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Abstract 20 

 21 

Many pathogenic viruses are endemic among human populations and can cause a 22 

broad variety of diseases, some potentially leading to devastating pandemics. How virus 23 

populations maintain diversity and what selective pressures drive population turnover, is 24 

not thoroughly understood. We conducted a large-scale phylodynamic analysis of 27 25 

human pathogenic RNA viruses spanning diverse life history traits in search of unifying 26 

trends that shape virus evolution. For most virus species, we identify multiple, co-27 

circulating lineages with low turnover rates. These lineages appear to be largely 28 

noncompeting and likely occupy semi-independent epidemiological niches that are not 29 

regionally or seasonally defined. Typically, intra-lineage mutational signatures are 30 

similar to inter-lineage signatures. The principal exception are members of the family 31 

Picornaviridae, for which mutations in capsid protein genes are primarily lineage-32 

defining. The persistence of virus lineages appears to stem from limited outbreaks 33 

within small communities so that only a minor fraction of the global susceptible 34 

population is infected at any time. As disparate communities become increasingly 35 

connected through globalization, interaction and competition between lineages might 36 

increase as well, which could result in changing selective pressures and increased 37 

diversification and/or pathogenicity. Thus, in addition to zoonotic events, ongoing 38 

surveillance of familiar, endemic viruses appears to merit global attention with respect to 39 

the prevention or mitigation of future pandemics. 40 

 41 

Significance 42 

Numerous pathogenic viruses are endemic in humans and cause a broad variety of 43 

diseases, but what is their potential of causing new pandemics? We show that most 44 

human pathogenic RNA viruses form multiple, co-circulating lineages with low turnover 45 

rates. These lineages appear to be largely noncompeting and occupy distinct 46 

epidemiological niches that are not regionally or seasonally defined, and their 47 

persistence appears to stem from limited outbreaks in small communities so that a 48 

minor fraction of the global susceptible population is infected at any time. However, due 49 

to globalization, interaction and competition between lineages might increase, 50 
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potentially leading to increased diversification and pathogenicity. Thus, endemic viruses 51 

appear to merit global attention with respect to the prevention of future pandemics. 52 

 53 

 54 
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Introduction 56 

Viruses, ubiquitous across the tree of life, occupy an astounding diversity of ecological 57 

niches (1-3). Viral niches are primarily defined by the behavior and immunity of the 58 

respective hosts and are often the subject of deep, but narrow investigation (4, 5). In 59 

this work, we sought to uncover common trends at relatively short evolutionary 60 

distances by studying the microevolution of human pathogenic RNA viruses. The 61 

devastating COVID-19 pandemic has made it abundantly clear that understanding these 62 

microevolutionary features is of vital importance not only to forward our understanding 63 

of virology in general but to inform appropriate public health measures during a 64 

pandemic (6, 7). 65 

Viral populations explore their viable sequence space defined both by intrinsic 66 

constraints and those imposed by host behavior (8) through the accumulation of 67 

mutations, potentially leading to diversification (9). A single host species can offer 68 

multiple independent niches that are explored by distinct virus subpopulations. Niches 69 

can be formed and maintained through regional or seasonal separation. Regional 70 

separation of subpopulations has been demonstrated, for example, for yellow fever 71 

virus (YFV) (10, 11). At sufficiently long evolutionary distances, niches can be defined 72 

by immunological differences, which enable a viral subpopulation to overcome immune 73 

cross-protection, allowing the same host to be infected by multiple subpopulations 74 

largely independent of prior infections. This phenomenon has been demonstrated for 75 

enteroviruses with many co-circulating serotypes (12). These immunological niches do 76 

not need to be spatially or temporally segregated. 77 

Generally, niches are not necessarily static entities and can overlap or merge 78 

depending on dissemination rates, transmission modes, and other life history traits (2). 79 

When outbreaks are limited to small communities so that only a small fraction of the 80 

global susceptible population is infected at any time, niches can form that are not 81 

regionally or seasonally defined but are still maintained through a combination of spatial 82 

and temporal separation at a local scale. Thus, the maintenance of these viral niches is 83 

highly sensitive to changes in host behavior. The number and sequence diversity of 84 

such lineages depends on constraints intrinsic to viral biology as well as host 85 

behavior(13, 14). For example, there is a sharp contrast between the emergence of 86 
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immunological niches among measles morbilli virus (MMV) and influenza A virus (IAV) 87 

strain H3N2 (named H3N2 here). Through rapid antigenic drift and shift that involve a 88 

non-human host reservoir, IAV is able to overcome adaptive-immune protection, despite 89 

infecting a substantial fraction of the susceptible host population each year (15). As a 90 

consequence, H3N2 goes through phases of stasis, in which neutral evolution and 91 

purifying selection are dominant; parallel lineages are established; and population 92 

diversity grows. Once the pool of naïve hosts shrinks, the competition between lineages 93 

intensifies, resulting in a short phase of strong positive selection that favors one lineage 94 

to replace all others (16-18). In contrast, no such antigenic drift has been observed for 95 

MMV, and parallel MMV lineages do not replace each other, but rather stably co-exist 96 

(17, 19). 97 

The persistence of multiple, co-existing viral lineages implies minimal inter-98 

lineage competition. When such lineages are maintained through spatial or temporal 99 

separation, increased host-host or host-vector contact can result in the merger between 100 

and competition among multiple lineages. Climate change can support the spread and 101 

mixing of previously separated vectors, which could carry distinct viral lineages. With 102 

more vectors, the dissemination rate can rise, decreasing the number of susceptible 103 

hosts, and increasing competition globally (2). This can result in accelerated lineage 104 

turnover of human and agricultural pathogens, with the potential for substantial 105 

epidemiological and economic impact (20). 106 

We sought to identify unifying trends of lineage emergence, persistence, and 107 

turnover among human pathogenic RNA viruses and to characterize the niches 108 

occupied by these lineages through phylodynamic analysis (21). Taking advantage of 109 

the substantial recent progress in virus genome sequencing (22), we constructed 110 

phylogenetic trees for the genomes of all monopartite human pathogenic RNA viruses 111 

for which extensive genome sequence information was available. These phylogenies 112 

were employed to assess the selection pressures affecting the evolution of these 113 

viruses through an analysis of the ratio of non-synonymous to synonymous substitution 114 

rates (dN/dS), and to estimate the effective population size (Ne) and the census 115 

population size (N) for each. The viruses studied here are of clear epidemiological 116 

relevance, span a broad variety of life history traits (2, 23), and thus seem suitable to 117 
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reveal unifying trends in the microevolution of RNA viruses. Our analysis of these 118 

viruses indicates that most form multiple, coexisting, non-competing lineages which 119 

appear to occupy independent niches.  120 

 121 

Results 122 

Data aggregation 123 

Despite the substantial progress of the past several years (22), the available numbers of 124 

