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Introduction: The COVID-19 pandemic was caused by the zoonotic betacoronavirus SARS-CoV-2. SARS-CoV-2 variants have emerged due to adaptation in humans, shifting SARS-CoV-2 towards an endemic seasonal virus. We have termed this process ‘virus domestication’.

Methods: We analyzed aggregate COVID-19 data from a publicly funded healthcare system in Canada from March 7, 2020 to November 21, 2022. We graphed surrogate calculations of COVID-19 disease severity and SARS-CoV-2 variant plaque sizes in tissue culture.

Results and Discussion: Mutations in SARS-CoV-2 adapt the virus to better infect humans and evade the host immune response, resulting in the emergence of variants with altered pathogenicity. We observed a decrease in COVID-19 disease severity surrogates after the arrival of the Delta variant, coinciding with significantly smaller plaque sizes. Overall, we suggest that SARS-CoV-2 has become more infectious and less virulent through viral domestication. Our findings highlight the importance of SARS-CoV-2 vaccination and help inform public policy on the highest probability outcomes during viral pandemics.
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Introduction

Domestication refers to the act of gradual adaptation and taming towards humans such that the organism is genetically distinct from its wild counterparts. There are many accepted definitions of domestication and many whose wording applies to the description of our evolving relationship with the SARS-CoV-2 virus. Like many domesticated animal species, the term “domestication” does not equate to safety; both domesticated animals and seasonal viruses like influenza and respiratory syncytial virus are significant burdens to global mortality each year (Forrester et al., 2018; Paget et al., 2019; Du et al., 2023).

The spillover of the SARS-CoV-2 virus from bats through an unknown intermediate species into the human population precipitated the COVID-19 pandemic (Worobey et al., 2022). Prior to COVID-19, coronavirus outbreaks of SARS-CoV and MERS-CoV occurred in 2003 and 2012, respectively. The 2003 SARS-CoV is no longer circulating in humans and human MERS-CoV cases occur sporadically. The propensity of SARS-CoV-2 to rapidly spread within the human population is linked to its ability to be transmitted by infected persons before symptoms develop and by those who are asymptomatic.

We expect the eventual domestication of SARS-CoV-2 to occur akin to seasonal human coronaviruses (HCoV) such as HKU1, OC43 and NL63. These seasonal coronaviruses share distinct similarities in genome sequence, receptor usage and biology of infection. Indeed, HCoV-OC43 likely originated as a zoonotic bovine coronavirus that became seasonal in humans due to a pandemic that occurred in 1890 (Vijgen et al., 2005). We believe that immune processes such as vaccination and immune memory will continue to drive the emergence of SARS-CoV-2 variants. This serves as an indication that domestication of SARS-CoV-2 is underway and will eventually become another endemic seasonal infection like HCoV-OC43.

In this study, we provide support that SARS-CoV-2 emerged into humans as a more virulent infection that has reduced in pathogenesis with an increase in infectiousness over time, coinciding with the emergence and dominance of SARS-CoV-2 variants of concern (VOCs). We warn that this process could make long-COVID more difficult to diagnose as infection becomes insidious and there is an increased risk of misdiagnosis. We have called this process of “virus domestication.”



Methods


Data sources

This was a population-based longitudinal study using publicly available data on COVID-19 case statistics and vaccination rates in Alberta retrieved from the Government of Alberta website. The Canadian Province of Alberta has a publicly funded and publicly accessible health care system. Throughout the pandemic the Government of Alberta has recorded case, hospitalization, ICU admission and deaths due to SARS-CoV-2 infection and made the data publicly available. In this data set, there was 618,030 cumulative COVID-19 cases and 5,177 cumulative deaths attributed to COVID-19 in Alberta. The number of new hospitalizations and ICU admissions were recorded daily.



Calculation of surrogate markers of COVID-19 disease severity

The daily ICU admissions and deaths from aggregate data on COVID-19 cases in Alberta were divided by the hospitalizations at each respective day and tabulated.



Culture and plaque assay of SARS-CoV-2 variants

Culture of SARS-CoV-2 variants has been described previously with the following modifications: Vero E6/TMPRSS2 was used instead of Vero CCL-81 cells (Lin et al., 2022). Results are the product of one experiment but are representative of at least three independent replicate experiments per strain. Plaque sizes were measured using ImageJ (NIH) and reported as plaque area (mm2).



