay, consistent with structural predictions. This study provides evidence that 

the evolution at Spike site 519 was important for the progenitor of SARS-CoV-2’s adaptation to 

the human host. The Spike site also remains highly conserved among SARS-CoV-2 sequences 

and offers a suitable candidate for targeting with small molecule inhibitors. 

 

Results 

SARS-CoV-2 sequences hold evidence of a past, strong selective event in the receptor 

binding domain of Spike 

To investigate which regions in SARS-CoV-2 have contributed to its efficient infection and 

circulation in humans during the initial stages of the pandemic, we analyzed sequences for signs 

of strong positive selection events known as selective sweeps. We acquired 1,912,191 human-

isolated SARS-CoV-2 sequences from GISAID, covering the period up to August 2021 to 

constitute an early period of the pandemic. We then used a computational pipeline combining 

OmegaPlus15 and RAiSD16 to identify regions with a high probability of selective sweep events. 

To discern the selective sweep regions instrumental in driving mutations during the early stages 

of human infection, we categorized the sequences by their sample collection dates, arranging 

them into monthly cohorts (Figure 1A). Sweep regions containing Spike D614G and Spike 

T372A, two human-adaptive mutations11,17, were examined to ensure the reliability and accuracy 

of our methods. Our analysis identified an average of 11 sweep regions per month, with the 
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numbers ranging from 4 to 16 (Supplementary file 1). While many sweep regions were 

identified, our attention was primarily drawn to the sweep regions in the receptor-binding 

domain (RBD) of the Spike protein (nucleotide position 22,878 to 23,332; amino acid positions 

439-590), as mutations in the RBD are known modulators of host tropism and receptor binding18. 

The selective sweep regions included the A372 residue in the RBD, a critical factor we 

previously identified for the emergence of SARS-CoV-2 and its sustained transmission among 

humans11. These regions were evident in the early months of the COVID-19 outbreak (Figure 

1A). 

 Since selective sweep regions indicate a past selective event driven by various adaptive 

mutations and their associated hitchhiker mutations, we sought to determine the site within the 

Spike selective sweep region where pivotal mutations occurred upon early infection of humans19. 

While the progenitor virus to SARS-CoV-2 is unknown, we inferred the progenitor Spike 

sequence could assume several amino acid identities found at the corresponding site in Spike 

from closely related sarbecoviruses infecting bats and pangolins. To identify the closest 

coronaviruses related to SARS-CoV-2, we constructed a phylogenetic tree based on the amino 

acid sequence of Spike with PhyML (Figure 1B)20,21. Using these phylogenetic relationships, we 

aligned the amino acid sequence of the selective sweep region in Spike from the Wuhan-Hu-1, 

lineage B strain of SARS-CoV-2 with the homologous region in closely related sarbecoviruses to 

reveal sites with differential amino acid identities (Figure 1C; see also Supplementary Figure 1 

for the full amino acid alignment of the sweep region in Spike). Similar to amino acid position 

372 in Spike, position 519 holds a non-synonymous mutation (nucleotide substitution C23117A) 

that differentiates SARS-CoV-2 from the aligned bat- and pangolin-derived Sarbecovirus 

sequences11. This position was identified in the selective sweep regions during one of the early 
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months of the outbreak (January 2021; Figure 1A). SARS-CoV-2 has a histidine at 519, while 

the bat and pangolin-derived sequences bear an asparagine or lysine. We hypothesized the 

progenitor to SARS-CoV-2, potentially a virus infecting bats or pangolins, acquired a histidine at 

some point in the evolutionary timeline, thereby gaining an adaptive advantage in humans. 

 Since sites with low amino acid diversity may implicate a crucial role of the predominant 

amino acid in viral fitness, we sought to investigate the amino acid diversity at position 519 in 

Spike in SARS-CoV-2. Using data from 3,848 genomes sampled between December 2019 and 

October 2023 from the nCoV GISAID dataset displayed on Nextstrain, we determined Spike 

position 519 in SARS-CoV-2 has a normalized Shannon entropy of 0, suggesting little to no 

flexibility is allowable at this position in humans (Supplementary Figure 2)22,23. With this result, 

we hypothesized the predominant histidine at Spike 519 in SARS-CoV-2 may hold an important 

function for the virus in humans, while the ancestral residue, asparagine, would result in 

deleterious effects on fitness in human cells. 
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Figure 1. Analysis of millions of SARS-CoV-2 sequences identified selective sweep regions 

within Spike. A. Selective sweep regions in 2 million SARS-CoV-2 genomes were identified 

per month up to August 2021 to identify signatures of recent positive selection during the initial 

stages of the pandemic . Sweep regions are denoted in purple. Results are summarized for the 2 
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million sequences. Highlighted sites correspond to the site of interest and positive controls Spike 

T372A and Spike D614G. B. Phylogenetic tree of SARS-CoV-2 and SARS-related 

coronaviruses constructed from the Spike amino acid sequence using PhyML LG substitution 

model and 1000 bootstraps. The species from which the virus was isolated is depicted by an 

image of the animal to the right of the virus name. C. Amino acid alignment of sweep region in 

SARS-CoV-2 RBD with corresponding region in closely related sarbecoviruses from bats and 

pangolins and SARS-CoV. The alignment was performed using MAFFT. 

 
SARS-CoV-2 Spike mutant bearing a residue of bat and pangolin Sarbecovirus origin has 

reduced replicative fitness and infectivity in human cells 

Towards identifying the driving mutations of the putative selective event, we reasoned evolution 

from the asparagine to histidine at position 519 may have driven early adaptation of the 

progenitor virus to humans. Since position 519 is in the RBD of Spike, we first used a previously 

described pseudovirus system24 to determine whether Spike H519N had any functional 

significance during infection of cells expressing human ACE2 (hACE2), the receptor for SARS-

CoV-225. First, we verified hACE2 protein levels by western blot expressed in human embryonic 

kidney cells (Supplementary Figure 3). We generated lentiviruses pseudotyped with full wild-

type (WT) Spike, Spike H519N, Spike D614G, and Spike A372T, a RBD mutant bearing an 

ancestral threonine which we previously showed attenuates the virus in human lung epithelial 

cells11. Spike D614G is used as a known human-adaptive variant that emerged early in the 

pandemic and is now fixed in all SARS-CoV-2 variants17. The pseudoviruses express both 

luciferase and a green fluorescence protein (GFP), ZsGreen24, allowing for sensitive detection of 

infection efficiency. We detected Spike protein levels from prepared virus stocks and observed a 

greater incorporation of G614 into the pseudoviruses as previously observed (Figure 2A)26. 
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Ectopic expression of Spike was similar between WT Spike and Spike H519N. Next, we used 

pseudovirus particles to infect human embryonic kidney cells expressing hACE2 to determine 

whether infectivity through hACE2 is altered by Spike H519N. Spike D614G enhanced the 

infectivity of the pseudotyped viruses compared to WT Spike, in agreement with data 

extensively reported in literature (Figure 2B)26. Spike A372T significantly reduced the infectivity 

of SARS-CoV-2, consistent with our previous study (Figure 2B)11. Importantly, Spike H519N 

significantly reduced the infectivity of SARS-CoV-2 compared to Spike D614G and WT Spike 

(Figure 2B). When infected cells were quantified based on luciferase expression, we also 

observed significant decreases in infectivity for Spike H519N compared to WT Spike (Figure 

2C; p< 0.0001). 

Towards determining whether Spike N519 reduces the replicative fitness of SARS-CoV-

2 in human cells, we generated a replication-competent, SARS-CoV-2 mutant bearing an 

asparagine at position 519 in Spike, the amino acid present in closely related sarbecoviruses. In 

human lung epithelial cells, the putatively ancestral SARS-CoV-2 Spike H519N mutant 

replicated to significantly lower titers than the WT virus and Spike D614G, demonstrating a 

nearly 2-log difference in viral titers (Figure 2D; p<0.01 at all timepoints). These data suggest 

that reverting the histidine at Spike 519 to the ancestral asparagine significantly reduces infection 

and replication in human lung epithelial cells. 
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Figure 2. Decreased replicative fitness and infectivity of SARS-CoV-2 Spike H519N in 

human lung and kidney cells. A. Western blot analysis of Spike protein from prepared 
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pseudovirus stocks. An antibody was used to detect the S1 subunit of Spike. The higher band at 

180 kilodaltons (kDa) corresponds to full Spike while the band near 100 kDa corresponds to 

furin-cleaved Spike. Units are represented in kDa. B. Representative images of Zsgreen 

expression in Spike pseudotyped virus infected HEK-293T-hACE2 cells observed by live-cell 

fluorescence microscopy. Cells infected with pseudoviruses expressing ZsGreen and luciferase 

pseudotyped with full Wuhan-Hu-1 Spike or mutants Spike D614G, A372T, or H519N. Images 

were taken 48h post-infection and are representative of one of two technical replicates from three 

independent experiments C. Infectivity was quantified using a luciferase assay 48h post-

infection. Experiments were performed in duplicate for three biological experiments. Statistical 

analyses were performed using a One-Way ANOVA with Dunnett’s correction for multiple 

comparisons. D. Growth curve of Spike H519N in human lung epithelial cells. Calu-3 cells were 

infected at a MOI of 0.1 with the WT Wuhan-Hu-1 strain of SARS-CoV-2 and mutants bearing 

either Spike H519N or D614G. Supernatant was collected each day post-infection and titered on 

Vero E6-TMPRSS2-T2A-hACE2 cells by plaque assay. Infections were performed in triplicate 

in two independent biological experiments. A two-way ANOVA with Dunnett’s correction for 

multiple comparisons was performed on these data. Bars represent standard deviation. 

