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Diversity and distinctive characteristics of
the global RNA virome in urban and
peri-urban environments

A list of authors and their affiliations appears at the end of the paper

RNA viruses represent an integral component of human-associated environ-
ments and human health. However, the ecology of environmental RNA viruses
remains largely unexplored. Here, we analyzed 2922 metatranscriptomic
samples collected from urban and surrounding environments—including
human-dense settings (e.g., transit hubs, hospitals, banks), alongside peri-
urban settings — across 102 cities in 31 countries and constructed the Urban &
Peri-urban RNA Virus Atlas (UPVAtlas), comprising 54,945 RNA viruses, 77% of
which had not been previously observed. Phylogenetic reconstruction based
on RNA-dependent RNA polymerases from UPVAtlas greatly expanded the
evolutionary diversity of RNA viruses, leading to the identification of two
potential candidate phyla, one candidate class, and several unclassified clades.
Host association analyses further revealed the ecological complexity of
environmental RNA viruses, with the diversity of vertebrate-related and
ESKAPE pathogen-related viruses underscoring the importance of continued
monitoring of urban environments for tracking RNA viral prevalence and
dynamics, with direct relevance to future public health.

RNA viruses represent one of the most evolutionarily diverse and
ecologically ubiquitous groups of biological entities on Earth. How-
ever, the vast majority of their diversity, often referred to as the viral
“dark matter”, remains uncharacterized and understudied across
global ecosystems1. It is estimated that Earth harbors upwards of 10³¹
viral particles, but fewer than 1% of this staggering diversity has been
formally described2. Among these, RNA viruses cause more concern
due to their intrinsically high mutation rates, up to a million times
higher than their hosts2–4. More importantly, the novel viruses dis-
covered comprise over two-thirds of all human pathogens5. Hence,
identifying new RNA viruses is a top priority towards elucidating the
spectrum of viral diversity and expediting their integration into
various research domains, including pharmacology, genetics, agri-
culture, and other areas6–9. Unveiling the distribution pattern of RNA
viruses is of utmost importance for a comprehensive assessment of
their potential ramifications on human health and the environment.

Recent advances in sequencing technologies and bioinformatic
methods have enhanced our ability to uncover unknown RNA viruses

and understand their phylogeny in various environments. For exam-
ple, Hillary et al. identified 3462 viral contigs in RNA virome from
purified virus-like particles in five soil types, suggesting that RNA viral
communities have the potential to exert influence on inter-kingdom
interactions across terrestrial biomes10. Chen et al. collected 442
metatranscriptomic samples from 32 diverse environments in 16 pro-
vinces and regions of China to expand the known diversity of the RNA
virome. The authors identified 6624 putative novel viral operational
taxonomic units (vOTUs), classified into at least 62 families11. Oceans
are also known to be a reservoir of viral genetic diversity12. To expand
the knowledge of global marine RNA virus diversity, ecology and
ecosystem roles, Dominguez-Huerta et al. analyzed the Tara Ocean
samples and identified 5504 RNA viruses13. Neri et al. analyzed more
than 330,000 RNA-dependent RNA polymerases (RdRPs) uncovered
from 5150 diverse metatranscriptomes, identifying two candidate
novel phyla and revealing that the diversity of RNA viruses on Earth is
at least five times larger than previously recorded14. To investigate the
evolutionary origins of marine RNA viruses, Zayed et al. analyzed 771

Received: 25 November 2025

Accepted: 12 May 2026

Check for updates

e-mail: jwu@bio.ecnu.edu.cn; linfa.wang@duke-nus.edu.sg; chm2042@med.cornell.edu; tlshi@bio.ecnu.edu.cn

Nature Communications |         (2026) 17:6397 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-73605-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-73605-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-73605-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-73605-z&domain=pdf
mailto:jwu@bio.ecnu.edu.cn
mailto:linfa.wang@duke-nus.edu.sg
mailto:chm2042@med.cornell.edu
mailto:tlshi@bio.ecnu.edu.cn
www.nature.com/naturecommunications


ocean metatranscriptomes, and identified 44,779 RdRP-encoding
contigs doubling the size of the orthornaviran phyla15. Because ~75%
of emerging human infectious diseases originate from animals, He
et al. performed a metatranscriptomic analysis of 1941 game animals,
representing 18 different wildlife species traded or consumed as food
across China and identified 102 mammalian-infecting viruses, more
than half of which were previously uncharacterized16. Finally, Hou et al.
innovatively employed artificial intelligence methods to discover
161,979 potential RNA virus species17, and these and other studies have
revealed a high phylogenetic diversity among RNA viruses. To gain a
deeper understanding of this diversity, researchers use a phenomenon
known as amino acid directional selection18,19. This form of natural
selection promotes extreme shifts in allele frequencies over time.
Variations often emerge from the fitness advantages organisms gain
within specific ecological niches, shaped by factors such as geoloca-
tion, climate, and environmental conditions. By exploring these
dynamics, researchers have provided valuable insights into the evo-
lutionary pressures and adaptations experienced by viruses, including
SARS-CoV-2, Zika, and Dengue20–24. The findings emphasize the intri-
cate nature of viral evolution and highlight the pivotal role of direc-
tional selection in shaping interactions between viruses and their
environments.