Statistical analysis

Plaque diameters were measured and reported as plaque area (mm2). Statistical significance between plaque areas was by one-way ANOVA with Tukey’s test of significance using Graphpad Prism 10.




Results

We charted cases, hospitalizations, ICU admissions and deaths due to COVID-19 in the Canadian province of Alberta (Figure 1). Aggregate data show the detection of SARS-CoV-2 cases in the general population after March 7th, 2020 when Alberta Clinical Laboratories began testing for SARS-CoV-2 by PCR (Pabbaraju et al., 2022; Stokes et al., 2022). The World Health Organization declared a pandemic on March 11th, 2020. Figure 1 shows that there was an initial rise in daily infections, hospitalizations, and deaths, that then decreased with the enactment of COVID-19 health protection laws (Figure 1; i to x). In the weeks following the reopening of schools for in-class instruction after week 28 (day 200; health measure xiii) of the pandemic there was a wave of cases, hospitalizations, and deaths that occurred.
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FIGURE 1
 (A) Case numbers, (B) hospitalizations, and (C) deaths compared to public health measures and variants of interest introduced in Alberta, Canada. (i) school closures province-wide, (ii) public health emergency declared in Alberta, (iii) non-emergency health care procedure cancellations, (iv) care home lockdown, (v) US-Canada border closed, (vi) quarantine measures for international travelers introduced, (vii) restaurant and retail closures, (viii) test all who are symptomatic, (ix) mask wearing advised in Alberta and (x) Canada-wide, (xi) 2 m social distancing in public places, (xii) masks mandatory in public settings across Canada, (xiii) in-class grades kindergarten to 12 resume with masking, hand hygiene, and social distancing protocols. Hosp = hospitalizations, *days after the COVID-19 pandemic was declared by the World Health Organization on March 7th, 2020.



The arrival of variants coincided with a decrease in surrogate indicators of COVID-19 severity

Consistent with the domestication model, we observed a decrease in daily deaths (Figure 1C) whereas daily cases increased to their highest levels with the peak of Omicron BA1 prevalence (Figure 1A). We postulated that this was an indicator of mean reduced pathogenesis in the population, so we defined surrogates of COVID-19 disease severity. Here we chose hospitalization as the denominator because ICU cases and deaths would often be recorded as hospitalization initially, prior to ICU admission or death. We divided the daily number of intensive care unit (ICU) admissions or deaths (Figures 2A–D) by the number of hospitalized cases, so the calculation serves as an approximation of COVID-19 severity within a one-week to one-month time frame of hospital admission. There was a considerable reduction in ICU admissions versus hospitalizations coinciding with the arrival of variants Delta and Omicron, in particular.
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FIGURE 2
 Ratios of daily hospitalizations to ICU admissions and daily hospitalizations to deaths as surrogate markers of COVID-19 disease severity and in vitro plaque sizes of variants. (A,B) Daily ICU admissions or deaths due to SARS-CoV-2 were divided by daily hospitalizations due to SARS-CoV-2 to illustrate the association of the death surrogate with variants Alpha, Gamma, Delta and Omicron introduction in Alberta, Canada and (C–E) association with vaccination rate with one, two, and three doses of SARS-CoV-2 vaccine. (F) SARS-CoV-2 isolates of each variant were plated on cells simultaneously with methylcellulose overlay, stained and imaged 3 days later. Diameters of the plaques were measured and reported as plaque area (mm²). Significance was determined by one-way ANOVA with Tukey’s test of significance. *p < 0.0001.