 
Spike H519N potentially impacts ability to conformational transitions and reduces binding 

affinity to human ACE2 

In elucidating the mechanism of attenuation of SARS-CoV-2 bearing the putatively ancestral 

asparagine at Spike position 519, we analyzed the interactions between Spike chains to identify 

how H519N is impacting infection (Figure 3A). Residue 519 is in the RBD but not within the 

receptor binding motif (RBM) to interact with ACE2 directly. Rather, residue 519 is positioned 

on a cleft at the interface between Spike chains that constitute the full trimer complex. Indeed, 
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residue 519 is within 4-5 Å of residues of adjacent chains of the Spike trimer, participates in 

polar interchain interactions, and conformational up/down movement can be impacted at this 

interface. Here, we sought to utilize this interaction interface to compute interchain interaction 

energy via  MM/GBSA calculations analyzing up/down conformation favorability by probing 

interchain interaction energy in Spike. Results demonstrate that the H519 up conformation has 

similar interchain interaction energy to the N519 up conformation when unprotonated (-284.1 

kcal/mol and -264.1 kcal/mol, respectively). The down conformation exhibits larger differences 

between the H519 and N519 structures, with H519 interchain interaction energy of -259.2 

kcal/mol and N519 of -365.9 kcal/mol. Interestingly, when analyzing protonated H519, we 

observe a predicted interchain interaction energy for the up conformation H519 of -359.4 

kcal/mol and -280.9 kcal/mol for the down confirmation of H519. This suggests that in a lower 

physiological pH, the H519 Spike samples the up conformation more favorably compared to the 

N519, which alternatively energetically favors the down conformation based on interchain 

interactions. Structural analysis of the neighboring residues reveals that 519 is surrounded by a 

pocket of polar and charged residues from a neighboring Spike chain (Figure 3B-C). Surface 

mapping of residue properties highlights that H519 exhibits a neutral surface area (Figure 3D) 

while N519 results in a more polar surface area (Figure 3E). These results suggest that H519 

may result in a lower energy barrier to overcome when transitioning between down/up 

positioning to bind ACE2, potentially allowing for increased infection efficiency.  

With the insight that H519N appears to impact conformational transitions in protonated 

SARS-CoV-2 Spike and the potential ability to bind ACE2 by sampling the up position more 

favorably, we further sought to determine whether Spike H519 would experimentally bind with 

higher affinity to hACE2. Enzyme-linked immunosorbent assay (ELISA) was performed with 
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hACE2 and several concentrations of RBD from either WT Spike, Spike N501Y, Spike A372T, 

or Spike H519N. Spike N501Y was used as a positive control with known increased binding to 

hACE227. Consistent with reduced binding efficiency, the absorbance curve for Spike H519N and 

Spike A372T RBD are shifted right from WT RBD (Figure 3F). We observed significantly 

lower EC50 values for Spike N501Y RBD and significantly higher EC50 values for Spike H519N 

and Spike A372T compared to WT RBD (Figure 3G). This result suggests more molecules of 

Spike H519N RBD would be required to saturate hACE2 binding sites; therefore, this mutation 

may reduce the affinity to hACE2 leading to reductions in replication. 
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Figure 3. Structural and biochemical analyses of Spike H519N reveal decreased affinity to 

human ACE2. A. Structure of Spike bound to hACE2 (PDB: 7KNB). 519 location is 

represented in pink spheres. B. Visualization of H519 and C. N519 structural location. 519 is 

highlighted in red, with residues within the same chain in gray and a neighboring chain in teal. 

D. Surface mapping of Spike H519 and E. N519 colored by residue sidechain properties. Colors 

represent gray for neutral, teal for polar uncharged, blue for positive charge, red for negative 

charge, and green for hydrophobic. F. ELISA saturation curves. Human ACE2-mFc was coated 

at 2 ug/mL, and various concentrations of Spike RBD were detected with an antibody. 

Absorbance values were measured at OD450nm, and the values normalized to the blank are 

depicted. Curves intersect the mean of four binding events. G. EC50 concentrations from ELISA 

curves extrapolated with a nonlinear regression with a least squares fit. A One-Way ANOVA 

with Dunnett’s Correction was used to test for statistical significance. 

 

Discussion 

During zoonotic spillover events, selective pressures exist for pathogens to adapt to the 

cellular components and immune responses of new host species in the pursuit of optimal fitness. 

RNA viruses like SARS-CoV-2 are skilled at navigating the fitness landscape in new hosts, 

taking advantage of both recombination and the error-prone RNA-dependent RNA polymerase to 

source new genotypes that can lead to fitness advantages28. Our study provides evidence of 

historical selection acting on SARS-CoV-2 via selective sweeps and assesses the contribution of 

an amino acid site within a selective sweep region in the RBD of Spike that likely facilitated 

adaptation to humans. We provide evidence that the putatively ancestral asparagine at Spike 519 

in closely related sarbecoviruses reduces the fitness of SARS-CoV-2 in cells expressing hACE2 
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due to reduced affinity of Spike RBD N519 to hACE2 and higher binding free energy in the up 

conformation. 

 Several studies have gathered strong evidence for a natural origin of SARS-CoV-2, but 

there is disagreement on how SARS-CoV-2 might have evolved to sustain productive infection 

of and transmission between humans. Some studies have suggested the progenitor to SARS-

CoV-2 evolved in bats and required little to no adaptation to humans before spillover and 

emergence10. While we do not refute evolution of the progenitor to SARS-CoV-2 occurred in 

bats, our study provides evidence of a mutation that enhanced human infection but does not 

predict in which host this mutation arose. It is possible that genetic drift led to mutations in the 

reservoir host which enabled human adaptation prior to human exposure9. Furthermore, our study 

indicates the transition at Spike 519 from N to H in SARS-CoV-2 evolution led to a gain of 

fitness in humans, but a fitness tradeoff in putative ancestral host species is not necessarily 

implicated nor required for adaptation of Spike H519 to humans to remain true. For example, 

transitions in RBD residues of SARS-CoV isolated from a palm civet to the homologous residue 

in human-isolated SARS-CoV sequences resulted in a gain of function with infection via hACE2 

but no corresponding fitness loss with infection via palm civet ACE218. Therefore, viral 

adaptation to one species does not require a fitness loss in another host. This study is the second 

of ours that supports the theory that the progenitor to the Wuhan-Hu-1 strain of SARS-CoV-2 

was subject to a strong selective pressure resulting in adaptation to humans at a site in the RBD 

of Spike11.  

Zoonotic spillover events are often associated with the selection of mutations in viral 

receptor binding proteins that afford the use of orthologous receptors in the human host29. For 

coronaviruses in particular, mutations in the Spike protein, which binds the host ACE2 receptor, 
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are sufficient to expand the host range of the virus even though a variety of other factors are 

important for tropism18. Another zoonotic coronavirus, severe acute respiratory syndrome 

coronavirus (SARS-CoV), which caused an epidemic from 2002-2003, emerged likely due to a 

set of mutations both in the receptor binding domain (RBD) and other parts of Spike and 

underwent adaptive evolution from its reconstructed ancestral sequence18,30. Our results are in 

agreement with other studies that mutations outside of the RBM of the coronavirus Spike 

protein, including both subunits of Spike, can affect receptor binding and are also associated with 

host-range expansion11,31,32. 

 Amino acid position 519 in Spike is in the RBD but not within the receptor binding motif 

(RBM). The putatively ancestral asparagine has more favorable co-association of Spike in the 

down conformation, which impacts the potential to transition to an up conformation and bind 

with hACE2. This can be observed with the reduced binding affinity of Spike H519N RBD to 

hACE2 via ELISA and interchain interaction energy calculations highlighting the H519 up 

conformation favorability in an acidic environment. While these results provide insight into 

potential structural mechanisms related to the fitness of H519, more robust molecular dynamics 

(MD) simulations could reveal more major morphological changes related to 519 fitness in 

transiting between up/down conformations. Our results are not surprising since mutations outside 

of the RBM have been shown to increase binding affinity to hACE2 during a deep mutational 

scan of the Spike RBD33, and our previous work indicates Spike 372 influences hACE2 binding11 . 

Furthermore, Spike 614, which lies outside of the RBD, affects ACE2 binding34. Previous work 

has indicated the structural region surrounding residue 519 is involved in pH sensing35 and 

structural transition states36 which can also ultimately affect infectivity. Our results are 

biologically relevant given that the human nasal cavity pH is 6.6 which might provide a more 
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optimal environment for the protonated SARS-CoV-2 Spike H519 to associate more with 

hACE2 than Spike N519 in this acidic environment37. Since transmission of coronaviruses 

between bats is suspected to primarily occur via the fecal-oral route38,39, the microenvironment of 

the bat gastrointestinal tract rather than the bat nasal cavity likely has more influence on 

coronavirus transmission between bats. More research is needed on this microenvironment and 

how it may shape bat coronavirus evolution. Taken in an evolutionary context, it is possible that 

Spike N519H arose in the progenitor virus due to stochastic or deterministic processes and that 

this mutation increased association with hACE2 when the virus initially encountered humans, 

leading to enhanced infection and transmissibility. 

 We used Nextstrain to examine the diversity within Spike and identified low normalized 

Shannon entropy approaching 0 at position 519 in Spike of SARS-CoV-2 sequences from 2019-

2023 from GISAID. Since we have shown the histidine at position 519 in Spike is important for 

replication in human lung cells and that it is highly conserved regardless of lineage and variant of 

concern, position 519 might constitute a suitable drug target. Indeed, structural inspection of the 

surface area maps and structural residue region of 519 indicates that it is within a solvent 

accessible pocket, surrounded by polar and charged residues from neighboring chains. Suitable 

pockets for small molecule inhibitors may also correlate with regions of low diversity in the 

genome, however further investigation is needed. Efforts to design small molecule inhibitors of 

SARS-CoV-2 have resulted in targeting genes such as the main protease of SARS-CoV-240. 

Recent surveillance studies identified multiple mutations in SARS-CoV-2 that confer resistance 

to nirmatrelvir41. Another protease inhibitor ensitrelvir is being used for emergency use 

authorization in Japan, but mutations conferring resistance to this inhibitor have been identified 

as well41. This highlights the importance of finding new components of the virus to target, and the 
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RBD at position 519 in Spike might be suitable since other amino acids at this position have not 

emerged to any appreciable extent. 

To conclude, a mutation altering the amino acid identity at position 519 in the Spike 

protein of SARS-CoV-2 is likely to have partly mediated adaptation of the progenitor virus to the 

human host. We demonstrated the conserved histidine at position 519 in Spike affords fitness 

advantages through increased replication in human cells via increased hACE2 binding affinity. 

Position 519 in Spike holds promise as a site to which small molecular inhibitors could be 

designed amidst the concern of the development of drug resistance. 