Crucially, since theNeolithicRevolution, the trendof urbanization
has been consistently rising, propelling substantial human migrations
towards cities and giving rise to heightened population density, along
with increasingly interconnected transportation networks that serve as
dissemination hub of epidemics, thereby emerging as a significant
threat to humanity25,26. RNA viruses have historically served as influ-
ential agents in the survival or demise of human populations as they
drove the evolution of our immune system27. Despite their global
impact on humans, little attention has been paid over the past century
to the distribution of RNA viruses in rapidly expanding urban envir-
onments, where 56.2% of the world’s population dwells28. This knowl-
edge gap in human-virus interactions is particularly concerning, as
urbanenvironmentsmay serve asundiscovered reservoirs and sources
for novel RNA viruses. These environments can facilitate the persis-
tence, transmission and diversification, with broad implications ran-
ging from public health crises to privacy concerns29. In particular, the
COVID-19 pandemic has shown that densely populated cities, such as
New York and Shanghai, often bear the brunt of emergencies30,31. To
improve our preparation for epidemics and reduce their economic
costs, it is imperative to carry out large-scale surveys of the micro-
biome to convey early warnings for epidemics32 and will facilitate
“smart cities” envisioned. Additionally, considering the continuous
spread and evolution of viruses, there is an urgent need to develop
scalable, cost-effective and long-term passive surveillance systems.
Indeed, genomic catalogs of RNA viruses can improve our under-
standing of viral phylogeny and origins, their roles in the environment
and seasonality, and their pathogenicity.

Previously, we reported that 94.1% of the identified DNA viruses
did not match any viral sequence at the species level in the IMG/VR
database, highlighting the vast number of unidentified DNA viruses in
urbanenvironments33. Hence, it is reasonable to believe thatnumerous
unidentified RNA viruses also remain to be discovered in and around
cities. Thoroughly understanding the RNA virus genomes fromdiverse
urban environments would provide valuable insight into the viral
ecology of urban areas and their impact on public health, urban
planning and sustainability. To explore this notion, we analyzed 2922
metatranscriptomes obtained from a wide range of urban environ-
ments, leading to the discovery of over 40,000previously unseenRNA
viral operational taxonomic units (RvOTUs). This large collection of
unknown viruses has enabled the identification of two potential can-
didate phyla, a novel classwithinKitrinoviricota, and several previously
unseen clades under established phyla. Furthermore, we characterized
the evolutionary and directional selection patterns within five

established phyla. Finally, by cross-referencing two virus-host inter-
action databases and two CRISPR spacer databases, we proposed
potential hosts for approximately one-third of these viruses and
investigated the diversity and genomic evolution of viruses associated
with ESKAPE pathogens34,35 and vertebrates.

Results
A genomic catalog of RNA viruses from diverse environments
From March to July 2020, the MetaSUB Consortium36 collected 1,862
metatranscriptomes from cities worldwide. Sampling sites were cho-
sen in high-population-density urban areas to serve as a proxy for the
urban microbiome. All samples were obtained from commonly tou-
ched surfaces (e.g., handrails, benches, ticketmachines) and subjected
to shotgun metatranscriptomic sequencing (see Methods and Mate-
rials). In addition, to broaden the representation of human-associated
environments in our sampling, we selectively retrieved non-built, peri-
urban environmental samples from the Sequence Read Archive (SRA)
database, thereby maximizing coverage of the RNA virome across
environments accessible in daily human life. Notably, certain animal-
associated samples were also included, as these animals are frequently
traded as edible commodities in local markets of the corresponding
regions. Accordingly, a series of metatranscriptomes with geographic
records, originating from multiple BioProjects and spanning diverse
environments worldwide, were incorporated into our analytical
framework.

In total, we analyzed 2922 metatranscriptomic samples, spanning
102 cities across 31 countries, comprising a dataset of more than 100
billion reads. The extensive datasets under investigation encompass a
broad spectrum of environments, including surfaces of urban envir-
onments consistingof public transit stations (e.g., bus stations, subway
stations, and train stations) and other high-population-density loca-
tions (e.g., hospitals and banks, etc.), supplemented by some urban
perimeter environments (e.g., soil, green spaces, water, wastewater,
etc.) (Fig. 1A, Supplementary Data 1). Following the initial processing,
which adhered to established quality-control standards33, the
sequencing data were subsequently assembled into an extensive
contig set comprising nearly 300 million contigs, including 22.21 mil-
lion contigs not shorter than 1 kb. Subsequently, these 22.21 million
contigs were fed into geNomad37 to extract the putative viral contigs.
This process yielded a final set of 675,322 putative viral contigs, of
which 241,082 (35.7%) were identified as members of the Orthorna-
virae kingdom (Fig. 1B), encompassing viruses characterized by RNA-
based genomes. The Orthornavirae contigs were further grouped into
84,438 clusters based on 90% average nucleotide identity (ANI) and
90% alignment fraction (AF), similar to thresholds used in previous
studies14,15. Of these 54,945 had a RdRP core domain detected, passed
the QC filters (see Methods and Materials), and were hereafter desig-
nated the Urban & Peri-urban RNA Virus Atlas (UPVAtlas). The longest
contigs in each cluster were selected as the representatives, which
were regarded as RNA viral operational taxonomic units (hereinafter
referred to as RvOTUs).

While our data revealed a substantial number of RvOTUs, the
accumulation curve indicates that global RNA virus diversity has not
yet reached saturation for almost all sample types (Fig. 1C, D).
Although the richness of RvOTUs in the samples collected from arti-
ficial environments, such as stores, wastewater facilities, public transit
stations, and hospitals, is lower than that in natural samples, RNA virus
diversity always remains far from saturation (Fig. 1D, Supplemen-
tary Fig. 1).