(nearly) complete genome sequences of human pathogenic RNA viruses differ widely 125 

among viral species. In the data set for the present analysis, we included only those 126 

species for which 200 or more (nearly) complete genome sequences, with at least 50 127 

isolated from a human host, were available in the NCBI virus database (24) or GISAID 128 

for Severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) (25) (Fig. 129 

1). These criteria excluded viruses which are widespread, for example lyssa 130 

rhabdovirus and rubella virus, but for which few (nearly) complete genomes were 131 

available as well as comparatively rare, even if highly pathogenic, viruses including 132 

some Ebola virus species (Zaire, but not Reston or Sudan, was included) and Marburg 133 

virus. 134 

Only monopartite RNA viruses were considered in order to exclude potential 135 

effects of segment reassortment and enable the construction of a single, unambiguous 136 

phylogeny. This restriction excluded 6 species with many genomes available: three 137 

Influenza viruses (A, B, and C), Reovirus, Lassa mammarenavirus, and Dabie 138 

bandavirus. We further omitted HIV given its retro-transcribing replication strategy. 139 

Altogether, our dataset included 26 monopartite virus species. We added IAV H3N2 to 140 

this group (with a phylogeny constructed from hemagglutinin) as a thoroughly studied 141 

reference virus (14, 16, 17). The 27 viruses analyzed here cover a broad variety of viral 142 

lifestyles and ecological constraints and have been subject to varied countermeasures 143 

including vaccination (Supplementary Data, Table S1). This diversity enables the 144 

exploration of potential unifying trends of viral lineage turnover and niche formation.  145 

Sequences were aligned using MAFFT(26), and with the exception of SARS-146 

CoV-2 and H3N2, for which the large number of sequences necessitated an iterative 147 

strategy, phylogenetic trees were constructed using IQ-TREE (27) (see Brief Methods 148 
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and Extended Methods in the SI Appendix for details). For most of viruses, the resulting 149 

trees included several large, clearly distinguishable clades (Fig. 1) that in some cases 150 

corresponded to known sero- or genotypes (for example, Dengue virus, DENV, 151 

serotypes 1-4). 152 

 153 

Low rates of lineage turnover among human RNA viruses 154 

The major virus clades and the smaller lineages contained within them are 155 

subject to turnover whereby an older lineage goes extinct, being gradually replaced by 156 

individuals from a newer lineage. Trees with high turnover rates are often described as 157 

“cactus”- or “ladder”-like, and in the limit of extreme turnover, as “caterpillar” trees, 158 

whereas those with low turnover are often described as “bush”-like, with ultrametric 159 

trees representing the limit of no turnover (14, 17). In an effort to explicitly measure 160 

lineage turnover (without relying solely on global measures such as coalescence rate 161 

(17), which is also estimated), we first sought to establish how many isolates, and 162 

distributed on the tree in what way, constitute a lineage. This information is important, in 163 

large part because varying substitution rates across the tree complicate the estimation 164 

of global lineage turnover (9, 28). We defined lineages as monophyletic groups of 165 

sequences separated by periods (branches of the tree) with apparently different 166 

substitution rates and within which the sequencing date and the distance to the tree root 167 

are significantly correlated (see Brief Methods and Extended Methods in the SI 168 

Appendix for details). Lineages cannot be defined in this way to encompass all 169 

sequences and Fig. S1 shows the fraction of sequences included in correlated lineages 170 

for each virus. Arguably, significantly different substitution rates mark different selective 171 

environments and may reflect movement into distinct epidemiological niches. Because 172 

there are no apparent periods of different substitution rates within each lineage and, 173 

consequently, high-confidence date-constrained genealogical trees with a single 174 

substitution rate could be fit for each (see below), we denote these “genealogical 175 

lineages” (GL). 176 

Multiple GL were identified in this manner for most viruses (Figs. S2-7), as 177 

illustrated in Fig. 2A,B for the three lineages of Enterovirus D (EVD). For human 178 

Betacoronavirus 1 (BCoV1), Ebola Zaire (Ebola), MERS (Middle East respiratory 179 
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syndrome-related coronavirus), H3N2, SARS-CoV-2, and Zika virus (ZIKV), the majority 180 

of the phylogeny comprised a single GL. Thus, the entire population of each of these 181 

viruses might occupy a single epidemiological niche at any point in time (which may be 182 

subject to rapid lineage turnover as is the case for H3N2). For Mumps rubulavirus 183 

(MRV) and YFV, the GL identified were not large enough for subsequent analysis. 184 

When interpreting our observation of a single GL for Ebola, it should be noted that more 185 

than half of the Ebola isolates stem from the 2014-2016 outbreak in Sierra Leone, 186 

Liberia, and Guinea (29), the common assumption being that each individual Ebola 187 

outbreak stems from an individual zoonotic spillover event (30). 188 

Having identified the virus GLs, we quantified lineage turnover using the 189 

Shannon entropy of the GL distribution over time, St, as well as travelling up the tree 190 

from root to leaf, Sd. For this analysis, only sequences included within a GL were 191 

considered. First, sliding windows (indexed over j) containing the closest 5% of all 192 

isolates to the specified date, 𝑤𝑡
𝑗
, (from the date of the earliest isolated sequence to the 193 

latest) or distance to the tree root, 𝑤𝑑
𝑗
, were established and the GL distribution within 194 

each window was obtained (Fig. 2C). Next, the probability that a sequence, x, within 195 

each window belongs to the ith GL was computed: 𝑃𝑡,𝑑
𝑗

(𝑥 ∈ 𝐺𝐿𝑖|𝑥 ∈ 𝑤𝑡,𝑑
𝑗

). The Shannon 196 

entropy of the GL distribution was then calculated using log base N equal to the number 197 

of GLs identified within the tree (and yielding a maximum value of 1): 198 

𝑆𝑡,𝑑
𝑗

= − ∑ 𝑃𝑡,𝑑
𝑗

(𝑥 ∈ 𝐺𝐿𝑖|𝑥 ∈ 𝑤𝑡,𝑑
𝑗

)𝑙𝑜𝑔𝑁 (𝑃𝑡,𝑑
𝑗

(𝑥 ∈ 𝐺𝐿𝑖|𝑥 ∈ 𝑤𝑡,𝑑
𝑗

))

𝑁

𝑖=1

 199 

Finally, the mean over all windows was computed for each tree: 〈𝑆𝑡,𝑑
𝑗 〉𝑗 (Fig. 2D). A 200 

mean entropy near 0 corresponds to a phylogeny composed of clades that rapidly 201 

displace one another (although effects of sampling bias cannot be excluded). A mean 202 

entropy near 1 corresponds to a phylogeny, in which all clades are uniformly distributed 203 

at every time point. We observed 〈𝑆𝑡
𝑗〉𝑗 > 〈𝑆𝑑

𝑗〉𝑗 in all but one case (HDV) indicating that 204 

entropy is greater than that expected from analysis of the tree structure with no known 205 

dates of isolation. This observation coupled with the generally high mean entropy 206 

suggests that most of the analyzed viruses evolve with low rates of lineage turnover. 207 
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To further quantify lineage turnover, we constructed date-constrained 208 

genealogical trees. As suggested above, GLs are separated by periods (branches of the 209 

tree) with apparently different substitution rates. These branches are often deep within 210 

the tree and are sparsely populated with leaves (if at all), making the assignment of a 211 

global model for substitution rates statistically dubious and highlighting the importance 212 

of rates inferred for individual GLs. Date constrained trees were produced using a least-213 

square distance approach based on the date of isolation for each sequence (31). A 214 

mutation rate and the date of the last common ancestor (LCA) were estimated for all 215 

global trees and each GL individually (Fig. 3A). Samples without a known date of 216 

isolation introduce additional uncertainty into the calculation and can result in future-217 

dated portions of the genealogical tree (see Brief Methods and Extended Methods in the 218 