 

Methods 

Selective sweep analysis of SARS-CoV-2 genomes 

A total of 1,914,191 human-derived, complete SARS-CoV-2 genomes up to Aug. 2021 were 

downloaded from the GISAID EpiCov database (https://www.gisaid.org/). Sequences that had 

low coverage or displayed over 5% nucleotide ambiguities (designated as 'N') were excluded 

from the analysis to ensure analytical rigor. For further analysis, sequences were categorized 

monthly based on their sample collection dates. OmegaPlus and RAiSD were used with these 

data for the determination of selective sweep regions. OmegaPlus15 is an implementation of the ω 

statistic42 for whole-genome data, which takes into account linkage disequilibrium, whereas 

RAiSD takes into account three signatures of selective sweeps16. Selective sweep identification 

was conducted within these monthly cohorts using previously established data curation and 

methodologies11. 

 
Construction of phylogenetic tree 
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The following coronavirus sequences were downloaded from GenBank: Bat coronavirus isolate 

BANAL-20-52/Laos/2020 MZ937000.1, Bat coronavirus isolate BANAL-20-103/Laos/2020, 

complete genome MZ937001.1, Bat coronavirus isolate BANAL-20-116/Laos/2020, complete 

genome MZ937002.1, Bat coronavirus isolate BANAL-20-236/Laos/2020, complete genome 

MZ937003.2, Bat coronavirus isolate BANAL-20-247/Laos/2020, complete genome 

MZ937004.1, Bat coronavirus RacCS203, complete genome MW251308.1, Bat coronavirus 

RaTG13, complete genome MN996532, Bat coronavirus strain 

BetaCoV/Rm/Yunnan/YN02/2019 spike protein (S) gene, partial cds MW201982.1, Bat 

sarbecovirus sp. isolate PrC31, complete genome MW703458.1, Bat SARS-like coronavirus 

isolate Rs4231 KY417146.1, Bat Severe acute respiratory syndrome-related coronavirus Rc-

o319 RNA, complete genome LC556375.1, Betacoronavirus sp. RpYN06 strain 

bat/Yunnan/RpYN06/2020, complete genome MZ081381.1, Coronavirus BtRs-

BetaCoV/YN2018B MK211376.1, MAG Pangolin coronavirus isolate GD P79-9 2019, complete 

genomeOQ297708.1, Pangolin coronavirus isolate MP789, complete genome MT121216.1, 

Pangolin coronavirus isolate PCoV_GX-P4L, complete genome MT040333.1, Pangolin 

coronavirus isolate PCoV_GX-P5L MT040335.1, SARS coronavirus Tor2 AY274119.3, 

Severe_acute_respiratory_syndrome_coronavirus_2_isolate_Wuhan-Hu-1_NC_045512.2. 

Geneious (version 2023.1 created by Biomatters. Available from https://www.geneious.com) 

was used to construct a phylogenetic tree based on the amino acid sequence of Spike using 

PhyML 3.3.20180214 with a LG substitution model and 1000 bootstraps20. An amino acid 

alignment of the selective sweep region in Spike identified in January 2021 was performed using 

Geneious with the same viruses as above to identify non-synonymous mutations compared to the 

Wuhan-Hu-1 strain of SARS-CoV-2. 

https://www.geneious.com/
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Diversity analysis in Spike 

Nextstrain was accessed on November 1, 2023 displaying 3,848 nCov genomes sampled between 

December 2019 and October 2023 from the GISAID nCoV dataset. Amino acid diversity data 

was obtained by downloading the full Spike diversity dataset from the site. Nextstrain calculates 

normalized Shannon entropy by summing the products of the amino acid frequency at a given 

position and the natural log of the frequency for each amino acid observed. The frequency is 

normalized by the number of tips in the phylogenetic tree on Nextstrain22. 

 
Cell lines and plasmids 

Human embryonic kidney cells expressing human ACE2 (HEK-293T-hACE2; NR-52511) and 

African green monkey kidney epithelial cells expressing TMPRSS2 and human ACE2 (Vero E6-

TMPRSS2-T2A-hACE2; NR-54970) were obtained from BEI Resources. Human lung epithelial 

cells (Calu-3 HTB-55) and human embryonic kidney cells (HEK-293T) were acquired from 

ATCC. Cells were grown in a humidified atmosphere with carbon dioxide supplied at 5% at 

37°C. HEK-293T and HEK-293T-hACE2 cells were grown in Dulbecco’s Modified Eagle 

Medium (DMEM; Corning™ 10013CV) supplemented with 10% Fetal Bovine Serum, 100 

U/mL penicillin, 100 U/mL streptomycin, 2mM L-glutamine. Vero E6-TMPRSS2-T2A-hACE2 

and Calu-3 cells were grown in Dulbecco’s Modified Eagle Medium supplemented with 

gentamicin sulfate (0.1%), non-essential amino acids (1X), HEPES (25mM), and either 5% 

(Vero E6-TMPRSS2-T2A-hACE2) or 20% (Calu-3) fetal bovine serum. Vero E6-TMPRSS2-

T2A-hACE2 also required the addition of 0.01 mg/mL puromycin. SARS-Related Coronavirus 

2, Wuhan-Hu-1 Spike-Pseudotyped Lentiviral Kit V2 was obtained from BEI Resources (NR-

53816). 
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Generation of Spike pseudotyped virus mutants 

Spike mutations A372T and H519N were introduced to the human codon-optimized Spike gene 

on vector pHDM SARS-Related Coronavirus 2 Wuhan-Hu-1 Spike Glycoprotein (BEI; NR-

53742). We used the BioLabs Q5 Site-Directed Mutagenesis Kit (NEB #E0554) as described 

from the manufacturer’s protocol with mutagenesis primers Forward 

(CGAATTGCTCAACGCTCCAGC) and Reverse (AAACTCAAGACCACAACTCTG) for 

mutant H519N, and Forward (GTATAATAGTACAAGCTTTAGCACATTC) and Reverse 

(AATACTGAGTAGTCCGCC) for mutant A372T. Mutations were confirmed by Sanger 

sequencing. Vector HDM SARS2-Spike-del121 D614G was purchased from Addgene (cat 

#158762). Pseudotyped lentiviral particles were generated by transfecting HEK-293T cells using 

PolyJet In Vitro DNA Transfection reagent (SignaGen cat #SL100688) following the 

manufacturer’s recommendations for the six-well plate, with the adjusted amount of 3µg for each 

of the following BEI plasmids: pRC-CMV-Rev1b (NR-52519), HDM-tat1b (NR-52518), HDM-

Hgpm2 (NR-52518), Luciferase-IRES-ZsGreen (NR52516), and 3µg of the pHDM vector 

encoding the Wuhan-Hu-1 Spike Glycoprotein (WT), or D614G, A372T, or H519N spike 

mutations, respectively. We monitored the transfection efficiency by detecting ZsGreen signal 

via live cell fluorescence microscopy using a Leica DMI4000B inverted microscope. 

Supernatants with lentiviral particles were harvested 48- and 72-hours post-transfection. 

Pseudoviruses were precipitated overnight at 4oC with 40% PEG-8000/1.2 M NaCl pH 7.2 at a 1 

to 3 ratio, centrifuged at 1200rpm for 1 hour at 4oC, and obtained pellet resuspended in 1/10 of 

the original collection volume.  

 
Western blot analysis of pseudotyped virus Spike incorporation 



 120 

We verified the presence of SARS-CoV-2 Spike protein on WT and mutated pseudotyped 

lentiviral particles by Western blot analysis. Viral protein lysates were denatured at 95oC, 

resolved on a 10% SDS-PAGE gel, and transferred to Biorad Immun-Blot PVDF membrane (cat 

#1620177). After 1 hour Blocking in 5% milk in TBS-T buffer (50 mM Tris [pH 7.5], 150 mM 

NaCl containing 0.1% Tween 20), the membrane was incubated overnight with Invitrogen Anti-

SARS-CoV2-Spike protein S1 primary antibody (cat #PA5-114528). After three washes with 

TBS-T buffer, blot was probed for 1 hour with Peroxidase-conjugated AffiniPure Goat Anti-

Rabbit IgG (H+L) secondary antibody (Jackson ImmunoResearch Laboratories cat #115-035-

003) in 5% milk/TBS-T buffer. The membrane was washed three times with TBS-T, and the 

signal was detected with Biorad Clarity Western ECL substrate cat (#170-5061) and imaged 

using Biorad ChemiDoc MP Imaging System. 

 
Quantification of SARS-CoV-2 plasmid pseudogenome via real-time PCR 

For the quantification of pseudovirus particles, we extracted the DNA from lentiviral stocks 

using Qiagen DNeasy Blood & Tissue Kit (cat #69504) according to the manufacturer's protocol. 

We quantified a ZsGreen amplicon by qPCR via Applied Biosystems PowerSYBR Green PCR 

Master Mix (cat #4376659) using Forward (GACCATGAAGTACCGCATG) and Reverse 

(CCGCCCTCCACCACGCAC) ZsGreen-specific primers. The DNA Standard curve of 10 

ng/µL, 1 ng/µL, 0.1 ng/µL and 0.01 ng/µL serial dilutions of pHAGE-CMV-Luc2-ZsGreen 

plasmid served as our reference. The relative amounts of pseudoviral genomes of all mutants 

were adjusted to WT lentivirus before infections. 

 
Luciferase Assay 
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The luciferase activity of HEK-293T-hACE2 cells infected with pseudovirus was measured 

using the Promega Luciferase Assay System according to the manufacturer's protocol (cat 

#E1500). Cells were washed 2 times with PBS and lysed in 1X Lysis Buffer per well in a 12-

well plate. 100 µL of the 1X Luciferase Assay per 20 µL of lysate was used for detection of 

luciferase activity in each well of a 96-well black microplate. The efficiency of infection was 

determined by measuring the intensity of luminescence calculated as relative luciferase units 

using the Agilent BioTek Synergy HTX Multi-Mode Microplate Reader. 

 
Generation of SARS-CoV-2 mutants 

Live SARS-CoV-2 mutants were generated from a previously constructed full-length infectious 

clone of the Wuhan-Hu-1 strain of SARS-CoV-2 (GenBank accession no. NC_045512.2). 