By comparing between the RvOTUswith known RNA viruses from
various catalogs and studies including 7064 RNA viral genomes in the
ICTV (International Committee on Taxonomy of Viruses) database38,
5504 RvOTUs identified in Zayed et al.’s study, 124,742 RvOTUs in Neri
et al.’s study and 27,986 RNA viral genomes used as references in Neri
et al.’s study, we found that only 12,487 (22.73%) RvOTUs contained at
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Fig. 1 | Pipeline for discovering RNA viruses in metatranscriptomic datasets.
AWorld map shows the locations of samples with recorded geographical location.
The map was generated using R packages ‘ggplot2’ (v4.0.0) and ‘maps’ (v3.4.3).
B Pipeline used for uncovering RNA viruses using metatranscriptomic data.
C Urban-RvOTU rarefaction curves were generated using all the samples in this
study. The values were obtained via bootstrapping. The shaded areas represent the
mean number of RvOTUs ± standard deviation of measured Urban-RvOTUs
through 100 random subsampling. The line represents the mean of 100 random
samples. D Urban-RvOTU rarefaction curves using the samples collected in major
environments (station, hospital, soil, game animal, wastewater and sediment),

colors indicate the environment type. The shaded areas represent the mean±
standard deviation for each environment, calculated as in (C). E Numbers of novel
and shared (generated species level match with reference library of RNA viruses
composedof 4 distinct datasets) Urban-RvOTUs identified in this study. FNumbers
of Urban-RvOTUs with different genome completeness. G The network graph
illustrates the similarity among varied environments concerning prevalent Urban-
RvOTUs. Green nodes represent distinct environments, with node size corre-
sponding to the number of collected samples. Edges colored in red signify a Jaccard
index exceeding 0.1 and a BH-adjusted p <0.001.
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least one previously known sequence, at the ANI90 level of diversity
(RdRP core domain sequences, Supplementary Fig. 2, Fig. 1E, Supple-
mentary Data 2). The lengths of these RvOTUs followed a truncated
power law distribution, with the vast majority (92.03%) being shorter
than 5 kb (Supplementary Data 3); however, more than half of the
RvOTUs (28038, 51%, Fig. 1F) still achieved a medium level of genome
completeness ( > 50%).

We further explored the similarity across different environments
with respect to the prevalent RvOTUs (Fig. 1G, see Methods and
Materials). We found that prevalent RvOTUs exhibited distinct profiles
across various environments, although a notable level of co-
occurrence was observed among urban-prevalent RvOTUs in artifi-
cial environments characterized by heightened human activity,
including public transit stations, stores, banks, streets, and hospitals.

Two potential candidate phyla expand the phylogenetic diver-
sity of RNA viruses
The RdRP enzyme is crucial for the replication of RNA viruses and
boasts a remarkable degree of conservation across various RNA virus
families, making it a key marker for constructing RNA virus phyloge-
netic trees. To investigate the phylogenetic diversity of the RNA vir-
ome and categorize the newly identified RNA viruses, we gathered
RdRP core domain sequences from all the viral contigs classified as
Orthornavirae (see Methods and Materials), resulting in the recovery
of 160,016 RdRPs. Clustering with a 95% amino acid identity threshold
over a 90% alignment fraction resulted in 52,914 representatives
referred to as the RCR95 set. To avoid false positives in RdRP identi-
fication, we applied a similar strategy used in previous studies39,40,
which consists of a homology search to exclude group II introns and
reverse transcriptases (RTs)—the primary sources of false positive
signals for RdRPdetection. TheRCR95 representativeswere compared
with the 3992 group II introns and RTs collected from the NCBI nr
database using blastp, and no positive matches were identified (Sup-
plementary Data 4).

We employed the geNomad37 to perform taxonomic annotation
on the RCR95 representative, and the results showed that geNomad
offers consistent taxonomic annotation at both phylum and class
levels (Supplementary Fig. 3A, B) within clusters generated under dif-
ferent identity thresholds. Ultimately, 91.51% RCR95 representatives
got taxonomic annotated at phylum level or lower by geNomad,
attributing them to five ICTV-recognized phyla in the megataxonomy
of Orthornavirae: Lenarviricota (46.52%), Pisuviricota (23.70%), Kitri-
noviricota (14.37%), Duplornaviricota (4.74%), and Negarnaviricota
(2.19%). It is noteworthy that, despite the substantial expansion of our
dataset, the five phyla previously established continue to dominate the
overall phylogenetic diversity of the RNA virome.

To assess the presence of novel phyla within the RCR95 set, we
partitioned the 52,914 RCR95 representatives into 4958 clusters using
MMSeq241 applying a sequence identity threshold of 0.3 to achieve the
minimal identity threshold for phylum level clustering (see Methods
and Materials, and Supplementary Data 5). Within each cluster, we
evaluated the annotation purity across different taxonomic levels. The
results demonstrate the high internal annotation consistency at both
the phylum and class levels of the geNomad annotation (Supplemen-
tary Fig. 3B). Consequently, we uniformly assigned each RCR95
representative within a cluster to the dominant phylum. Only 25
clusters (0.5%), each comprising over 20 members and totaling 1338
representatives in the RCR95 set, lacked phylum-level annotation. To
address this gap, we subsequently constructed a maximum likelihood
phylogenetic tree to elucidate the phylogenetic relationships between
theseunannotatedRCR95 representatives and thefivewell-established
phyla within Orthornavirae (Fig. 2A, see Methods and Materials). The
resulting RdRP tree comprised 1984 representative sequences,
including 1338 RCR95 representatives lacking geNomad annotation at
the phylum level, 643 RdRP core domain sequences extracted from

ICTV genomes distributed across five well-established phyla of
Orthornavirae (Pisuviricota: 180, Kitrinoviricota: 86, Lenarviricota: 168,
Negarnaviricota: 193, and Duplornaviricota: 16), and 3 reverse tran-
scriptases (RTs) included as an outgroup. In addition, we incorporated
the 33 RdRPs from a recently identified phylum (p.0002), as reported
by Neri et al. in their virome study14, into the phylogenetic tree. We
compared the candidate viral phyla proposed in previous studies14,15

with representatives of the RCR95 set (see Materials and Methods).
This preliminary comparison revealed blastp matches between Neri
et al.‘s p.0002 and our RCR95 members; accordingly, p.0002 was
included in our phylogenetic reconstruction alongside ICTV-
recognized reference viral sequences. All other candidate phyla from
the aforementioned studies were excluded from this analysis, as they
have not yet been certified by the ICTV.