SI Appendix for details). GLs tend to accumulate over time, with few if any extinction 219 

events (Fig. 3B). Note that the apparent decline of parallel GLs for many viruses in 220 

recent years (approximately 2016-present) is most likely a sampling artefact although, in 221 

principle, such decline could also point to a change in GL dynamics. These trends are 222 

further indicative of low lineage turnover and suggestive of minimal competition among 223 

GLs. Thus, each GL is likely to occupy a distinct niche, and we sought to identify the 224 

factors that shape and maintain these niches. 225 

 226 

Most virus lineages are not regionally or seasonally defined 227 

Perhaps the simplest explanation for the existence of distinct niches would be 228 

regional separation. To assess the role played by regionality, we examined whether 229 

isolates within a single GL clustered by region. The great circle map distance between 230 

pairs of isolates within each GL and between pairs of GLs was computed to retrieve the 231 

mean intra- and inter-GL distance, respectively (see Brief Methods and Extended 232 

Methods in the SI Appendix for details). Given that GLs do not span the entire 233 

phylogeny for all viruses; were defined algorithmically without the incorporation of 234 

metadata beyond the date of isolation; and typically include a small number of isolates, 235 

we additionally examined the regionality of larger clades, usually defined by serotype or 236 

genotype (“Manual Lineages”, ML; see Brief Methods and Extended Methods in the SI 237 

Appendix for details). 238 
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The ratio of the inter-lineage to intra-lineage map distances is expected to be 239 

greater than unity for regionally defined GLs or MLs, and near or below unity for those 240 

lineages that are not regionally defined (Fig. S8). For most viruses analyzed, niches do 241 

not appear to be regionally defined, with a few notable exceptions (Fig. S8). In 242 

particular, YFV is known to split into three regional lineages (East/Central Africa, West 243 

Africa, and South America) although the underlying mechanisms for this separation, 244 

especially between the African lineages, are not well understood (10, 11). Similarly, 245 

Chikungunya virus (CHIKV) displays regionality although in this case the separation 246 

seems to be incomplete (32). WNV lineage 1 can be found globally whereas all other 247 

lineages are regional (33). However, evidence of the local co-existence of multiple WNV 248 

subtypes (34) indicates that additional WNV niches not linked to regionality might exist. 249 

HDV displays weak regionality that might be determined by its helper virus, HBV, on 250 

which HDV depends for reproduction. The interplay between HDV and HBV genotypes 251 

is not yet well understood (35). Ebola outbreaks show a clear regional structure, which 252 

is due to de novo spill-over events for each outbreak as well as successful containment 253 

measures (30). Some, but not all, GLs for DENV, EVA and EVB may be regionally 254 

defined (Fig.S8). Thus while common, regionality does not appear to explain the 255 

existence of most apparent niches, although this does not imply absence of spatial 256 

separation of localized outbreaks.  257 

Similar to regionality, seasonality could potentially support niche formation. 258 

Although the temporal resolution of our analysis was limited by the amount of metadata 259 

available and the precision with which dates of isolation are specified, we found no 260 

evidence that seasonality plays a role in lineage maintenance within viral species. We 261 

observed no bi-annual or longer global periodicity of any GLs, but rather a continuous 262 

distribution of lineages through time (Figs. S2-7) although shorter temporal patterns are 263 

likely for respiratory viruses (36).  264 

GLs could represent localized outbreaks (phases of enhanced virus spread) 265 

whereby a virus infects only a minute fraction of the global susceptible population at any 266 

given time. Under these conditions, even lineages which do not form distinct 267 

immunological niches and do not admit near-simultaneous infection, can coexist within 268 

short distances of one another. Infection or vaccination leading to life-long immunity as 269 
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observed, for example, in the case of MMV or MRV (14), can support the emergence of 270 

localized outbreaks. In these cases, naïve hosts are born and are not vaccinated, so 271 

that a local community of susceptible hosts emerges. Given sufficient evolutionary 272 

distance, lineages can become so diverse antigenically that they form different 273 

serotypes, which induce weak to no cross-immunity against each other and thus admit 274 

near-simultaneous infection. This pattern has been reported for some picornaviruses 275 

(12). In the case of zoonotic viruses, distinct lineages can originate when the same virus 276 

species is introduced from different animal reservoirs, which could support ongoing 277 

diversification and lineage turnover not observed in the human population. This is how 278 

some Orthohepevirus A (OHVA) GLs (37) and possibly some TBEV and WNV GLs (33, 279 

38) could originate. However, even in this case, the maintenance of multiple niches with 280 

low turnover within human populations requires spatiotemporal or immunological 281 

separation. Regardless of the specific mechanisms underlying the apparent coexistence 282 

of non-competing GLs, we sought to explore lineage-defining mutational signatures and 283 

to establish whether significant differences existed between the distributions of 284 

mutations within and between lineages. 285 

 286 

Selective pressures acting on human RNA viruses 287 

Selective processes are often categorized as diversifying, positive, or purifying, in 288 

contrast to neutral evolution via genetic drift (39-41). We sought to probe the selective 289 

pressures involved in human pathogenic virus evolution by estimating the ratio of non-290 

synonymous to synonymous substitution rates (dN/dS), a gauge of protein-level 291 

selection(42, 43). Given that different genes are subject to distinct selective constraints 292 

and pressures, the dN/dS value was estimated separately for each viral protein-coding 293 

gene (44). Seeking to identify defining features of lineage emergence and maintenance, 294 

we would ideally estimate dN/dS across deep and shallow portions of each phylogeny 295 

separately. However, because most GLs antedated modern sequencing technologies 296 

and therefore few samples located near the root were available, this approach was not 297 

feasible. To partially compensate for this lack of data, we compared dN/dS ratios for 298 

whole trees, which include deep branches connecting GLs, with those computed over 299 

each GL and ML (which are typically larger) individually (see Brief Methods and 300 
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Extended Methods in the SI Appendix for details). The dN/dS estimates for whole trees 301 

ranged between 0.02 and 0.5 for most virus protein-coding genes, which is indicative of 302 

strong to moderate purifying selection, in line with previous results (45) (Fig. S9). The 303 

few virus genes with elevated dN/dS ratios encode proteins that are either presented on 304 

the virion surface, such as HRSV G and M-2 (~3.5x above the species mean dN/dS), or 305 

HMPV SH and G (~3 and 5x above the species mean, respectively) (Figs. S9, S10), or 306 

are involved in interactions with the host immune system, for example, MMV V protein 307 