Mutagenic primers were used to introduce mutations into the backbone by PCR with Invitrogen 

Platinum SuperFi II PCR master mix (12368010) or Quantabio repliQa HiFi ToughMix (95200-

025). Fragments were purified from agarose gels using the Machery-Nagel nucleospin gel and 

pcr clean-up kit (740609.250). Purified fragments were mixed at an equimolar ratio and 

assembled and amplified by replication cycle reaction using the OriCiro Genomics Cell-Free 

Cloning System. Virus was recovered by transfecting a 1:1 ratio of replication cycle reaction 

product and pUC1943 into BHK-21 cells using Polyplus jetOPTIMUS DNA transfection reagent 

(101000051). Three days post-transfection, a blind passage of transfection supernatant on Vero 

E6-TMPRSS2-T2A-hACE2 cells was performed. After observing cytopathic effect, the virus 

was harvested, titered by plaque assay on Vero E6-TMPRSS2-T2A-hACE2 cells, and 400bp 

libraries were prepared in-house using IDT Artic V4.1 NCOV-2019 Panel (10011442) and 

sequenced by Genewiz NGS Amplicon-EZ Illumina sequencing. 

 

https://www.fishersci.com/shop/products/synergy-htx-multi-mode-microplate-reader-8/BTS1LFA
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Growth curve of Spike H519N in human lung epithelial cells 

Human lung epithelial cells (Calu-3) were infected at 80% confluency with a MOI of 0.1 of 

SARS-CoV-2 Wuhan-Hu-1 (wild-type), SARS-CoV-2 Spike D614G mutant, and SARS-CoV-2 

Spike H519N mutant diluted in Roswell Park Memorial Institute 1640 (RPMI-1640) medium 

supplemented with fetal bovine serum (2%) and HEPES (10 mM). Supernatant was harvested 

every 24 hours post-infection and titered by plaque assays on Vero E6-TMPRSS2-T2A-hACE2 

cells. 

 
Quantitation of infectious virus 

Infectious virus was quantified by plaque assay by infecting 90% confluent monolayers of Vero 

E6-TMPRSS2-T2A-hACE2 with serial dilutions of virus made in RPMI-1640 medium 

supplemented with fetal bovine serum (2%) and HEPES (10 mM). After one hour of adsorption 

at 37°C, a 1:1 mixture of 2X media (2X EMEM, 4X L-glutamine, 0.735% sodium bicarbonate, 

0.2 mg/mL gentamicin sulfate, 4% FBS, 20 mM HEPES) and 3% methylcellulose was added to 

the cells. Infection proceeded for three days at 37°C before fixation in 10% buffered formalin 

and staining with a 0.1% crystal violet solution containing 20% ethanol to visualize plaques. 

 
Structural Analyses 

Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) was used to predict 

interchain interaction energy with the Schrodinger- Maestro software v. 2020-2 (Schrödinger, 

LLC, New York, NY, 2020). Spike protein (PDB ID: 7KNB) was split into individual chains and 

modified to reflect D614G in the Wuhan-Hu-1 strain44. Predicted interaction energy was 

calculated between Spike chains first on one chain in an up-RBD conformation and one chain in 

a down-RBD conformation to approximate up conformation free energy and two down-RBD 
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conformation chains for down conformation free energy on H519 (neutral), H519 (protonated), 

and N519 structures. Protonated and unprotonated states were simulated at a pH of 5 and 7, 

respectively for the H519. Analysis using IPC 2.045 of the Spike sequence indicated that the 

region around H519 is mostly neutral with acidic propensity, suggesting the increased potential 

of an acidic environment and lower pH to promote a protonated H519. Surface mapping was 

performed using Schrodinger- Maestro software v. 2020-2. 

 
Biochemical characterization of Spike with human ACE2 

A sandwich ELISA was performed using recombinant, purified RBD of His-tagged wild-type 

Wuhan-Hu-1 SARS-CoV-2, SARS-CoV-2 Spike N501Y, SARS-CoV-2 Spike H519N, or 

SARS-CoV-2 Spike A372T and hACE2. A plate was coated with ACE2-mFc (Cat:10108-H05H) 

at 2 μg/mL and incubated overnight at 4°C. The following day, RBD of each aforementioned 

genotype was added at the following concentrations: 0.256, 1.28, 6.4, 32, 160, 800, and 4000 

ng/mL. The antibody anti-His-HRP (Sino A5327) was used to detect the His-tagged RBDs. 

Absorbance was measured at 450nm, and values were normalized to the blank. 

 
Statistical Analyses 

All statistical analyses for figures 2-3 were performed using Prism 9 (GraphPad). Growth curve 

data was analyzed using a Two-Way ANOVA with Dunnett’s correction for multiple 

comparisons. All other data were analyzed with a One-Way ANOVA with Dunnett’s correction 

for multiple comparisons. 

 
Data availability statement 
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Sequencing files of the viruses constructed in the current study are available from the 

corresponding author on reasonable request. All remaining data generated or analyzed during 

this study are included in this published article (and its supplementary information files). 
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Abstract 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infects humans and animals 

and is therefore a pathogen of grave concern within a One Health framework. Identifying 

animal-adaptive mutations is critical to preserving One Health, as these mutations could also lead 

mailto:weger@vt.edu
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to the persistence of SARS-CoV-2 in animal reservoirs with continual spillover to humans. 

Therefore, we sought to pair experimental evolution and epidemiological data to identify 

putative human- and animal-adaptive viral residues and determine their impact on replication-

competent SARS-CoV-2 in both human and animal cells. We passaged SARS-CoV-2 in cells 

expressing human, dog, cat, mink, and white-tailed deer ACE2 and sequenced the passaged 

populations. In addition, we searched SARS-CoV-2 sequences for mutations following patterns 

of convergent evolution that were common to both human and animal-derived SARS-CoV-2 

sequences. We identified the epidemiologically relevant Spike A222V mutation from our 

passaging experiment in cells expressing cat ACE2, a mutation that has also arisen independently 

across eight lineages of SARS-CoV-2 from human- and animal-derived sequences. To assess its 

impact on replication in human and animals cells, we constructed SARS-CoV-2 Spike A222V in 

the Wuhan-Hu-1 backbone with Spike D614G; this virus replicated similarly to the WT SARS-

CoV-2 in human lung epithelial cells. In contrast, SARS-CoV-2 Spike A222V demonstrated an 

advantage in replication in primary deer lung cells, which was not mediated by the deer ACE2 

receptor. Infection via the human, dog, cat, and mink ACE2 receptor resulted in reduced 

replication of SARS-CoV-2 Spike A222V. Our experiments identified Spike A222V as a 

putatively deer-adaptive mutation. Future studies should assess Spike A222V’s relevance to 

transmission within deer and to other animal species in contact with deer. 

 

Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of 

coronavirus disease 2019 (COVID-19), remains a public health concern five years after the start 

of the pandemic. Cases of COVID-19 mortality in the United States in 2024 exceeded 47,000, 

and, as of February 2025, cumulative deaths in the United States since the beginning of the 
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pandemic exceed 1.22 million1. Morbidity is not restricted to humans, as SARS-CoV-2 infects 

and causes disease in a variety of animals2. A total of 775 outbreaks have been reported in 

animals to date3 with at least 2,000 animal-derived SARS-CoV-2 genomes sequenced4. A notable 

outbreak of SARS-CoV-2 in animals occurred in 2020 on mink farms in Denmark and the 

Netherlands. Detection of SARS-CoV-2 in mink was facilitated by observed respiratory 

symptoms in mink5, and ultimately led to the culling of large numbers of farmed mink6. COVID-

19 symptoms have been reported in other species like domesticated cats7, lions8, tigers9, and 

hamsters10, including neurodegenerative pathology in canines11. Spillback from animals to humans 

has been reported for mink12, deer13, and hamsters14; thus SARS-CoV-2 presents serious “One 

Health” implications. 

The broad species tropism of SARS-CoV-2 is attributed primarily to the ability of SARS-

CoV-2 to use receptors from multiple species, notably angiotensin-converting enzyme 2 (ACE2). 

Documented ACE2 usage has been reported for SARS-CoV-2 for various species: rhesus 

macaques, Mexican free-tailed bats, Chinese horseshoe bats, palm civets, raccoon dogs, ferret 

badgers, hog badgers, white-tailed deer, mule deer, elk, dogs, cats, mink, rabbit, and pangolins15–

18. SARS-CoV-2 variants harboring Spike N501Y, including B.1.1.7, B.1.351, P.1, and P.3, also 

have an ability to infect cells via mouse and rat ACE219. 

 Infection of cells is mediated by the interaction of the viral Spike glycoprotein and 

ACE2 on cells. Spike, which is exposed on the surface of the virion and composed of S1 and S2 

subunits20, binds to ACE2 via the receptor binding motif within the receptor binding domain of 

the S1 subunit. Cleavage by host proteases transmembrane serine protease 2 (TMPRSS2) or 

cathepsins potentiates Spike rearrangement and fusion of the viral and host membranes either in 
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the endosome or at low pH, at the surface of the cell21. The positive-sense viral RNA is released 

into the cell to initiate translation of the viral genome and subsequent replication. 

Replication in animals has been well-characterized for cats: SARS-CoV-2 replicates in 

the lungs, upper respiratory tract, soft palates, tonsils, distal trachea, tracheobronchial lymph 

node, small intestines, and kidneys22,23. Shedding of virus in respiratory droplets leads to 

transmission between cats23. SARS-CoV-2 is also transmitted between white-tailed deer17,24. In 

experimental infections of deer, viral RNA has been detected in the nose, mouth, rectum, tonsils, 

lymphs nodes, spleen, liver, kidney, bone marrow, stomach, ileocecal junction, olfactory bulb, 

heart, brain, CSF, and large and small intestine. Infectious virus was detected in the trachea, 

bronchi, nasal wash, and bronchoalveolar lavage fluid24. 