Ultimately, we found that 18 out of the 25 clusters were phylo-
genetically assigned to the phylum Kitrinoviricota, while the remaining
seven clusters formed two deeply branching clades in the RdRP phy-
logenetic tree, representing two proposed candidate phyla, desig-
nated as upv.p.001 and upv.p.002. Our findings demonstrate that the
candidate phylum upv.p.002 clusters closely with the candidate phy-
lum p.0002 identified by Neri et al.14 After examining the composition
of different phyla within the samples, we observed that two novel
candidate phyla exhibited relatively low abundance, yet we still
examined their environmental niches (Fig. 2B). The findings revealed
that upv.p.001 was predominantly presented in the wastewater, soil
and sediment samples, while upv.p.002 was primarily identified in
grassland samples.

In terms of geographical distribution, the sequences represented
by RCR95 members of both upv.p.001 and upv.p.002 were derived
from metatranscriptomic samples collected in the Northern Hemi-
sphere (Fig. 2C). Specifically, upv.p.001 was detected across North
America, Europe, and Asia, whereas upv.p.002 was recovered only
from a limited number of samples in North America and Europe.

Subsequently, we explored the domain content within the two
novel phyla, upv.p.001 and upv.p.002, to provide further insights
into their evolutionary significance. The ORFs were first detected
within the contigs of the two novel phyla, and then functionally
annotated (see Methods and Materials). Overall, due to their excep-
tionally low similarity to any known sequences, many genes in these
genomes could not be annotated. The genomes of upv.p.001
exhibited a length of approximately 13kbp and contained 14–15 open
reading frames (ORFs), whereas those of upv.p.002 are about 6kbp in
length and comprise 2–4 ORFs. Specifically, the RdRPs were con-
sistently located at the terminus of upv.p.001 genomes (Fig. 2D), and
an icosahedral capsid was detected upstream of the genomes, sug-
gesting that viruses within upv.p.001 likely possess the classic ico-
sahedral or helical capsid structure (Fig. 2D). A screen of bacterial
CRISPR-Cas spacers targeting upv.p.001 revealed that its Clos-
tridioides difficile-infectious members are widely distributed on the
phylogenetic tree (Supplementary Fig. 4, see Methods and Materi-
als). Spacers from at least seven different C. difficile targeted
upv.p.001members, indicative of an ongoing evolutionary arms race.
Additionally, we also observed upv.p.001 members linked to Listeria
monocytogenes and Lachnospira eligens. In summary, our observa-
tions suggest that the upv.p.001 clade is more characteristic of a
bacteriophage lineage, with no evidence found to support any
eukaryotic infection potential.

Regarding upv.p.002, unexpectedly, a collagen domainwas found
within a member, an unusual occurrence since collagen proteins are
not typically identified in the viral genome as per the ICTV reference
sequences (Fig. 2D). This domain exhibited a high similarity (identity =
0.96) to a collagen-like gene from Bacillus clarus. This similarity is
explained by a match between the viral genome and a CRISPR-Cas
spacer from B. clarus, indicating that this virus likely captured a frag-
ment of its host’s gene during infection. These results strongly suggest
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that this upv.p.002 member likely functions as a bacteriophage tar-
geting B. clarus.

Phylogenetic nature and diversity of established phyla
To explore how the high taxonomic-level unclassified viral vOTUs in
UPVAtlas could expand the known diversity of RNA viruses, we
extracted members from RCR95 that lacked class-level classification
and integrated themwith RdRPs from ICTV reference sequences of the
corresponding phyla to construct phylogenetic trees. Phylum
Duplornaviricota had no suitable members meeting this criterion;
given its recently reported potential polyphyly, we included all
Duplornaviricota members from RCR95 in a comprehensive phyloge-
netic analysis alongside ICTV reference sequences from all known
phyla. Overall, the phylogenetic tree faithfully reflected the structure
of existing taxonomy in general, although certain taxonomic expan-
sions and potential polyphyly also indicated the presence of novel
candidate taxa (Fig. 3).

ICTV representatives formed four clusters corresponding to the
four established classes within Phylum Kitrinoviricota (Fig. 3A), while
the RCR95 members constituted a distinct clade, suggesting the exis-
tence of a potential candidate class, k.c.c.01. Members of this clade

were derived from highly diverse sources (soil, 41.5%; animal, 20.8%;
sediment, 11.3%; etc.). Given the broad host range of known Kitrino-
viricota members (plants, invertebrates, vertebrates, etc.) and the
absence of CRISPR spacer match in the genomes of this clade, we
propose that the k.c.c.01members are likely eukaryote-hosted viruses,
similar to other members of the phylum.

Phylum Negarnaviricota is divided at the subphylum level into
Haploviricotina and Polyploviricotina. The former includes the classes
Yunchangviricetes, Chunqiuviricetes, and Monjiviricetes, which possess
mono-segmented genomes; the latter comprises the classes Elliovir-
icetes and Insthoviricetes, which have multi-segmented genomes. This
taxonomic division, based on genomic architecture, inevitably renders
Haploviricotina polyphyletic in the RdRP phylogenetic tree. However,
from the perspective of RdRP evolution, members with multi-
segmented genomes likely emerged later than the divergence of sev-
eral classes with mono-segmented genomes. Moreover, RCR95 mem-
bers formed a cluster adjacent to the sole member of
Yunchangviricetes (Yuyuevirus). Since its formal recognition by ICTV in
2018, this group of invertebrate-associated viruses has contained only
one genuswith two species, all originating fromChina42. Our 27 RCR95
members significantly expand the known diversity of this group, with