(46) (~4x above the species mean) (Fig. S10). These proteins are likely to experience 308 

positive selection, as described, for example, for HMPV G, where sites under positive 309 

selection were identified in the putative ectodomain (47). Elevated dN/dS values were 310 

also observed for some very short proteins, for example, the 6k peptide of DENV (Fig. 311 

S11). However, such observations are sensitive to statistical artifacts and should be 312 

interpreted with caution. For OHVA ORF3, the dN/dS estimate was ~4x above the 313 

species mean (0.3, Fig. S13), suggesting that this gene, which encodes an ion channel, 314 

plays a role in host adaptation following zoonosis (48). 315 

Next, we computed dN/dS for each GL and ML individually (Figs S10-13 and 316 

Figs. S14-17, respectively). Despite considerable differences in size, generally, the 317 

results for GLs and MLs were comparable. For 12 of the 27 viruses studied (members 318 

of the order Mononegavirales, HMPV, HRSV, HRV3, MMV and MRV; some flaviviruses 319 

ZIKV, YFV, TBEV, YFV; HDV; MERS; and CHIKV) the dN/dS estimates for individual 320 

proteins as well as the mean for the whole tree differed little relative to the respective 321 

estimates for individual lineages (Figs S10-17), with no indication of how selective 322 

pressures might have varied over time for any genes. In contrast, the GLs of 323 

enteroviruses (EVA-D) show elevated dN/dS, mainly among capsid proteins (Fig. S16). 324 

Although frequent recombination among enteroviruses necessitates interpreting these 325 

results with caution (49), this finding, coupled with the observation that mutations in 326 

enterovirus capsid protein genes appear to be the primary lineage-defining features 327 

(see below), suggests a substantial change in the selective pressure acting on the 328 

capsid proteins between the periods of lineage emergence and subsequent 329 

maintenance. Notably, OHVA lineages show similarly elevated dN/dS for DUF3729 (up 330 

to 0.4) and ORF3 dN/dS (up to 0.3, which is also elevated relative to the species mean 331 
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as discussed above) (Fig. S17). Both these genes are likely to be involved in host 332 

adaptation following zoonosis (37, 48). Further, a two to five fold increase in mean 333 

dN/dS was detected for DENV, WNV and HCV GLs across most genes relative to the 334 

complete phylogeny (Fig. S15). The interpretation of genome-wide elevation of dN/dS in 335 

GLs is more challenging and depends on whether the GL is newly emergent, possibly 336 

reflecting a period of rapid host adaptation and intense positive selection (45, 50). Given 337 

the distant dates predicted for the LCAs for these GLs and lack of lineage turnover,  338 

reduced selective pressure moving from stronger purifying selection towards neutral 339 

drift appears more likely. Overall, dN/dS analysis revealed little about potentially 340 

differing selective pressures acting within and between GLs despite the apparent 341 

differences in substitution rates critical to the definition of the GLs themselves (as 342 

discussed above). 343 

 344 

Intra- and inter-lineage mutational signatures 345 

Gene scale dN/dS analysis is often unable to uncover positive selection acting on 346 

specific sites or neighborhoods, which can occur in widely different backgrounds, from 347 

neutral drift to strong purifying selection (51). Identification of individual positively 348 

selected mutations can provide additional insight into differences between the 349 

evolutionary contexts of GL emergence and subsequent maintenance. Multiple, parallel 350 

non-synonymous mutations comprise the most obvious indication of site-wise positive 351 

selection. With the prominent exception of SARS-CoV-2, for which we have previously 352 

identified up to 100 sites with recurrent amino acid replacements that are likely subject 353 

to positive selection (52), too few recurrent amino acid substitutions were detected for 354 

comparable analysis in the remaining viruses analyzed here despite being the species 355 

with the largest number of genome sequences available. 356 

Given the infeasibility of the direct, site-specific approach, we performed a 357 

genomic neighborhood analysis to compare inter- and intra-lineage mutational 358 

signatures. First, amino acid sites were labelled according to three categories of amino 359 

acid substitutions (Fig. 4A; see Brief Methods and Extended Methods in the SI 360 

Appendix for details): 1) Multiple, deep (MD) substitutions which are “lineage defining”, 361 

being conserved in at least 90% of the samples within at least two GLs, but represented 362 
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by different amino acid residues in each of these GLs. For example, consider the third 363 

amino acid of the CHIKV ORF gp1, 97% of the sequences in GL 1 contain a serine in 364 

that site, whereas 96% of the sequences in GL2 contain a proline in that site. 2) 365 

Multiple, shallow (MS) substitutions occurring on multiple, independent occasions 366 

across GLs. 3) All shallow (AS) substitutions occurring at least once within a GL, 367 

representing all “recent” events. We then computed site densities for each of these 368 

three categories over a sliding window of 101 amino acid sites, respecting protein 369 

boundaries. 370 

We then examined the correlation between the site densities in these categories 371 

of amino acid substitutions across the genome (Fig. 4B and Figs. S18-24). In most 372 

cases, there was a strong, positive correlation between all three categories of amino 373 

acid substitutions, indicating that most genomic regions are subject to similar selection 374 

pressures during inter- and intra-lineage evolution, with several notable exceptions 375 

(Fig.4C). For enteroviruses, we observed an elevated MD site density within capsid 376 

proteins (VP1-4, Fig. S18-20), suggesting that capsid mutations are primarily lineage-377 

defining, but become less frequent once an epidemiological niche is established and 378 

occupied. This trend is consistent with the historical classification of enterovirus 379 

lineages by serotype, which is determined by the antigenic properties of the capsid 380 

proteins (53). As mentioned above, frequent intra- and inter-species recombination 381 

among all 4 types of enteroviruses requires caution when interpreting these results (49). 382 

This trend was similarly observed for the capsid proteins of the picornavirus 383 

Parechovirus A (PeVA) (VP0, 1C and 1D, Fig. S23). 384 

Elevated MD and MS substitution densities were observed for HRSV glycoprotein (G), 385 

potentially suggesting multiple residues evolving under positive selection throughout the 386 

entire course of evolution (including both lineage emergence and maintenance) of this 387 

immunologically exposed protein(54). Both MD and MS substitution densities are also 388 

increased in DENV NS2A and CHIKV nsp3. DENV NS2A is involved in virus replication 389 

and assembly and shows viroporin-like properties(55, 56). A detailed functional 390 

understanding of CHIKV nsp3 is lacking although this protein is known to be part of the 391 

replication complex and is also involved in modulating the host cell’s antiviral response 392 

(57). In line with the observation of elevated dN/dS in for OHVA DUF3729 in GLs 393 

compared to the whole population, MS substitution densities are elevated in this gene 394 