Several animals susceptible to SARS-CoV-2 and to intra-species transmission frequently 

interact with humans. Studies suggesting that the frequency of SARS-CoV-2 spillover from 

humans to deer was previously underestimated after examining phylogenetic relationships 

between human- and deer-derived SARS-CoV-2 sequences25, highlighting the inherent risk of 

transmission in both directions across the animal-human interface. Mutations in receptor binding 

proteins often mediate host tropism and can be responsible for increased transmission26–29. In fact, 

several mutations in Spike have facilitated increased adaptation to mink30, and there is some 

evidence for adaptation to deer with a mutation in the ORF3a gene25. Therefore, we sought to 

identify mutations that adapt SARS-CoV-2 to animals, as these could lead to the persistence of 

SARS-CoV-2 in animal populations. We serially passaged SARS-CoV-2 in cells expressing dog, 

cat, mink, and white-tailed deer ACE2 and searched for mutations congruent with 

epidemiologically relevant residues. We identified Spike A222V, which arose in cells expressing 

cat ACE2, and is a recurrent mutation across eight independent SARS-CoV-2 lineages in human-
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derived sequences and occurs in animal sequences. Since Spike A222V is also present in animal-

derived SARS-CoV-2 sequences, we hypothesized Spike A222V could be both human and 

animal adaptive. Thus, we sought to determine the impact of Spike A222V on replication of 

SARS-CoV-2 in a relevant human cell line and primary deer lung cells, and infection via the 

ACE2 receptor of various relevant animal species. 

 

Materials and Methods 

Phylogeny 

The phylogenetic tree of SARS-CoV-2 sequences was built by NextStrain31. The nCoV dataset 

from GISAID on the NextStrain app was accessed on June 19, 2024. The interactive display was 

used to highlight the amino acid identity at Spike 222 in approximately 4000 global sequences 

with dates from December 2019 to June 2024. 4000 sequences were selectively displayed by 

NextStrain for maximum build performance and legibility in the app with automatic, 

representative subsampling. Wuhan-Hu-1/201 is used as a reference for site numbering, and the 

tree is rooted using early sequences from Wuhan. An assumed rate of 8×10-4 nucleotide 

substitutions per site per year was used. 

 
Variant analysis from SARS-CoV-2 sequences 

Complete SARS-CoV-2 genomes from multiple hosts (including human, dog, cat, mink, and 

deer) were downloaded from the GISAID EpiCov database (www.gisaid.org) as of June 20, 

2024. Genomes with low coverage (defined as having more than 5% ambiguous bases, N’s) were 

excluded from the dataset. Additionally, 80 SARS-CoV-2 genomes from deer, made publicly 

available by McBride et al.25, were obtained from GenBank for inclusion in the analysis. All 

sequences were aligned to SARS-CoV2 reference (NCBI Reference Sequence/NC_045512.2) 
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using Minimap232 with default settings except for the use of the parameter ‘-ax asm5’. Sequences 

with aligned lengths less than 20,000 base pairs were excluded from the analysis to ensure 

adequate coverage for variant calling. Variant extraction was performed using the ‘mpileup’ 

command in Samtools33. 

 
Cell lines and plasmids 

Baby hamster kidney cells (BHK-21 [C-13]) and human lung epithelial cells (Calu-3 HTB-55) 

were acquired from ATCC. African green monkey kidney epithelial cells expressing TMPRSS2 

and human ACE2 (Vero E6-TMPRSS2-T2A-hACE2; NR-54970) were acquired from BEI 

Resources. White-tailed deer primary lung cells were provided by the USDA. All cells were 

grown in carbon dioxide (5%) incubator at 37 °C with a humidified atmosphere. Primary deer 

lung cells were grown in Medium 199 (Gibco 12-340-030) with 10% Fetal Bovine Serum. All 

other cells were grown in Dulbecco’s modified Eagle medium (DMEM; Corning™ 10013CV) 

supplemented with gentamicin sulfate (0.1%), non-essential amino acids (1X), HEPES (25 mM), 

and either 5% (Vero E6-TMPRSS2-T2A-hACE2 and BHK-21) or 20% (Calu-3) fetal bovine 

serum. Vero E6-TMPRSS2-T2A-hACE2 also required the addition of 0.01 mg/mL puromycin. 

Expression plasmids encoding the human (pGL113), dog (pGL114), cat (pGL116), mink 

(pGL271), or white-tailed deer ACE2 (pGL369) sequence were shared by B. Zhou and G. 

Larson at the CDC. 

 

Passaging experiments and sequencing 

BHK-21 cells were transfected with 0.5 ug of either pUC19 or pGL113 (human), pGL114 (dog), 

pGL116 (cat), pGL271 (mink), or pGL369 (white-tailed deer) expression plasmids for ACE2. 

Cells were infected in quadruplicate at a MOI of 0.01 24h later with SARS-CoV-2 Wuhan-Hu-1 

https://paperpile.com/c/dOnVsl/qrHDi
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(GenBank accession NC_045512.2) bearing the Spike D614G mutation generated from an 

infectious clone detailed below. Supernatants were harvested from each replicate at peak titer 

and quantified by plaque assay on Vero E6 hACE2-TMPRSS2 cells. Supernatants were passaged 

independently for a total of ten passages. RNA was extracted on the unpassaged virus and from 

passage 5 and 10 viruses using the Zymo Research Quick-RNA Viral kit (R1035). Library 

preparation was performed using an Illumina COVIDseq assay kit with ARTIC V3 primers. 

Paired-end 2x150bp sequencing was performed on the Illumina HiSeq platform. Sequencing files 

were trimmed with bbduk to remove low quality reads and ARTIC primer sequences.  

 

Generation of live SARS-CoV-2 mutants 

Mutant viruses were generated using a full-length infectious cDNA clone of the Wuhan-Hu-1 

strain of SARS-CoV-2 (GenBank accession no. NC_045512.2). Mutagenic PCRs were 

performed to generate overlapping PCR fragments from the clone using Invitrogen Platinum 

SuperFi II PCR master mix (12368010) or Quantabio repliQa HiFi ToughMix (95200-025). PCR 

fragments were digested to cut residual PCR template and gel purified using the Machery-Nagel 

nucleospin gel and PCR clean-up kit (740609.250). Purified fragments were assembled using the 

OriCiro Genomics 2X RA master mix. Unassembled product was digested, and the assembled 

plasmid containing the OriC cassette was amplified by replication cycle reaction using the 

OriCiro Genomics 10X RE mix. Virus was rescued in a BSL-3 laboratory by DNA transfection 

of BHK-21 cells using a 1:1 mix of amplified replication cycle reaction product and pUC19 with 

the Polyplus jetOPTIMUS DNA transfection reagent (101000051). At two and three days post-

transfection, supernatant was blind passaged on Vero E6-TMPRSS2-T2A-ACE2 cells, and virus 

was harvested at 25% CPE. Viral genomic sequences were validated by preparing libraries with 
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IDT Artic V4.1 NCOV-2019 Panel (10011442) and were sequenced using Genewiz NGS 

Amplicon-EZ services with 2x250bp reads. 

 
Growth curves and infections with transient ACE2 expression 

All live virus manipulation was performed at BSL-3. Human lung epithelial cells (Calu-3) and 

baby hamster kidney cells (BHK-21) were infected at 80% confluency with a MOI of 0.1. White-

tailed deer primary lung cells were infected at a MOI of 1. All cells were infected with either 

SARS-CoV-2 Wuhan-Hu-1 with the Spike D614G mutation (wild-type) or SARS-CoV-2 Spike 

A222V-D614G diluted in Roswell Park Memorial Institute 1640 (RPMI-1640) medium 

supplemented with fetal bovine serum (2%) and HEPES (10 mM). Supernatant was harvested 

every 24 h post-infection and titered by plaque assays on Vero E6-TMPRSS2-T2A-hACE2 

cells.  

Titration of infectious virus 

Infectious virus was quantified by plaque assay by infecting 90% confluent monolayers of Vero 

E6-TMPRSS2-T2A-hACE2 with serial dilutions of virus made in RPMI-1640 medium 

supplemented with fetal bovine serum (2%) and HEPES (10 mM). Adsorption was performed for 

1h at 37 °C. Following adsorption, a 1:1 mixture of 2X media (2X EMEM, 4X L-glutamine, 

0.735% sodium bicarbonate, 0.2 mg/mL gentamicin sulfate, 4% FBS, 20 mM HEPES) and 3% 

methylcellulose was added to the cells. Cells were fixed after three days of infection using a 10% 

buffered formalin solution. Cells were stained with a 0.1% crystal violet solution containing 20% 

ethanol to visualize plaques. 
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Results 

Passaging of SARS-CoV-2 in cells expressing animal ACE2 results in minimal high 

frequency Spike mutations 

SARS-CoV-2 is described as a generalist virus34 because of its ability to use several species as 

hosts35,36. Despite this generalist nature, several animal-adaptive mutations have been identified30, 

raising concerns about how these changes may affect the transmission dynamics, virulence, and 

immune evasion of SARS-CoV-2. In addition, the evolutionary rates of SARS-CoV-2 are 

elevated in animals like farmed mink37, white-tailed deer25, and cats38, suggesting animal-adaptive 

mutations could arise in these animals and lead to the establishment of new animal reservoirs. To 

determine whether animal-adaptive mutations would arise after repeated exposure to animal 

ACE2, we serially passaged SARS-CoV-2 in a cell culture model of transient animal-ACE2 

expression. Baby hamster kidney cells (BHK-21), a permissive but non-susceptible cell line 

(Supplementary Figure 1), transiently expressing either dog, cat, mink, deer, or human ACE2 

were infected with the Wuhan-Hu-1 strain of SARS-CoV-2 bearing the Spike D614G, a likely 

human-adaptive mutation present in nearly all sequences after late 202039. We performed 10 

passages at a MOI of 0.01 and sequenced the input virus and the populations following 5 (p5) 

and 10 (p10) passages (Figure 1A).  