Fig. 2 | Phylogenetic reconstruction of the RNA viruses using the conserved
RdRP core motifs. A Phylogenetic tree of RdRP core sequences of RCR95 repre-
sentatives lacking phylum annotation and 643 RdRP domain sequences from the
ICTVdatabase. Thirty-three RdRP domain sequences fromNeri et al.’s p.0002were
also included. The tree was re-rooted using reverse transcriptases as an outgroup
and visualized with iTOL. Clades representing two novel candidate phyla ismarked
in purple. The bars indicate the number of samples in which RdRPs were detected.
(In sample type, built env. for station, park, street, etc. Non-built env. for soil,
grassland, etc. Water env. for river water, waste water, sediment, etc.) B Relative

abundance density of the two novel phyla across different environments. Envir-
onments where the relative abundance of both upv.p.001 and upv.p.002 is zero in
over 90% of samples were omitted. The p-values were computed utilizing the two-
sided Welch t-test. C Global distribution of source samples for the two potential
novel phyla. Numbers indicate sample counts. The map was generated using R
packages ‘ggplot2’ (v4.0.0), ‘sf’ (v1.0-20) and ‘rnaturalearth’ (v1.1.0). Made with
Natural Earth. D Genome structures of upv.p.001 and upv.p.002 representatives.
Similar domains are shown as the same shape and color.
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novel sequences derived from multiple countries across North Amer-
ica and Europe (e.g., United States, Finland, Sweden), demonstrating a
broader geographic distribution of these viruses than previously
recognized.

Regarding Lenarviricota (Fig. 3C), all 102 RCR95 members were
ultimately grouped around the reference sequences of Miaviricetes,
expanding the diversity of this class. Among them, 99 members
formedadistinct, novel clade. It is worth noting thatoneoutlier RCR95
member was positioned outside the mainMiaviricetes clade; however,
given that its separation from the primary Miaviricetes cluster was
supported by only a 0.546 bootstrap value, we consider it more likely
that this outlier is part of Miaviricetes rather than representing a
potential novel class.

Phylum Pisuviricota primarily consists of positive-sense single-
stranded RNA (ssRNA+ ) viruses (94%), one of its classes, Class
Duplopiviricetes, includes members with double-stranded RNA
(dsRNA) genomes (e.g., Picobirnaviridae, Amalgaviridae), while others
(e.g., Fusariviridae, Hypoviridae) possess positive-sense ssRNA gen-
omes like other Pisuviricota classes. In the phylogenetic tree con-
structedwithRCR95members and ICTV reference sequences (Fig. 3D),
Duplopiviricetes exhibited polyphyly: all of its ssRNA members
diverged from the main cluster and instead grouped within a clade
containing Stelpaviricetes, another class of ssRNA viruses. Both phy-
logenetic evidenceandgenomic architecture suggest that these ssRNA
families within Duplopiviricetes are more closely related to

Stelpaviricetes. Furthermore, Pisoniviricetes also displayed complex
polyphyly from the perspective of RdRP phylogeny. The intricate
evolutionary relationships and varied genome types within this phy-
lum may have contributed to potential taxonomic challenges. In
addition, the RCR95 members formed an evolutionarily distant, dis-
tinct cluster within the double-stranded clade of Duplopiviricetes,
which we designated as pisu.u.c.1. We propose that these viruses also
possess double-stranded genomes, suggesting additional dsRNA
lineages in this phylum.

To verify their genome molecular type, we performed read map-
ping on samples containing pisu.u.c.1 members, together with two
control groups of confirmed high-quality ssRNA+ and dsRNA RvOTUs.
Since these samples were prepared using a strand-specific library
preparation protocol, this allowed us to determine the ratio of
positive-sense to negative-sense reads and distinguish the molecular
type of their genomes. The results showed that the log2 ratio of
positive-sense to negative-sense reads (logFRratio, see Methods and
Materials) was almost universally greater than 0 for the dsRNA control
group (Fig. 3E), with a few exceptions likely attributable to sequencing
technological stochasticity. In contrast, the logFRratio for the ssRNA+
control group was distributed on both sides of 0. This distribution
pattern arises because dsRNA viruses encapsidate a 1:1 ratio of
positive-sense to negative-sense strands in their genomes. The single-
stranded positive-sense intermediates produced during their life cycle
can only shift the baseline logFRratio (which is 0) towards positive

Fig. 3 | Phylogenetic reconstruction of established Phyla. A Kitrinoviricota, B
Negarnaviricota, C Lenarviricota, D Pisuviricota phylogenetic trees of RdRP core
domain sequences of RCR95 representatives lacking class level annotation and
reference sequences from the ICTV database. Color ranges in each tree represent
different classes. E LogFRratio of pisu.u.c.1 members and two control groups of
ssRNA+ and dsRNA RvOTUs. F Kernel density curves of LogFRratio distribution of

three groups. The colored backgrounds show theoretical ranges of logFRratio for
ssRNA+ and dsRNA viruses in shotgunmetatranscriptomic sequencing with strand-
specific library preparation. G Schematic overview of replication cycles of ssRNA+
and dsRNA viruses. The distinct polarity of viral genomes and their replicative
intermediates accounts for their different logFRratio distributions.

Article https://doi.org/10.1038/s41467-026-73605-z

Nature Communications |         (2026) 17:6397 6

www.nature.com/naturecommunications


values (Fig. 3F, G), with the degree of shift depending on viral tran-
scription activity. Conversely, ssRNA+ viral genomes have a 1:0 ratio.
The varying levels of negative-sense RNA intermediate templates
generated during transcription and replication can result in a logFR-
ratio that is either positive or negative (Fig. 3G).

The logFRratio distribution of pisu.u.c.1 members almost entirely
fell on the positive side of zero, confirming their dsRNA nature. How-
ever, compared to the dsRNA control group, the logFRratio values for
pisu.u.c.1 members were generally smaller, suggesting lower viral
transcription activity of pisu.u.c.1 within these samples. It is note-
worthy that a small number of samples exhibited marginally negative
logFRratio values (minimum= −0.086). Given the low read counts of
pisu.u.c.1 in these samples, these negative values aremost likely due to
the stochasticity inherent in PCR amplification.