(Fig. S22), suggesting that this poorly characterized protein contains multiple positively 395 

selected residues. These residues might have played a role in relatively recent host 396 

adaptation, but were not necessarily involved in the emergence of multiple lineages. 397 
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The high MD substitution density observed for large human delta antigen (LHDAg) 398 

might result from statistical fluctuations given the short length (20 aa) of this peptide and 399 

should be interpreted with caution. As observed for the dN/dS analysis, we found few 400 

mutational signatures, which would shed light on different selection pressures acting 401 

within and between GLs. These observations seem to suggest that, although the tempo 402 

is variable, the mode of molecular evolution is broadly conserved from the deep to the 403 

shallow portions of each phylogeny, thus, spanning considerable evolutionary distances 404 

. 405 

 406 

Effective population size of human pathogenic RNA viruses 407 

Another tool to indirectly assess the selective pressures shaping a phylogeny is to 408 

estimate the effective population size (Ne), which defines the time scale of population 409 

turnover across generations and thus can reveal major evolutionary events including 410 

population bottlenecks (58). Assuming an evolutionary model, such as Wright-Fisher 411 

(59) or Moran (60), one can estimate the number of individuals per generation (that is, 412 

Ne) required for the observed rate of turnover in an idealized population. In what 413 

follows, we refer to “selection” as the sum of evolutionary pressures that promote 414 

lineage turnover. Although the background could vary from strong purifying selection to 415 

neutral drift, the occurrence of lineage turnover implicitly assumes some degree of 416 

positive selection in most scenarios. In the context of lineage turnover, under strong 417 

selection, Ne is small, whereas lack of competition leads to larger Ne values over time 418 

(17). Ne can be inferred from the coalescence rate (Cr) estimated for any genealogical 419 

tree (17, 61, 62): 𝑁𝑒 ∗ 𝑡 ~ 1/𝐶𝑟 where t is the viral generation time (the time in days a 420 

virus needs to complete a transmission cycle from human to human). This expression 421 

enables a measurement of diversity and strength of selection among phylogenies 422 

represented by a single GL (e.g. H3N2, SARS-CoV-2) as well. Further, the census 423 

population size N (individuals present at each generation) can be estimated as 𝑁 = 𝐷 ∗424 

𝑡 where D is number of yearly cases estimated. The N/Ne ratio may be used to quantify 425 

lineage turnover, where N/Ne >> 1 indicates population bottlenecks, and N/Ne ~ 1 426 

suggests stable population diversity (17). As tree topology, and hence Ne estimates, 427 

depend on selection strength and sampling effort (17, 58), we directly assessed the 428 

effect of sampling by randomly drawing up to either 10 or 100 samples per year, with 429 

three replicates each, for H3N2 and EVA as representative viruses with fast and slow 430 
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turnover respectively. We then used these reduced ensembles of isolates for 431 

genealogical tree construction (see Brief Methods and Extended Methods in the SI 432 

Appendix for details, mutation rates and time of LCA shown in Fig. S25). We 433 

constructed two additional ensembles for each virus composed of the same number of 434 

isolates selected above, this time maximizing the sequence diversity (as measured by 435 

the hamming distance between alignment rows, see Brief Methods and Extended 436 

Methods in the SI Appendix for details). As a result, we obtained six trees evenly 437 

sampled over time (3x, e10 and e100) as well as two maximally diverse subtrees of the 438 

same size (d10 and d100) for both H3N2 and EVA.  439 

We calculated the coalescence rates for all complete trees and for the H3N2 and 440 

EVA subtrees using the PACT package (http://www.trevorbedford.com/pact (17)) and 441 

estimated Ne (Fig. 5A). The Ne estimation was not performed for some zoonotic viruses 442 

including TBEV and WNV, for which the generation time could not be reliably estimated. 443 

N/Ne ratios were calculated based on the best estimates of Ne for complete trees and 444 

those obtained after even and diverse sampling (H3N2 and EVA), (Fig. 5A and 5B). The 445 

estimated Ne values span more than two orders of magnitude with H3N2e10 and EVD 446 

representing the extremes (Fig. 5A, Ne of around 400 and 270,000 respectively). 447 

Sampling was found to have a major effect on the estimates. The Ne estimates for EVA 448 

d100, d10, e100, and the whole tree were similar, whereas EVA e10 was about an 449 

order of magnitude lower. It should be noted that EVA e100 contained most sequences 450 

present in the whole tree. This trend was even more pronounced for H3N2 where the 451 

Ne estimates for d100, d10, and the whole tree were similar, whereas those for e10 and 452 

e100 were several orders of magnitude lower. It is first important to note that the 453 

estimates were not sensitive to the number of sequences present in the phylogeny as 454 

illustrated by the equivalency of d10 and the whole phylogeny for both viruses, 455 

indicating that the differences observed between e10 and e100 and the whole 456 

phylogeny are not merely methodological artifacts. However, the estimate is sensitive to 457 

sampling and, as could be expected, this sensitivity is more pronounced for viruses with 458 

fast lineage turnover. While perhaps unsurprising, this finding implies that Ne has been, 459 

and likely continues to be in this work, underestimated due to data limitations for most 460 

viruses and H3N2 in particular. 461 
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To illustrate the potential equivalency of reduced sampling and increased 462 

selection on Ne estimation, we simulated an ensemble of genealogical trees under a 463 

simple phenomenological model. Trees were iteratively constructed through the addition 464 

of clades representing local sequencing efforts. Increased sequencing efforts were 465 

modelled by changing the number of sequences in each clade from 2 to 6. Increased 466 

selection strength was modelled by changing the placement of these clades on the tree, 467 

relative to the root, from the prior iteration. A root distance threshold was set to be the 468 

0th, 25th, 50th, 75th, or 95th percentile of the root distance distribution for all leaves at 469 

the prior iteration with higher thresholds corresponding to new isolates being placed 470 

farther from the tree root and representing increased selection (Fig. 5C, Fig. S26A-C). 471 

Although selection and under-sampling result in qualitatively different tree topologies 472 

(Fig. 5D), their effects cannot be disentangled from Ne analysis alone. Furthermore, 473 

sensitivity to under-sampling is more pronounced under high selection than under low 474 

selection (Fig. 5D, Fig. S26D). These effects must be considered when evaluating the 475 

expectation that genetic diversity (and hence Ne) plateaus earlier in a growing census 476 

population N when selection is strong (17). This challenge is reflected in the damped 477 

increase of Ne from H3N2 e10 to e100 when compared to the increase from EVA e10 to 478 

e100 (~4- and 8-fold, respectively; Fig. 5A). 479 

Keeping these sensitivities in mind, we proceeded to examine the N/Ne ratios. 480 

High N/Ne ratios can be an indicator of population bottlenecks. The highest N/Ne ratio 481 

was observed for H3N2e10 (e100 was similar); in contrast, the estimate for the whole 482 

phylogeny was about 200-fold lower (Fig. 5D), within the range of the majority of the 483 

other viruses. Thus, sampling efforts can substantially affect the interpretation of the 484 