We observed consensus-level, non-synonymous mutations within ORF1a, ORF1b, Spike, 

ORF3a, ORF7a, and Nucleocapsid of the passaged populations in all ACE2 environments 

(Figure 1B-F); however, we only discuss those found in Spike given the well-characterized 

interaction between Spike and ACE2. All mutations, including those outside of Spike, are 

detailed in supplementary file 1. Spike R685H was observed at p10 in one replicate (1/2) of cells 

expressing human ACE2 and in p5 and p10 for one replicate (1/4) of cells expressing cat ACE2 

in addition to mink ACE2 (1/4) (Figure 1B, 1D, and 1E). Spike R682Q arose in both p5 and 

https://paperpile.com/c/dOnVsl/dkZzt
https://paperpile.com/c/dOnVsl/WALdV+E8LIi
https://paperpile.com/c/dOnVsl/M4kci
https://paperpile.com/c/dOnVsl/tzMKI
https://paperpile.com/c/dOnVsl/kDiXn
https://paperpile.com/c/dOnVsl/kVjjw
https://paperpile.com/c/dOnVsl/1IRhL
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p10 for all replicates of dog ACE2 (4/4), three of cat ACE2 (3/4), three of mink ACE2 (3/4), and 

all of deer ACE2 (4/4) but not human ACE2 (0/2) (Figure 1B-F). Previous studies have shown 

Spike R682Q and R685H arise during passaging in TMPRSS2-deficient Vero cells40,41, and, 

consequently, are likely adaptations towards the BHK-21 cells we used. Spike S943N arose at 

both p5 and p10 in one replicate (1/4) of cells expressing dog ACE2, three replicates (3/4) of 

cells expressing cat ACE2, one replicate (1/4) of cells expressing mink ACE2, and two replicates 

(2/4) of cells expressing deer ACE2 but not in cells expressing human ACE2 (Figure 1B-F). 

Finally, Spike A222V, which lies in the receptor binding domain (RBD), arose in both p5 and 

p10 in one replicate (1/4) of cells expressing cat ACE2 (Figure 1D). This mutation was 

characteristic of the 20E (EU1) variant and later the Delta subvariant AY.4.242. Given that Spike 

A222V and Spike S943N arose in both p5 and p10 of cells expressing animal ACE2, we posited 

these mutations may confer an adaptive advantage for SARS-CoV-2 through infection via animal 

ACE2. 

 

https://paperpile.com/c/dOnVsl/NW2ne+zMbT9
https://paperpile.com/c/dOnVsl/PExOM
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Figure 1. Mutations in SARS-CoV-2 following passaging in cells expressing animal ACE2. 

The Wuhan-Hu-1 strain of SARS-CoV-2 with the Spike D614G mutation was passaged ten 
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times at a MOI of 0.01 in BHK-21 cells expressing either human, dog, cat, mink, or white-tailed 

deer ACE2 receptor. All passaging was performed in four replicates, except for human ACE2, 

which had two replicates. Passaged populations were sequenced via next generation sequencing, 

and mutations are reported across the length of the genome. Variants were called with a p-value 

threshold of 0.01 after Bonferroni correction, and only those which exceeded 0.5 variant 

frequency are shown. A. Schematic of passaging experiment. B-F: SARS-CoV-2 mutations after 

ten passages in BHK-21 cells expressing human (B), dog (C), cat (D), mink (E), or white-tailed 

deer (F) ACE2. 

 
Prevalence of mutations from passaging experiments in SARS-CoV-2 sequences from 

humans and animals across phylogeny and time 

Animal-adaptive SARS-CoV-2 mutations have been associated with outbreaks and 

mortality in farmed animals and have spilled back to humans, thus classifying such mutations as 

critical One Health threats. To identify animal-adaptive mutations in SARS-CoV-2 that 

constitute important targets in a One Health framework, we searched for Spike mutations A222V 

and S943N identified from our passaging experiments among other human and animal-derived 

SARS-CoV-2 sequences. While Spike S943N arose in 7 passaging replicates, this mutation was 

not detected in any circulating SARS-CoV-2 sequences and thus is likely not relevant to 

infection of a natural host. In contrast, Spike A222V was a recurring mutation in human-derived 

SARS-CoV-2 sequences from distinct clades as previously reported42 (Figure 2A). The natural 

reoccurrence of Spike A222V in human-derived SARS-CoV-2 sequences marked its relevance to 

public health, and as such, we investigated this mutation further to determine why it may recur. 

Spike A222V is a mutation in the N-terminal domain of SARS-CoV-2 that shows signals of 

positive selection and was associated with both the 20EU and Delta variants42. Spike A222V is 

https://paperpile.com/c/dOnVsl/PExOM
https://paperpile.com/c/dOnVsl/PExOM
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detected sporadically and to very low frequencies in more recent lineages, some of which include 

Omicon (21M), JN.1, XBB.2.3, and EG.5. (Figure 2A). We detected Spike A222V in 642,857 of 

16,192,873 (3.97%) human-derived SARS-CoV-2 sequences from GISAID (Figure 2B). We 

next asked whether dog, cat, mink, or white-tailed deer SARS-CoV-2 sequences also harbor 

Spike A222V since these animals closely interact with humans and support SARS-CoV-2 

transmission12,25,43,44. Spike A222V is present in 6.5% (8/123) of dog-derived sequences, 7.69% 

(13/169) of cat-derived sequences, 13.19% (178/1,349) of mink-derived sequences, and 0.68% 

(4/588) of white-tailed deer-derived sequences (Figure 2C-F). Based on the presence of Spike 

A222V in these sequences, we hypothesized Spike A222V could be adaptive across a wide range 

of species, including humans.  

https://paperpile.com/c/dOnVsl/TWgQN+5skxm+RSi40+kDiXn
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Figure 2. Spike A222V reoccurs in human and animal sequences across time and clade. A. 

Phylogenetic tree of SARS-CoV-2 sequences from all hosts on GISAID. Phylogeny represents 

~4,000 genomes selected by NextStrain. The amino acid identity Spike V222 is highlighted in 

the tree (yellow). Clades are annotated according to sequences containing Spike V222. B-F. 

Frequency of the Spike A222V mutation in SARS-CoV-2 sequences found in different hosts 
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over time. Frequencies are shown for humans (B), dog (C), cat (D), mink (E), and white-tailed 

deer (F). The blue bars represent the number of samples collected in each month. The red dots 

indicate the percentage of samples with the A222V mutation in a given month. The percentage 

within parentheses following the name of each host for each panel (e.g., Human (3.97%)) 

denotes the overall frequency of the A222V mutation observed in that host. 

 
SARS-CoV-2 Spike A222V replicates to higher levels in primary deer lung epithelial cells 

but has no effect on replication in human lung epithelial cells 

Due to the prevalence of Spike A222V in both human and animal-derived SARS-CoV-2 

sequences, we first asked whether Spike A222V confers an advantage for SARS-CoV-2 during 

replication in human cells. Previous biochemical studies examining the binding affinities of 

Spike A222V-D614G and Spike D614G to human ACE2 (hACE2) determined that Spike 

A222V-D614G binds to hACE2 with a higher affinity42, suggesting this mutation could provide 

an advantage during entry into human cells. To determine if there are differences in replication 

kinetics of SARS-CoV-2 bearing Spike A222V in human cells, we constructed a live, Spike 

A222V virus in the Wuhan-Hu-1 background with Spike D614G. We infected human lung 

epithelial cells (Calu-3) with SARS-CoV-2 Spike D614G and Spike A222V-D614G at a MOI of 

0.1. Notably, SARS-CoV-2 Spike A222V-D614G did not replicate differently to SARS-CoV-2 

Spike D614G alone (Figure 3A). 

While Spike A222V has a neutral effect on the replication of SARS-CoV-2 in human 

lung cells, we sought to test the hypothesis that Spike A222V is animal-adaptive. While we 

could not obtain primary cat, dog, or mink cells to infect with SARS-CoV-2 despite the higher 

frequency of Spike A222V in SARS-CoV-2 sequences from these host species, we instead 

infected primary deer cells. Deer are a highly relevant species given their ability to transmit 

https://paperpile.com/c/dOnVsl/PExOM
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SARS-CoV-2 to other deer in nature with potential spillover to humans13, and they show 

evidence of evolution of SARS-CoV-225 and constitute an important One Health host for their 

interaction with many species, including humans. We posited evolution of SARS-CoV-2 in deer 

and their maintenance of the virus could be likely and thus sought to test whether Spike A222V 

could increase SARS-CoV-2 replication in primary deer cells if it were to arise de novo in deer 

or spillover from other species. We infected white-tailed deer primary lung cells with SARS-

CoV-2 Spike A222V-D614G and Spike D614G at a MOI of 1. SARS-CoV-2 Spike A222V-

D614G replicated to significantly higher titers earlier than Spike D614G (Figure 3B). Thus, 

Spike A222V increases fitness of SARS-CoV-2 in primary deer lung epithelial cells. 

https://paperpile.com/c/dOnVsl/fh09Q
https://paperpile.com/c/dOnVsl/kDiXn
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Figure 3. Replication of SARS-CoV-2 Spike A222V in human and deer lung cells. A. 

Replication of SARS-CoV-2 Spike A222V-D614G in human lung epithelial cells (Calu-3). Cells 

were infected with a MOI of 0.1, and supernatant was collected each day post infection. 

Infectious virus was titrated on VeroE6-human ACE2-TMPRSS2 cells. Means represent the 

average of 6 technical replicates performed in 2 independent biological replicates. B. Replication 

of SARS-CoV-2 Spike A222V-D614G in white-tailed deer primary lung cells. Cells were 

infected with a MOI of 1, and supernatant was collected each day post infection. Infectious virus 

was titrated on VeroE6-hACE2-TMPRSS2 cells. Means represent the average of 6 technical 

replicates. Growth curve data (panels A and B) are representative of two independent biological 

replicates. Statistical comparisons were made using multiple unpaired t-tests with Welch 

correction and Holm-Šídák’s correction for multiple comparisons where α=0.05. Error bars 

represent standard deviation. L.O.D.=limit of detection. 

 
Spike A222V does not enhance SARS-CoV-2 replication in deer cells via the ACE2 

receptor 

Since Spike A222V is near the receptor binding domain of Spike, we hypothesized that 

increased replication in deer cells was mediated by increased entry via deer ACE2. To test this, 

we inoculated cells transiently expressing different animal ACE2 receptors with either SARS-

CoV-2 Spike A222V-D614G or Spike D614G at a MOI of 0.1. Spike A222V-D614G displayed 

reduced titers compared to Spike D614G in BHK-21 cells expressing deer ACE2 (Figure 4A). 