Surrogate pathogenicity coincided with VOC plaque sizes

Viral escape from immune pressure and increased infectivity are the result of mutations in the VOCs, but these mutations come at a cost to viral replication. In a cell monolayer, the size of the virus plaques are related to the replicative fitness of the virus (Mandary et al., 2020). Consistently, we previously reported that respiratory syncytial virus (RSV) plaque sizes were associated with RSV viral load in patient samples (Elawar et al., 2017). Since SARS-CoV-2 viral loads are related to disease severity (Fajnzylber et al., 2020), we asked if SARS-CoV-2 plaque size was associated with disease surrogates of COVID-19. In a cell monolayer of Vero E6/TMPRSS2 cells, VOC plaque sizes were measured using ImageJ and reported as plaque area (mm2) (Figure 2F). As we move from wild type to Delta, plaque size increased, relating to increased viral production and therefore improved replicative fitness. This coincided with the increased infectivity seen at the population level (Hui et al., 2022). This was paired with evidence of stronger spike protein affinity leading to higher viral loads, potentially explaining its greater infectivity in the population (Kissler et al., 2021; Mannar et al., 2022). The spike proteins of Delta and Omicron variants have similar binding affinities for ACE2 (Mannar et al., 2022). However, we found that Omicron plaque sizes were significantly smaller than Delta plaque sizes (Figure 2F). This suggests that a process distinct from attachment is impacting viral fitness and leading to less viral replication in VOCs (Mannar et al., 2022). As the COVID-19 pandemic progressed and mutations arose from immune escape, we observed a coincident change in behavior in cell culture, including a reduction in variant plaque sizes as variants emerged over time. We noted that the ICU: hospitalization surrogates and plaque sizes decreased by about 10-fold and 17-fold with Omicron as compared to Delta variants, respectively (Figures 2A,B,F).



Vaccination efficacy, variants, and COVID-19 severity surrogates

COVID-19 vaccinations have prevented considerable morbidity and mortality worldwide. Having antibodies at the ready, whether through vaccination or natural infection has clear advantages at the individual level to clear the infection more readily. Average viral loads between vaccinated and unvaccinated individuals have not been shown to be significantly different in acute infections (Kissler et al., 2021). Studies on Omicron have suggested that it can evade most pre-existing neutralizing antibodies though some indicate that broadly neutralizing antibodies maintain their efficacy (Cameroni et al., 2022). Though the mutations of SARS-CoV-2 that affect receptor affinity and antibody sensitivity have been accurately and exhaustively studied, many of these mutations are compensatory so it is very difficult to ascribe these traits to any one mutation (Moulana et al., 2022).

We suggest that our COVID-19 disease severity surrogates can serve as indicators of population immunity. To determine whether the emergence of the variants affected disease severity we graphed Alberta vaccination rates (for the purpose of completeness) with ICU and death surrogate ratios (Figures 2C,D). From these data, we noted that the emergence of Delta and other SARS-CoV-2 variants in Alberta coincided with one and two dose vaccination rates of 60% and 57.3%, respectively (Figure 2E).

The Delta variant arrived after en-masse vaccination on day 501 and the first Omicron BA1 strain arrived on day 648 with BA2 and BA5 arriving on days 713 and 835, respectively. Vaccination coverage with 1 and 2 doses were 82% and 77.6% of the population, respectively, by August 29th 2022 (day 907). If we were to incorporate immunity from the natural infection itself, these numbers would be even higher.

Consistent with our observation, others observed a 91% decrease in mortality with Omicron infections compared to the Delta variant (Lewnard et al., 2022). Though our data does not consider immunity at the individual level, if there was immune escape by a mutation or set of mutations, we expect that ICU admissions and death surrogates would have increased after arrival of Delta and Omicron (Andrews et al., 2022).




Discussion

The emergence of seasonal coronaviruses from their pandemic predecessors suggests that a virus domestication process occurs. That is, mutations adapt the virus to infect humans and evade the host immune response at the cost of replicative fitness and pathogenicity. This adaptation process is evident in the emergence of SARS-CoV-2 VOCs. Mutations in SARS-CoV-2 have resulted in increased human ACE2 receptor affinity at the cost of the rate of replication (Moulana et al., 2022) and higher tropism for the upper respiratory tract (Hui et al., 2022) that may represent the domestication process toward a less severe but more common seasonal infection. Importantly, the reduced pathogenicity of SARS-CoV-2 could make long-term COVID-19 sequelae more insidious, harder to diagnose and therefore highlights the increased importance of vaccination.

As we report here, mutation and outgrowth of variants is a normal part of virus domestication and overall leads to less pathogenic outcomes in the population over time. At this point we do not know if SARS-CoV-2 has become completely domesticated into a seasonal virus. However, we predict that this will likely be the point at which hospitalized cases occur primarily during Winter months, coinciding with other seasonal respiratory viruses. We outline these principles to help inform on highest probability outcomes during viral pandemics. In the face of virus mutation, these principles may help inform public policy.
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