N/Ne estimation, moving H3N2 from an outlier associated with extreme bottlenecks to 485 

typical behavior. As discussed above, it has been well established that H3N2 is subject 486 

to pronounced population bottlenecks as a result of alternating periods of stasis and 487 

rapid host adaptation (16-18). However, the results presented here emphasize that on 488 

shorter timescales the transmission dynamics of local outbreaks play a larger role in 489 

determining the extent of the diversity of the H3N2 population (63) as was the case for 490 

the majority of viruses studied in this work,. BCoV1 also demonstrated a high N/Ne 491 

ratio, within the range of H3N2 e10 and e100 (Fig. 5B). Although this observation could 492 
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simply result from insufficient sampling, given the high incidence of this virus (Fig. 493 

S27D), it might point to pronounced population bottlenecks during the evolution of the 494 

BCoV1 population (although not of comparable magnitude to those for H3N2; see 495 

below). In contrast, other viruses seem to experience less severe bottlenecks and 496 

maintain greater genetic diversity (e.g. MRV and enteroviruses A, C, D). The low N/Ne 497 

values for MERS, ZIKV and CHIKV likely result from an underestimation of N due to 498 

large animal reservoirs that might impact estimates of N for H3N2 as well.  499 

Whereas insufficient sampling can lead to an underestimation of both N and Ne, 500 

the complete unavailability of genomes from premodern periods can, perhaps 501 

counterintuitively, lead to an overestimation of Ne. As discussed above, GLs are 502 

separated by periods (branches of the tree) with apparently different substitution rates. 503 

These branches are often deep within the tree topology and sparsely populated with 504 

leaves (if at all), making the assignment of a global model for substitution rates 505 

statistically dubious. This can result in inaccurate deep branch lengths for genealogical 506 

trees and substantially change the predicted date for the LCA. This date, as well as the 507 

predicted dates of other deep nodes, is used to estimate the effective population size. 508 

Given these limitations, we sought to establish a lower bound for the effective 509 

population size, which still preserves all GLs, through the construction of truncated 510 

global genealogical trees or “grafted trees”. The LCA of each grafted tree is set to the 511 

LCA of the oldest GL and the remaining GLs are connected to this (multifurcated) root 512 

through branches preserving the LCA of each respective GL (see Fig. S27A and Brief 513 

Methods or Extended Methods in the SI Appendix for details). We proceeded to 514 

estimate Ne for each grafted tree as well as for each GL separately (Fig. S27B). By 515 

construction, Ne estimates for grafted trees are generally significantly smaller than 516 

those for complete trees and larger than those for individual GLs. Notably, the Ne 517 

estimate for H3N2 (which is represented by a single GL) is the second highest value 518 

observed (after RVA) among the viruses studied when this lower bound is considered. 519 

This counterintuitive finding emphasizes another facet of the sensitivity of Ne estimation 520 

to data availability. 521 

These sensitivities are evidently greater within individual GLs, which represent 522 

only a subset of the viral diversity for each species. These limitations notwithstanding, in 523 
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an effort to characterize lineage turnover within individual GLs, we analyzed skyline 524 

plots representing the time to the most recent common ancestor (TMRCA) of all clades 525 

present at a given time point and diversity within the population over time (as measured 526 

by the average time for any two isolates to coalesce, that is, to find their most recent 527 

common ancestor) for individual GLs and the complete population (Fig. S28). The 528 

average population diversity can be displayed as the mean diversity per year (Fig. 529 

S28A). Populations with high turnover, such as H3N2, show a low average diversity per 530 

year. whereas those with low turnover are characterized by high diversity. In general, 531 

the skyline plots and mean diversity values for complete phylogenies correspond well to 532 

Ne and N/Ne estimations, supporting slow lineage turnover for most of the viruses 533 

analyzed. For example, H3N2 displays ~4x and ~8x lower mean diversity/year 534 

compared to BCoV1 and ZIKV respectively. This observation suggests BCoV1, despite 535 

having high Ne and N/Ne values, has a slower population turnover compared to H3N2. 536 

Of note, evidence of high intra-GL turnover was obtained for few GLs (as demonstrated 537 

by a mean diversity in the range of H3N2 or BCoV1). The two principal examples are 538 

HRSV GL2 and Norwalk GL3 (Fig. S28C, D). The majority of the GLs show mean 539 

diversity within the range of viral populations with low turnover. 540 

 541 

Discussion 542 

Here we present a comprehensive phylodynamic analysis of monopartite human 543 

pathogenic RNA viruses (and H3N2 hemagglutinin) in an effort to establish global 544 

trends in viral evolution in human populations. Despite data limitations, the viruses 545 

studied in this work span a wide variety of viral life history characteristics. This lends 546 

considerable generality to the study, while making it outside the scope of this work to 547 

investigate many features specific to individual lifestyles (for example, intra-host 548 

diversity, symptom characteristics, or acute vs. chronic infection (2)). Given this 549 

diversity, the commonalities we observe among the virus phylogenies constructed are 550 

notable. Consistent with the conclusions of previous efforts (45, 64), we observed 551 

moderate to strong purifying selection among all viruses. 552 

Nearly all virus populations are characterized by low rates of lineage turnover, 553 

and most consist of multiple, coexisting GLs, monophyletic groups of sequences 554 
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separated by periods with apparently different substitution rates. Despite these differing 555 

substitution rates, dN/dS and genomic neighborhood analysis revealed little about how 556 

selective pressures might have differed between the early period of GL formation and 557 

the subsequent period defined by persistent coexistence. This lack of resolution seems 558 

to suggest that, although the tempo is variable, the mode of molecular evolution is 559 

broadly conserved from the deep to the shallow portions of each phylogeny, spanning 560 

considerable evolutionary distances. The distribution of lineage-defining mutations 561 

across the virus genome is similar to that of shallow, repeated mutations for almost all 562 

viruses, indicating that positive selection affects sites in the same neighborhoods during 563 

both periods (Fig. 4). The lineage-defining role of enterovirus capsid proteins was the 564 

principle exception observed, in line with the traditional serotype classification (12). 565 

Other virus proteins with different intra- and inter-lineage mutational signatures, which 566 

might provide insight into ongoing host and/or vector adaptive evolution, are OHVA 567 

DUF3729, DENV NS2A, and CHIKV NSP3. In the case of CHIKV E1-A226V, NSP3 has 568 

been demonstrated to play an important role in the adaptation to the vector Aedes 569 

albopictus (65). In general, the low GL turnover and broadly stable mutational 570 

signatures appear to be indicative of weak if any competition among GLs, suggesting 571 

that each GL occupies an independent epidemiological niche (Fig. 5). 572 

Such niches could be maintained in a variety of ways, the most obvious 573 

possibility being regionality and/or seasonality. Although these factors can explain the 574 

persistence of some GLs identified in this work, the majority do not show regional 575 

localization, and none display biannual (or more coarse-grained) temporal trends (the 576 

limit of time resolution we can reliably detect). At sufficiently large evolutionary 577 

distances, niches can be defined by immunological differences, which can overcome 578 

immune cross-protection allowing the same host to be infected by multiple 579 

subpopulations largely independent of prior infections as seems to be the case for 580 

picornaviruses and HRSV (54). These effects are also insufficient to account for the 581 

stability of most GLs. We suggest that, in many if not most cases, niches are maintained 582 

through a series of localized outbreaks such that only a small fraction of the global 583 