Replication was also diminished via human, dog, cat, and mink ACE2 (Figure 4B-E) at one day 

post infection. Replication of SARS-CoV-2 Spike A222V-D614G returned to titers similar to 

Spike D614G by two days post infection in all cells. These data suggest SARS-CoV-2 

replication is attenuated by Spike A222V at the step of entry, though only when entry occurs via 
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ACE2. In combination with the positive impact on replication in primary deer lung cells, these 

data reveal the complex role Spike A222V plays in entry via ACE2-dependent and independent 

host factors. 

 

Figure 4. Replicative fitness of Spike mutants with cells expressing deer, human, dog, cat, 

and mink ACE2. A-E. Replication of SARS-CoV-2 Spike A222V-D614G in BHK-21 cells 

expressing animal ACE2 receptors. BHK-21 cells were transfected with expression constructs 

for deer (A), human (B) dog (C), cat (D), or mink (E) ACE2. Cells were infected 24h later at a 
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MOI of 0.1, and supernatant was collected each day post infection. Infectious virus was titrated 

on VeroE6-human ACE2-TMPRSS2 cells. Data comprise two independent biological replicates, 

and means represent the average of 6 technical replicates. Statistical comparisons were made 

using multiple unpaired t-tests with Welch correction and Holm-Šídák’s correction for multiple 

comparisons where α=0.05. Bars represent the standard deviation of the mean. L.O.D.= limit of 

detection. 

 

Discussion 

SARS-CoV-2 mutations that confer replication advantages in animals have resulted in 

large animal outbreaks resulting in animal mortality5, economic losses to farming industries45, and 

spillover events to humans12. With an aim to identify key animal-adaptive mutations, we 

experimentally evolved SARS-CoV-2 in the presence of cells expressing animal ACE2. We 

identified a mutation, Spike A222V, from the passaging experiment that recurred in human-

derived sequences and was also present in dog, cat, mink, and deer-derived SARS-CoV-2 

sequences. We assessed the replicative fitness of Spike A222V in the Wuhan-Hu-1 background 

with Spike D614G and determined it replicates to higher levels in primary deer lung epithelial 

cells. 

The Spike A222V mutation in SARS-CoV-2 recurred in at least eight different lineages 

of human-derived SARS-CoV-2 sequences and was present in animal sequences. Biochemical 

and structural simulations have characterized the effect of the Spike A222V mutation on Spike 

stability and potential human ACE2 receptor binding42, but our study is the first to examine the 

effect of Spike A222V on replication of authentic SARS-CoV-2 in vitro and to test replication in 

human and animal cells. Based on an increase in affinity of Spike A222V for human ACE242, we 

hypothesized Spike A222V would increase the replication of SARS-CoV-2 in human cells via 

https://paperpile.com/c/dOnVsl/mGXRv
https://paperpile.com/c/dOnVsl/zGzWK
https://paperpile.com/c/dOnVsl/RSi40
https://paperpile.com/c/dOnVsl/PExOM
https://paperpile.com/c/dOnVsl/PExOM
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enhancing interaction with the ACE2 receptor. We infected cells transiently expressing human 

ACE2 that were otherwise not susceptible to infection and surprisingly observed decreased 

replication of the mutant bearing Spike A222V. Furthermore, we found no difference in the 

replication of Spike A222V-D614G and Spike D614G viruses in the Wuhan-Hu-1 background in 

human lung epithelial cells (Calu-3). Since Spike A222V first arose in the 20E (EU1) variant 

background and not the Wuhan strain that we use here, it is possible that other mutations 

characteristic of the 20E (EU1) variant (ORF10 V30L, N A220V and ORF14 L67F) work 

synergistically with Spike A222V. The importance of epistatic interactions with Spike A222V 

has been demonstrated by others and could explain the recurring nature of Spike A222V in 

human-derived SARS-CoV-2 sequences where the mutation enhances the fitness of the virus 

only in certain backgrounds. Spike A222V also negatively impacted replication in cells 

expressing cat ACE2, though this mutation arose in this same environment during 

passaging.  Since our passaging experiments did not impose a significant bottleneck on the viral 

populations (1 virus particle per 100 cells), it is most likely that Spike A222V confers an 

advantage in replication via cat ACE2 only in the context of the other Spike mutations we 

identified: R682Q and S943N. While we did not construct and examine a mutant bearing all of 

these Spike mutations, we can speculate that these may have been required for Spike A222V to 

arise to such a high frequency. While we did not determine that Spike A222V enhances the 

fitness of SARS-CoV-2 in cells that express human or cat ACE2, this may not be true with other 

variant backgrounds. Future studies should examine this interplay of mutations in vitro.  

SARS-CoV-2 is classified as a generalist virus that has seldom evolved by positive 

selection in animals. Instead, the majority of deterministic processes of evolution have been 

caused by purifying selection and stochastic processes25,46. However, a few instances of adaptation 

https://paperpile.com/c/dOnVsl/kDiXn+FHe9k
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to animals via positive selection have been documented. The cluster 5 variant of SARS-CoV-2, 

which caused an outbreak on mink farms in 2020, harbored the Spike Y453F mutation that 

enhanced interaction of Spike with mink ACE216. Experimental infection of ferrets with SARS-

CoV-2 also resulted in mutation to Spike 453F and Spike 501T which were associated with 

increased viral shedding in ferrets30. Spike F485L, which is has arisen multiple times in mink-

derived SARS-CoV-2 sequences, adapts Spike to enhanced entry via ferret ACE230. At least 58 

sites under positive selection have been detected in SARS-CoV-2 from spillover events from 

humans to deer13, and Spike H655Y was rapidly fixed in experimental inoculation of cats46 though 

none of these mutations have been validated experimentally. In the present study, we identified a 

mutation in Spike at amino acid 222 that is a putative deer-adaptive mutation. While less than 

one percent of deer-derived SARS-CoV-2 sequences harbor this mutation, it is possible that the 

mutation is underrepresented as no deer sequences were available beyond the beginning of 2022. 

Live transmission studies in deer could elucidate whether this mutation arises de novo and 

whether it impacts deer-to-deer transmission or pathogenesis. 

Spike A222V was represented at the highest frequency in mink-derived sequences (13%), 

but, surprisingly, showed decreased replication in cells expressing mink ACE2. We saw a similar 

result with human, dog, cat, and deer ACE2. Spike A222V attenuated SARS-CoV-2 replication 

via deer ACE2, yet in primary lung cells from white-tailed deer, replicative fitness of SARS-

CoV-2 was enhanced by Spike A222V. A similar result was obtained in Calu-3 cells, where the 

Spike A222V showed equivalent replication to the WT virus but in BHK-21 cells expressing 

human ACE2 the mutant was attenuated. This suggests that other entry or attachment factors 

present on primary deer lung cells or Calu-3 cells could be interacting differentially with Spike 

V222 compared to Spike A222. TMPRSS2 is highly expressed in Calu-3 cells47 and is known to 

https://paperpile.com/c/dOnVsl/ZCu7Q
https://paperpile.com/c/dOnVsl/M4kci
https://paperpile.com/c/dOnVsl/M4kci
https://paperpile.com/c/dOnVsl/fh09Q
https://paperpile.com/c/dOnVsl/FHe9k
https://paperpile.com/c/dOnVsl/cHzmU
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increase the infectivity of SARS-CoV-248. While studies have not validated biochemically 

whether BHK-21 cells express this protease, the lungs of white-tailed deer express TMPRSS249. 

The presence or absence of TMPRSS2 and differential dependence of Spike on TMPRSS2 could 

be responsible for altering the replication of the Spike A222V mutant in Calu-3 and deer lung 

cells versus BHK-21 cells expressing the ACE2 receptor. It would be useful to determine if 

Spike A222V has a positive impact on replication and which host factors are responsible for this 

in other susceptible animal cell lines, tissues, or during live transmission studies since we were 

limited by cell availability and animals for transmission experiments.  

Our approach of serial passaging identified Spike A222V as a naturally recurring 

mutation that enhances replication in deer lung cells. While further examination of the infection, 

pathogenicity, and transmissibility of SARS-CoV-2 bearing Spike A222V to and between deer 

should be performed, surveillance efforts in animals should continue to monitor for this mutation 

and other putatively animal-adaptive mutations which could be under positive selection. 
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Supplementary Figures 

 

Supplementary Figure 1. Growth curve of SARS-CoV-2 Spike D614G in BHK-21 cells 

expressing dog, cat, mink, deer, or human ACE2. BHK-21 cells were transfected with expression 

constructs for human, dog, cat, mink, or deer ACE2 with pUC19 as a control. Cells were infected 

at a MOI of 0.1, and supernatant was harvested every 24h and titered by plaque assay. Data 

represent four technical replicates. L.O.D.=limit of detection. 
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Chapter 5: Conclusion 

Emerging RNA viruses like Mayaro virus (MAYV) and severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) have caused outbreaks ranging in magnitude from over 

701 to 778 million cases2, respectively. SARS-CoV-2 is still a public health issue in 2025, as is 

MAYV with the most recent cases associated with travel to Suriname in 20243. Progress toward 

generating more effective vaccines against COVID-19 has been made with recent advancements 

that generate mucosal immunity at the initial site of replication of SARS-CoV-2, potentially 

blocking infection and transmission4,5. Yet, apart from these vaccines approved for regional use in 

China and India that have the potential to block transmission, those in wide distribution do not 

prevent the transmission of SARS-CoV-24. Additionally, since immune escape is always a 

concern, a more effective vaccine strategy is required to diminish transmission even further. 

Even if herd immunity were achieved via vaccine-induced and/or natural immunity, without a 

way to extinguish transmission between animal reservoirs and humans, SARS-CoV-2 would 

continue to cause human cases of disease after potential evolution in animal reservoirs, resulting 

in potentially more transmissible or virulent phenotypes. Methods of combating human-to-

human transmission will be an important One Health strategy going forward. 