Phylum Duplornaviricota is composed entirely of members with
double-stranded genomes. However, according to current RNA virus
taxonomy, dsRNA viruses do not share a common double-stranded
ancestor, which is well-illustrated by the dsRNA members within Phy-
lum Pisuviricota. More recently, the monophyly of Duplornaviricota
has been challenged, Zayed et al. suggested that viruses within
Duplornaviricota are polyphyletic, warranting subdivision into three
distinct phyla: (i) Duplornaviricota; Chrymotiviricetes, (ii) Duplornavir-
icota; Vidaverviricetes and (iii) Duplornaviricota; Resentoviricetes15. In
addition, Neri et al. also found that some double-strand RNA virus
families, e.g., Reoviridae and Picobirnaviridae, often diverge from their
respective phyla14. To examine this proposal, we constructed a phy-
logenetic tree using RCR95 representatives that exhibited positive
matches to RdRPs ofDuplornaviricota in the ICTV database, alongwith
referenced RdRPs across the five established phyla (Supplementary
Fig. 5). Our results corroborated the polyphyletic nature of Duplor-
naviricota, aligning with the previous observations14,15. Two clades
diverged from Duplornaviricota main lineage and clustered closely
with branches of Pisuviricota and Kitrinoviricota. This pattern closely
resembles the phenomenon we observed within Pisuviricota; Duplo-
piviricetes, and further suggests that the emergence of viruses with
double-stranded RNA genomes was not an isolated event in RNA virus
evolution.

Our findings in Pisuviricota and Duplornaviricota underscore the
likelihood of multiple independent origins of double-stranded RNA
viruses. The polyphyly observed in Pisuviricota; Duplopiviricetes and
Duplornaviricota from the perspective of RdRP phylogeny indicates
potential conflicts within the current taxonomic framework.

Directional selection of RNA viruses
Directional selection represents a form of natural selection where a
phenotype is favored over other phenotypes. As a result, the allele
frequency shifts over time in the direction of that favored phenotype.
This process often targets specific genes or genomic regions that
enhance the fitness of organisms within their niches (such as urban
environments). In this study, we used FADE (FUBAR Approach to
Directional Evolution), which is implemented in Hyphy43. Recently,
FADE has been employed in viral evolutionary dynamic studies using
the RASCL application to detect near-real-time selective pressures in
viral clades44. The purpose of FADE is to assess whether specific amino-
acid sites within a protein alignment are evolving toward a particular
amino-acid residue at faster rates along certain branches, in compar-
ison to a baselinemodel.Our observations revealed extensive diversity
of RNA viruses across different environments, potentially reflecting
evidence of directional selection in these viruses. We employed FADE
to detect any evidence of directional selection in viral phyla present
within the RCR95 set to compare evolutionarily complex and diverse
phylum-level viral communities across different environments (see
Methods and Materials for additional details on FADE). Overall, a total
of 104 amino acid sites in RdRP exhibited evidence for directional
selection across all the examined phyla, as detailed in Supplementary

Data 6. The distribution of these sites varied among phyla (Table 1,
Fig. 4A–G). Lenaviricota accounted for the majority with 57 sites
(54.8%), followed by Negarnaviricota with 30 sites (28.8%), Kitrinovir-
icota at 7 sites (6.7%), upv.p.001 with 6 sites (5.8%), Pisuviricota at
2 sites (1.9%), and both upv.p.002 and Duplornaviricota contributing
1 site each (1.0%). Notably, when assessing the preference for specific
amino acids, we observed a marked trend towards Aspartic acid [D]
and Phenylalanine [F], which were favored in 12.5% of cases, closely
followed by Asparagine and Cysteine, each accounting for 11.5% of the
substitutions.

Considering the potential impact of sequence number imbalance
s and variability in sample genetic diversity, our analysis prioritized the
most prevalent amino acid substitutions. This approach revealed
47,778 substitutions within the statistically significant dataset. Among
amino acid sites with at least four times at all amino acid targets, we
identified 3272 instances of directional selection in the RdRp protein.
Notably, certain sites demonstrated repeated substitutions indicative
of multiple amino acid exchanges:

Lenarviricota amino acid site 76 (Targets: F, W): Evidence sug-
gested a directional selection favoring Phenylalanine [F] and Trypto-
phan [W], with 7 noted substitutions from Tryptophan to
Phenylalanine. Phenylalanine’s role in modulating hydrogen bonding
interactions within the RdRp pocket is significant, particularly at
terminal nucleotides45. This site comprises Phenylalanine [F], Trypto-
phan [W], and Tyrosine [Y], all bearing hydrophobic aromatic side
chains crucial for biological function.

Lenarviricota amino acid site 727 (Target: M): This amino acid site
favors Methionine [M], a minor residue (2.2%) with 5 substitutions
from Lysine. Methionine’s hydrophobic side chain is implicated in the
RdRp complex’s functionality, particularly at the RNA template exit
site46.

Lenarviricota amino acid site 728 (Target: Y): Tyrosine [Y] is
favored at this site, a minor residue (8.1%) with 22 substitutions from
Phenylalanine. Tyrosine’s unique phosphorylation capability distin-
guishes it from Phenylalanine.

Lenarviricota amino acid site 917 (Targets: F, N, Y): This site
exhibits a diversifying selection preference, with 24 instances of Tyr-
osine [Y] to Phenylalanine [F] changes out of 33 substitutions (73%).

Negarnaviricota amino acid site 211 (Target: F): This amino acid
site favors Phenylalanine [F], occupying ~20% of the site, with 9 sub-
stitutions from Tryptophan [W]. Phenylalanine’s benzyl side chain
facilitates hydrophobic interactions without causing steric hindrance.