susceptible population is infected at any given time. Under this scenario, even lineages 584 

that do not overcome immune cross-protection can coexist within short distances of one 585 
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another. Furthermore, extensive environmental transfer or fragmented animal reservoir 586 

populations could play a role. Virions that can persist for extended periods of time 587 

outside of the (identified) host or vector might maintain the genetic diversity of a lineage 588 

during time periods when no active infections from that lineage occur.  589 

As a result of globalization, disparate communities are becoming increasingly 590 

connected, which might lead to increased interaction between previously separated 591 

lineages, enhancing between-lineage competition within the viral population. This effect 592 

has been demonstrated already for DENV in Thailand where multiple lineages typically 593 

coexist throughout the country with a well-defined pattern of dissemination. However, 594 

within densely populated areas of Bangkok, genomic analysis pointed to increased 595 

competition and lineage turnover (66). 596 

 597 

Conclusions 598 

Phylodynamic analysis revealed multiple co-circulating lineages (GLs) for the 599 

majority of human pathogenic RNA viruses separated by periods of apparently different 600 

substitution rates within the phylogeny. dN/dS and genomic neighborhood analysis 601 

yielded surprisingly little evidence of different selection pressures acting within and 602 

between GLs, suggesting that whereas the tempo is variable, the mode of molecular 603 

evolution is broadly conserved. This slow lineage turnover suggests each GL occupies 604 

an independent epidemiological niche, with little inter-GL competition. No pronounced 605 

patterns of regional or temporal separation of the GLs were detected, suggesting that 606 

the stability of the GLs primarily stems from limited outbreaks within small communities 607 

so that only a small fraction of the global susceptible population is infected at any time. 608 

These results raise the, perhaps pressing, question: how will increased host-host 609 

contact resulting from globalization affect viral evolution? Could new or renewed 610 

competition emerge among lineages of endemic viruses to drive diversification, 611 

evolution of increased pathogenicity, or even virus speciation? With these questions in 612 

mind, we emphasize that, in addition to zoonotic events, the ongoing surveillance of 613 

familiar, endemic viruses deserves global attention in effort to mitigate or prevent future 614 

pandemics. 615 

 616 
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 626 

Brief Methods 627 

Multiple Sequence Alignments of RNA Virus Genomes 628 

Genomes were retrieved for all viruses except influenza A virus H3N2 and SARS-CoV-2 629 

from NCBI virus (24). Members of related viral families were used to construct an 630 

outgroup when possible. Influenza A virus H3N2 (flu H3N2) segment HA was retrieved 631 

from the NCBI flu database (67). The SARS-CoV-2 tree and alignment analyzed in this 632 

work was subsampled from a larger alignment consisting of all high quality genomes 633 

that were available as of January 8, 2021 in the GISAID database(25), as previously 634 

described (52). Subsampling was conducted to maximize the sequence diversity. 635 

Acknowledgments for the GISAID deposited sequences used in this study are displayed 636 

in Supplementary Data, Table S3. Subalignments were considered for H3N2 and EVA, 637 

principally for the purpose of effective population size analysis. In all cases sequences 638 

were harmonized to DNA (e.g. U was transformed to T to amend software compatibility) 639 

and aligned with MAFFT(26), using default settings. Sequences were clustered 640 

according to 100% identity with no coverage threshold using CD-HIT (68), and 641 

otherwise default settings for MERS and H3N2. 642 

The longest sequence from each cluster was selected as a representative. Exterior 643 

ambiguous characters were removed, and sequences with more than 10 remaining 644 

ambiguous characters (“N”) were discarded. Outliers based on hamming distance to the 645 

nearest neighbor and consensus were identified and removed from the set. Sites 646 

corresponding to protein-coding ORFs were then mapped to the alignments and 647 

noncoding regions were discarded. Common gaps corresponding to multiples of three 648 

nucleotides were maintained as “true” insertions or deletions and mapped into frame if 649 

necessary. Unique alignment rows were identified. Samples related to laboratory 650 

experiments, vaccine-related sequences and patents were pruned based on an 651 

automated keyword search  652 
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Dates and locations of isolation are available for many isolates reported as calendar 653 

dates and city or country/administrative region of origin. These dates are referenced as 654 

calendar dates in the main text and date indices (number of days before/after January 655 

1, 1950) in the supplement. For the regional analysis, the latitude and longitude of each 656 

city of origin or a representative city for each country/administrative region of origin was 657 

identified from simplemaps (https://simplemaps.com/data/world-cities) (69).  658 

With the exception of SARS-CoV-2 and H3N2, tree topology was optimized using IQ-659 

TREE (27) with the evolutionary model fixed to GTR+F+G4 and the minimum branch 660 

length decreased from the default 10e-6 to 10e-7 (options: -m GTR+F+G4 -st DNA -661 

blmin 0.0000001). For SARS-CoV-2, the tree was drawn from the global topology 662 

previously described (52). The global H3N2 tree was approximated using FastTree(70) 663 

specifying GTR; a 4 category gamma distribution; no support values; and using a 664 

previously-constructed maximum diversity subtree as a constraint (compiled at double 665 

precision, options: -nt -gtr -gamma -cat 4 -nosupport -constraints). Trees were rooted 666 

according to the position of an outgroup when possible and by date or midpoint 667 

otherwise. 668 

Viral lineages were both manually selected based on available metadata and 669 

algorithmically into correlated-clades we call “genealogical lineages” or GLs. GLs are 670 

defined as monophyletic clades with a strong correlation between the sequencing date 671 

and the distance to the tree root. Trees were used to construct date-constrained, 672 

genealogical trees using least-square dating (with software LSD2) (31). We considered 673 

the Shannon entropy of the clade distribution calculated over sliding windows based on 674 

the known or estimated date of isolation OR distance to the tree root as an explicit 675 

measure of lineage turnover.  676 

Fitch Traceback (71) was used to estimate ancestral states. Three classes of amino 677 

acid sites were identified on the basis of the nonsynonymous mutations within each site. 678 

1) Multiple, deep (MD) substitutions are “lineage defining”. 2) Multiple, shallow sites. 3) 679 

All shallow sites. We computed the site density of each class over a sliding window to 680 

assess signatures of positive selection. Selection pressures were also assessed 681 

through dN/dS analysis using PAML(44). 682 

The effective population size Ne and the ratio of the census population size N over Ne 683 

was estimated as previously described (17) http://www.trevorbedford.com/pact. Viral 684 

diversity (average time of any pair of leaves at a given timepoint to find their LCA) and 685 

average time to most recent common ancestor (TMRCA) over time were calculated with 686 

the PACT package as well. In order to demonstrate the potential equivalency between 687 

the impacts of selection strength and sampling density on effective population size, we 688 

additionally simulated an ensemble of trees.  689 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 11, 2021. ; https://doi.org/10.1101/2021.12.10.472150doi: bioRxiv preprint 

https://simplemaps.com/data/world-cities
http://www.trevorbedford.com/pact
https://doi.org/10.1101/2021.12.10.472150
http://creativecommons.org/licenses/by-nd/4.0/