As for the future prevalence of MAYV, this virus is likely to cause more frequent, larger 

outbreaks due to factors such as climate change, increased travel and trade, urbanization, and 

deforestation that all impact the overlap of the vector and human host. A recent survey indicates 

that Aedes aegypti are increasingly more common in rural communities along Amazon river 

trading routes, with some rural villages showing higher proportions of housing with Aedes 

aegypti than those of nearby cities6. This finding suggests that emerging arboviruses such as 

MAYV may bypass intermediate transmission cycles and instead emerge directly into an urban 

cycle involving Aedes aegypti localized around rural Amazonian communities. As MAYV is 
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likely vertically transmitted in Aedes aegypti7, the spread of infected eggs along trading routes 

into more urban areas could seed larger outbreaks. Should adaptive evolution of MAYV occur 

either toward the human or urban vector, the consequences could be serious and match outbreaks 

at scales comparable to the closely related CHIKV. Celone et al. has estimated 58.9 million 

people in Central and South America are at risk of acquiring MAYV infection based on models 

of the potential distribution of the virus8. Strategies that mitigate MAYV transmission at the 

interface between sylvatic and urban cycles will become increasingly more important as the 

ecology of the virus changes since there is an increased trend in MAYV cases in Amazonian 

regions9. 

The experiments comprising this dissertation have defined single mutations in MAYV 

and SARS-CoV-2 genomes that enhance infection or virus spread within hosts, increasing their 

fitness and potential for transmission. For MAYV, a mutation in the structural gene E2, T179N, 

was identified from passaging the virus in Aedes aegypti cells and enhances transmission 

efficiency in the urban vector Aedes aegypti yet must overcome an initial infection barrier. For 

SARS-CoV-2, the acquisition of the Spike H519 mutation in the history of SARS-CoV-2 

evolution increased virus entry and replication in human lung cells through increased binding to 

the cellular receptor ACE2. In addition, a recurring mutation in sequences of SARS-CoV-2 from 

humans that also occurs in animal sequences, Spike A222V, does not increase replication of the 

virus in human lung cells but rather in primary deer lung cells. The mechanism by which this 

occurs is not through ACE2 but likely other attachment factors on deer cells. The conclusion 

from these findings is that one non-synonymous mutation in a viral protein can have a significant 

effect on the replication of viruses in host cells, though sometimes at the cost of fitness in 

another host. This finding is consistent with numerous other studies that support the so-called 
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“trade-off hypothesis”. For example, passaging Venezuelan equine encephalitis virus (VEEV) in 

mosquitoes alone generates a virus with higher fitness only in the mosquito host. Similarly, 

passaging VEEV in rodents generates a virus that is fitter in rodents alone. The mutations 

acquired by VEEV during these passaging experiments were not evaluated systematically but are 

presumed responsible for these increased fitness effects of the passaged viruses in a vertebrate or 

mosquito host alone10. However, the trade-off hypothesis is not always supported, as is the case 

with the E1-A226V mutation in CHIKV. E1-A226V increases the infectivity of CHIKV to Aedes 

albopictus and transmission by Aedes albopictus to suckling mice. This increase in fitness in the 

mosquito did not change the fitness in the mouse since an equal mixture of WT CHIKV and 

CHIKV E1-A226V inoculated into suckling mice did not result in a change in the ratio of 

CHIKV E1-226V to WT CHIKV in the blood11. Therefore, the trade-off hypothesis is not always 

supported and should be tested carefully before assumptions are made about the fitness of a 

mutant virus in another host, which can have implications on transmission cycles. We did not 

evaluate the effect of Spike H519N on SARS-CoV-2 replication in bat cells due to limitations in 

acquiring these specimens. However, given the bottlenecks involved in transmission from host to 

host12, it is likely the Spike H519N mutation would have had at least a neutral impact on the 

fitness of the SARS-CoV-2 progenitor in bats or an intermediate host in order to be present in the 

viral population encountering a susceptible human host. Future experiments should test this 

hypothesis to determine whether human-adaptive mutations in SARS-CoV-2 are broadly 

beneficial across host species. 

Single mutations can have dramatic impacts on the fitness of emerging RNA viruses, but 

the likelihood of beneficial mutations arising in the population of viruses transmitted to the next 

host is rare. Most mutations generated by RNA viruses are deleterious13,14. In addition to this, 
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population bottlenecks during spread in the host can reduce viral fitness significantly. 

Arboviruses encounter a severe bottleneck upon infection of the mosquito midgut. As few as 28 

midgut epithelial cells are infected15, and for some virus-vector pairings, an estimate of 5 virions 

is known to found the population of viruses entering the midgut epithelium16. Considering the 

non-natural mutation identified from our MAYV passaging experiments, the likelihood of E2-

T179N arising during a transmission cycle is minimal without the acquisition of additional 

mutations with positive epistatic effects. E2-T179N did not arise in mosquito saliva after 1 

passage of MAYV in Aedes aegypti, showing either its weaker fitness effect in vivo or, 

simultaneously, the strength of mosquito bottlenecks. Replication of viruses in mosquitoes 

results in faster diversification17; however, the adaptation rate is slower compared to in 

mammalian hosts10. Given this, MAYV E2-T179N may not be likely to fix in a strain of MAYV 

circulating in an urban transmission cycle because of mosquito bottlenecks, its attenuation in 

mice, and the strength of purifying selection in vertebrates18. We did not sequence the virus in the 

saliva of mosquitoes that were fed a bloodmeal containing MAYV E2-T179N. Sequencing the 

saliva of mosquitoes infected with MAYV E2-T179N would help determine its robustness in 

replicating through different mosquito tissues and whether acquisition of additional mutations 

are associated with the increased transmission efficiency. Natural transmission studies from 

Aedes aegypti to mice and sequencing the virus in mice could also determine whether this 

mutation is tolerated in the vertebrate. 

For SARS-CoV-2, the mutations we analyzed are present in current or prior circulating 

viruses. Spike H519 is present in all sequenced SARS-CoV-2 derived from human hosts, and this 

pattern tends to indicate an importance for maintaining the fitness of a virus in the host. For 

flaviviruses, conserved residues in the structural protein E are critical for maintaining membrane 
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fusion function19. Rather than a conservation at the genus level, the Spike H519 residue is 

conserved only at the species level. SARS-CoV, a coronavirus similar to SARS-CoV-2 that also 

emerged in humans, does not contain a histidine at site 519 in Spike. A more expansive 

examination of other coronaviruses that infect humans, such as 229E, HKU1, NL63, OC43, and 

MERS-CoV, reveals that no other human coronavirus species contain a histidine at site 519 of 

Spike. This suggests H519 has a unique importance for SARS-CoV-2 that could be exploited 

through targeted antivirals. The other SARS-CoV-2 mutation we examined, Spike A222V, is 

present in a fewer percentage of overall SARS-CoV-2 sequences but exhibits patterns of 

homoplasy, which is when a mutation arises in multiple independent lineages of a species. As 

such, Spike A222V is likely to be associated with future variants. However, given that Spike 

A222V does not confer neutralization escape, it is not an important residue to consider in the 

design of vaccines20. 

Viral genetic determinants of host adaptation can be used for the careful design of 

epitope-based therapeutics or small molecule inhibitors. Mapping K417N, G446S, E484A and 

Q493R mutations in the Spike Omicron variant of SARS-CoV-2 to neutralizing sensitivity has 

led to the development of updated vaccines that help prevent severe disease21. The Spike H519 

mutation examined in this dissertation is essential for optimal viral replication in human lung 

cells and is under purifying selection in human-derived SARS-CoV-2 sequences. Both of these 

considerations provide support for Spike H519 as a target for therapeutics. Our structural studies 

indicate that 519 of Spike, while in the RBD, is not surface exposed. It is located in a region 

where Spike trimers interface. Mapping of epitopes for SARS-CoV-2-directed antibodies shows 

that Spike 519 is not a target recognized by neutralizing antibodies22. T cell receptor epitope 

mapping from Lu et al., 2021 show that Spike 519 is also not a target of T cells, supporting the 
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idea that this site is inaccessible for epitope-based therapeutics23. These data suggest that small 

molecules, rather than epitope-based therapeutics, could target the interaction of H519 with 

neighboring residues in Spike to disrupt the structure and reduce infectivity.  

 Pinpointing the viral genetic determinants of adaptation to hosts can also assist with the 

development of viral countermeasures via public health interventions. In the context of the 

MAYV E2-T179N mutation, an identification of this mutation in field isolates could be 

indicative of an evolutionary trajectory of MAYV towards urban vector adaptation. A practical 

implementation toward identifying this mutation requires sequencing expertise, however, which 

can be lacking in the regions where MAYV cases are typically identified. Independent 

researchers or robust public health programs and laboratories are necessary to quickly identify 

and inform public health officials who can warn citizens early about the dangers of potential 

urban vectors of MAYV and its clinical signs. Sampling of the mutation is most likely to occur 

first in the vector. As previously mentioned, given that this mutation results in decreased fitness 

in the vertebrate mouse model, sampling in humans or animals is unlikely to identify this 

mutation. Yet, the genetic background of alphaviruses is known to have epistatic effects on 

mutations, which may increase the need for surveying this mutation in vertebrates in a different 

genetic context. For example, the positive effect of the E1-A226V mutation on CHIKV 

transmission by Aedes albopictus is negated by the presence of another E1 mutation, 98T, found 

in Asian strains24. Extended to MAYV, it is possible that future mutations in E2 or other genes 

may reverse the negative effect on fitness in vertebrates, allowing this mutation to be better 

tolerated in a vertebrate host. It is important to consider that since E2-T179N has an initial 

negative effect on the infection of Aedes aegypti, the virus bearing this mutation would likely 
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need to acquire further mutations to compensate for this negative contribution toward its fitness 

in the mosquito. 

 In summary, this dissertation has defined a genetic determinant of MAYV adaptation to 

the urban vector Aedes aegypti and of SARS-CoV-2 adaptation to humans and the deer reservoir. 

We show that MAYV has potential for increased transmission by Aedes aegypti, an important 

vector to target not only for MAYV but numerous other emerging arboviruses. In addition, we 

have uncovered a potential genetic pathway of emergence of SARS-CoV-2 into humans through 

evolution from a naturally occurring sarbecovirus infecting either bats or pangolins. Finally, we 

have shown that a mutation in SARS-CoV-2 occurring in humans has an unexpected 

enhancement of virus replication in deer lung cells, indicating that evolution of the virus in 

humans may enhance spillover to animals. Converging at the interface between the human host 

and the vector or reservoir, our findings highlight the adaptability of viruses as they cross species 

barriers. 
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