Negarnaviricota amino acid site 212 (Targets: C, N): At this amino
acid site, with 10 occurrences of Asparagine [N] to Cysteine [C] sub-
stitutions, the site is dominated by Asparagine and Serine [S] residues
(80%), both hydrophilic with polar uncharged side chains. The N to C
exchange maintains physiochemical properties, with cysteine’s ability
to form disulfide bonds enhances protein structure stability.

Biogeographical distribution of RNA viruses across diverse
environments
Understanding the distribution patterns, evolutionary history, infec-
tivity and genomic sequences of specific virus types can provide
valuable insights into their potential to be widespread or endemic and
help establish a virus-host model47,48. Our previous study demon-
strated that DNA viruses in urban environments exhibit a non-uniform
spatial and geographical distribution33. Here, we sought to explore the
biogeographic patterns of urban & peri-urban RNA viruses on a global
scale, drawing on the extensive data from our surveys of RNA virus
across 102 cities in 31 countries on four continents.

First, we investigated the viral community composition and
diversity of the samples from different countries (Supplementary
Fig. 6A, B), revealing distinct patterns of viral composition and diver-
sity. The results showed that Kitrinoviricota andDuplornaviricotawere
the dominant RNA viruses in the samples across most countries. We
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speculated that the differences in RNA viral community composition
might correlate with the urban locales where the samples were col-
lected from. For example, all French samples were taken from green-
houses,most of the Korean sampleswere collected fromhospitals (124
of 229) and public transit stations (93 of 229), and all Danish and
97.80% of the Polish samples were from subway or bus stations. The
Swiss samples included 60 collected from train stations, while the
environmental details for the remaining 61 samples were missing. To
test this hypothesis, we investigated the dispersion of RNA viral
diversity and composition across various types of environments. We
first conducted an alpha diversity analysis to assess RNA viruses’
diversity in different environments (Supplementary Fig. 6C). The
results showed that sediment and soil samples exhibited the highest
Shannon diversity index (SDI), consistent with previous studies49,50.
Additionally, wastewater exhibited one of the highest viral diversities,
indicating a potential health hazard through waterborne and aero-
solizedwastewater pathways. Thisfindinghighlights the importanceof
implementing a risk assessment and management framework for
specific pathogenic viruses through wastewater surveillance51. Gen-
erally, samples collected from urban environments (i.e., streets,
grassland, banks, stations and stores) displayed a lower RNA viral
diversity compared to those gathered from the natural environments.
These results suggest that the unique selection and survival char-
acteristics of urban environments, coupled with human activities, may
influence and alter the composition of RNA viruses.

We further examined the dispersion of RNA viral composition
across various environments (Fig. 5A). Our findings revealed that the
relative abundance of Kitrinoviricota is higher in terrestrial environ-
ments, such as greenhouses, banks, and public transit stations, com-
pared to aquatic environments, such as freshwater, biofilm, and
sediment. Notably, the high relative abundance of Kitrinoviricota in
wastewater samples suggests a connection between terrestrial and
natural aquatic environments. Wastewater systems, by their nature,
receive inputs from both terrestrial (human and agricultural runoff)
and aquatic sources. Given that Kitrinoviricota predominantly infects
terrestrial plants and animals, its presence in wastewater suggests a
transport pathway from terrestrial sources to aquatic
environments39,52,53. A previous study unexpectedly found a consider-
able number of viromeRdRP sequences classifiedunderKitrinoviricota
in water samples from the vicinity of Yangshan Deep-Water Harbor
near Shanghai40. Our findings suggests that the original observation at
Yangshan Deep-Water Harbor could potentially be attributed to
human-derived pollution, despite the general expectation of finding
more Kitrinoviricota in terrestrial environments. Notably, Duplorna-
viricota demonstrated a striking predominance in samples obtained
from environments closely linked to human activities, particularly
hospitals (52.01%). Meanwhile, Pisuviricota, which include numerous
vertebrate viruses (e.g., Berne virus, Scotophilus bat coronavirus 512
and BtRs-BetaCoV/HuB2013), were observed to dominate in certain
natural environments, such as biofilm (54.29%), freshwater (43.07%),
sediment (32.92%) and greenhouses (32.81%). Additionally, Pisuviricota
were also predominantly present in the animal samples (40.37%).

To further evaluate the differences in viral communities, we per-
formed nonmetricmultidimensional scaling (NMDS) analysis based on
the Bray-Curtis dissimilarity to assess the similarity in RNA viral com-
position across various environments (Fig. 5B). To assess the statistical
significance of the observed patterns, a permutational multivariate
analysis of variance (PERMANOVA) test was performed. In general, the
analysis revealed a statistically significant distinction in RNA viral
composition among environments (ANOSIM statistic R: 0.561,
p <0.001). Furthermore, a comparative assessment of dissimilarity
ranks within each environment was conducted. Notably, samples from
environments with substantial human influences exhibited the lowest
dissimilarity, suggesting a heightened homogeneity within the RNA
viral communities (Fig. 5C). This trend indicates a possible

homogenization effect of viral communities as a consequence of
anthropogenic influences, potentially diminishing biodiversity and
ecological distinctiveness within these ecosystems.

Furthermore, we quantified the dissimilarity among pairs of
environments, demonstrating that urban, non-urban, and aquatic
environments each formdistinct groups (Fig. 5D). Notably, animal and
wastewater environments were identified as separate entities. Upon
identifying the core viromes for the three main groups (see Methods
and Materials), we found that viruses hosted by fungi, plants, and
bacteria are thepredominant constituents, comprising 82%, 76.7%, and
65.7% of the core viromes in urban, non-urban terrestrial, and aquatic
environments, respectively. In non-urban environments, we observed
a Rotavirus-related RvOTU targeting vertebrates as a significant com-
ponent of the terrestrial core virome. Moreover, we observed the
SARS-CoV-2 in the urban environment, likely due to the collection of
most samples during the pandemic. These observations further high-
light the necessity for environmental virus surveillance, which is cri-
tical for identifying and mitigating the risks associated with these
potentially pathogenic RNA viruses. These results also indicated that
the soil environment acts as the largest connecting role among dif-
ferent environments.