24 
 

List of abbreviations 690 

AS: All, shallow 691 

BCoV1: Betacoronavirus 1 692 

CHIKV: Chikungunya virus 693 

DENV: Dengue virus 694 

dN/dS: ratio of non-synonymous to synonymous substitution rates 695 

DUF: Domain of unknown function 696 

Ebola: Zaire ebolavirus 697 

EVA: Enterovirus A 698 

EVAd: Enterovirus A 'diverse' 699 

EVAe: Enterovirus A 'even' 700 

EVB: Enterovirus B 701 

EVC: Enterovirus C 702 

EVCe: Enterovirus C 'every' sample 703 

EVCr: Enterovirus C 'reduced' samples 704 

EVD: Enterovirus D 705 

GL: Genealogical lineage 706 

H3N2d: H3N2 'divers' 707 

H3N2e: H3N2 'even' 708 

HBV: Hepatitis B virus 709 

HCV: Hepatitis C virus 710 

HCVe: Hepatitis C virus 'every' sample 711 

HCVr: Hepatitis C virus 'reduced' samples 712 

HDV: Hepatitis D virus 713 

HMPV: Human metapneumovirus 714 

HRSV: Human respiratory syncytial virus 715 

HRV3: Human respirovirus 3 716 

H3N2: Influenza A Virus H3N2 717 

LCA: Last common ancestor 718 
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LHDAg: Large human delta antigen 719 

LSD: least-square distance 720 

MD: Multiple, deep 721 

MERS: Middle East respiratory syndrome-related coronavirus  722 

ML: Manual lineage 723 

MMV: Measles morbillivirus   724 

MRCA: Most recent common ancestor  725 

MRV: Mumps rubulavirus 726 

MS: Multiple, shallow 727 

N: Census population size 728 

Ne: Effective population size 729 

Norwalk: Norwalk virus 730 

NS: Non-structural protein 731 

NSP: Non-structural protein 732 

OHVA: Orthohepevirus A 733 

PeVA: Parechovirus A 734 

RVA: Rhinovirus A 735 

SARS-CoV-2: Severe acute respiratory syndrome-related coronavirus 2 736 

SV: Sapporo virus 737 

TMRCA: Time to most recent common ancestor 738 

YFV: Yellow fever virus 739 

ZIKV: Zika virus 740 

741 
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Figure legends 913 

 914 

Figure 1. Phylogenies of human pathogenic RNA viruses 915 

Schematic depicting the origins and phylogenetic tree topologies of 27 human 916 

pathogenic RNA viruses. 917 

A. Placement of each virus in the global phylogeny of RNA viruses (realm Riboviria). 918 

The tree topology is from (72). Viral groups containing human pathogenic viruses 919 

are named in black if containing viruses analyzed in this work and gray otherwise. 920 

The numbers of viral species, for which at least 200 nearly complete genome 921 

sequences were available, at least 50 of these isolated from humans, are shown in 922 

colored circles (green: monopartite viruses; blue: segmented viruses). 923 

B. Speciation of viral families or orders. 924 

C. Diversification within species. Trees for species are scaled to the same distance 925 

from the root to the most distal leaf and are grafted on the tree scaffold with arbitrary 926 

branch lengths for speciation but respecting topology. 927 

 928 

Figure 2. Stable Coexistence of Lineages among Human Pathogenic RNA Viruses 929 

A. EVD tree colored to represent the location of the three genealogical lineages (GL).  930 

B. Distance to the tree root vs. date of isolation for EVD. Distance is scaled by the 931 

maximum for any sequence within a correlated-clade and the x axis is bounded by 932 

the minimum/maximum date of isolation for any such sequence.  933 

C. The fraction of isolates within each correlated-clade (and excluding isolates that did 934 

not belong to any correlated-clade) computed over a sliding window containing the 935 

nearest 5% of all isolates indexed by sequencing date (top) and root distance 936 

(bottom, where date* represents the date of isolation corresponding to each 937 

sequence in an alternative phylogeny where the date of isolation for each sequence 938 

exactly corresponds to the distance to the root for that sequence. 939 

D. The mean Shannon entropy for the correlated-clade distribution respecting the 940 

sequencing date (y-axis, 〈𝑆𝑡
𝑗〉𝑗) and root distance (x-axis, 〈𝑆𝑑

𝑗〉𝑗) respectively. Dashed 941 

line displays 〈St
j
〉j == 〈𝑆𝑑

𝑗〉𝑗. 942 
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 943 

Figure 3. Genealogical lineages of human pathogenic RNA viruses throughout 944 

time 945 

A. Mutation rates (substitutions per site per year) for all main and GL phylogenetic trees 946 

used to construct genealogical trees (top). Time to Last Common Ancestor (LCA) in 947 

years from 2021 for all main and GL populations used to construct genealogical 948 

trees (bottom). 949 

B. Number of GLs per virus species circulating at the same time, based on the 950 

genealogical trees for each GL. For unannotated samples within a GL, the sampling 951 

date was estimated based on the date of the MRCA and root distance.  952 

 953 

Figure 4. Mutational Signatures in human pathogenic RNA viruses vary little with 954 

tree depth 955 

A. Illustration of three amino acid site classes considered. 1) Multiple, deep (MD, red). 956 

2) Multiple, shallow (MS, yellow). 3) All, shallow (AS, blue). Dashed circle represents 957 

deep, singular mutations which are excluded from this analysis. 958 

B. Pearson correlation coefficient between site densities for all pairs of site classes 959 

across the genome computed over a moving average of 101 amino acids respecting 960 

mature peptide boundaries. Rows are sorted by the first column subtracted from the 961 

third column. 962 

C. Log ratio of the mean site density across the specified peptide relative to the whole 963 

genome for select peptides. Bars are bounded by the 25th and 75th percentiles of 964 

simulated data drawn from the binomial distribution with n=total number of sites 965 

across the genome trials of probability p=length of peptide / length of genome. 966 

RVA|P* represents the union of peptides P2-C, P-3A, and protease-3C. 967 

 968 

Figure 5. Estimation of effective population sizes for human pathogenic RNA 969 

viruses 970 

A. Ne estimated for genealogical trees. Bars represent varying generation time t for 971 

each virus ranging between 0.5 and 5 times the value corresponding to the filled 972 

circle. For H3N2 and EVA, Ne estimates for evenly sampled trees (up to 10 or 100 973 
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samples per year, e10 and e100, respectively) and diverse sampled trees (d10 and 974 

d100) are also displayed. 975 

B. N/Ne ratios, where N is the census population. Bars represent varying N between 976 

0.5 and 5 times the value corresponding to the filled circle. N and t estimates are 977 

shown in Supplementary Data, Table S10. As in (C), N/Ne estimates are shown for 978 

evenly and diverse sampled trees for EVA and H3N2. Colour code as in (C). 979 

C. Ne (with t fixed to 1 for all trees) for simulated trees varying selection strength and 980 

sampling density (Ne represented by circle area). 981 

D. Example simulated trees resulting from simulations of varying selection strength and 982 

sampling density. 983 
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