Host spectrum of UPVAtlas
The virus-host connection range provides valuable insights into viral
ecology, transmission, and pathogenesis, which ultimately can inform
thedevelopment of effective treatment andprevention strategies54. To
identify putative hosts for the RNA viruses uncovered in this study, we
assessed the similarity between the RdRP sequences of each repre-
sentative in the RCR95 set and those of viruses with documented host
associations in the ICTV database38,55 (see Methods and Materials).

Only 33.54% of RCR95 representatives (17,746 out of 52,914) were
assigned to hosts, limiting our ability to fully understand the diversity
of potential hosts. Previous studies have suggested that RNA viruses
primarily target eukaryotic hosts14,56. However, our findings revealed
that more than half of RNA viruses assigned host information were
likely bacteriophages (50.33% of the uncovered RNA viruses with host
information) (Fig. 6A). The observeddiscrepancybetweenourfindings
and previous studies likely stems from the broader scope of host
assignments achieved in our study compared to the more limited
focus of prior research. A substantial percentage of Lenarviricota
viruses were associated with bacteria (69.41%), Kitrinoviricota with
plants (85.81%), and Duplornaviricota with fungi (90.05%). Among the
RNA viruses that have the potential to infect vertebrates, Pisuviricota
viruses, which encompass notable viruses like SARS-CoV-2, Rhino-
viruses, Polioviruses, and Enteroviruses, exhibited the highest pre-
valence (95.30%). To determine the specific lineages of vertebrates
infected by RNA viruses, we mapped the related viruses to the VIRION
database57, which was curated by the Verena Consortium, an inter-
disciplinary group focused on zoonotic disease prediction. This data-
base supports proactive measures by predicting human-infecting
viruses as well as identifying their host animals, and potential emer-
gence locations. Our analysis revealed 60 viruseswith a high likelihood
of infecting humans, along with 47 viruses likely infecting other
mammals (Fig. 6A). Of these, 19 out of 60 human-associated RCR95
representatives are found in urban environments, and 34 of them are
found in animal samples; 1 out of 47 mammalian-associated RCR95
representatives are found in urban environments, and 36 of them are
found in animal samples.

To further investigate the prokaryotic hosts of the UPVAtlas
members, we aligned the 29,857,318CRISPR spacers obtained from the
IMG database58,59 with all the contigs corresponding to the RCR95
representatives (see Methods and Materials). This process yielded
9466 matches that included 946 RCR95 representatives and 2446
spacers, with the latter originating from 423 bacterial and 28 archaeal
hosts (Fig. 6B, Supplementary Data 7). The results revealed that the
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vast majority of RCR95 representatives are highly specific, with nearly
two-thirds showing infection histories exclusive to a single host, and
81.08% infect no more than three species. Furthermore, the discovery
of 133 RCR95 representatives hosted by more than 10 species, mostly
belonging to the Pisuviricota phylum, indicated a potential interaction
or co-evolution between these viruses and their target species. Nota-
bly, we identified 166 RNA viruses that showed infection histories with

four of the ESKAPE pathogens, specifically Staphylococcus aureus,
Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter
baumannii. Among these viruses, 60.84% were classified as Pisuvir-
icota, and 18.07% were classified as Kitrinoviricota (Fig. 6C). Only one
virus showedmatches with Acinetobacter baumannii, while nearly one
hundred viruses had infection histories with Staphylococcus aureus (96
viruses) and Klebsiella pneumoniae (92 viruses), with the majority of

Fig. 4 | Exchanges of amino acid sites under directional selection and their
global distribution. A–GComposition andexchangeof amino acids at specific top
hits for each phylum. The chorddiagrams are colored by the respective “To” amino
acid on the inner ring and is colored for each amino acid in the outer ring. The
thickness of the chord indicates the amount of exchange between two amino acid
residues. Sites show a difference in the diversity and volume of exchanges at a
particular site, indicative of types of selective pressures at that site such as selective

sweeps, consensus replacement sites, repeated substitutions, rare residue, or
highly polymorphic sites. H Examining the global distribution of amino acid sites
under directional selection in Lenarviricota. For each site with evidence of direc-
tional selection (Table 1) in Lenarviricotawe examine the global distribution of the
target amino acid. The proportion of samples with the target amino acid of each
location is normalized by the total number of samples from each country, to avoid
bias from oversampled areas.
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these viruses belonging to the Pisuviricota phylum. These results
underline the potential of RNA viruses as platforms for developing
therapeutic strategies like phage therapy to combat drug-resistant
bacterial infections.

We also compared 1.8 million CRISPR spacers extracted from
286,997 genomes in UHGG database60 with RCR95 representatives, to

explore the association between urban & peri-urban RNA virome and
human health (see Methods and Materials). This resulted in 793
potential host-virus interactions, encompassing 1.15% (606 out of
52,736) of RCR95 representatives and 107 human gut microbes, which
include 106 bacteria and one archaeon (Methanobrevibacter smithii)
(Fig. 6B, Supplementary Data 8). The majority of the human gut

Fig. 5 | Urban&peri-urban environmentalRNAviral compositionanddiversity.
A Phyla composition of environmental RNA viruses for samples collected from
different environments. Relative abundance was quantified as fragments per kilo-
base million reads (FPKM). B Nonmetric multidimensional scaling (NMDS) plots of
RNA viral communities grouped by urban environment. The stress value of the
NMDS ordination is 0.18. The 95% confidence ellipses are displayed around the
sample groups. C Pairwise ANOSIM distance boxplot of samples in different
environments (Between, n = 1031224; game animal, n = 105; soil, n = 40755; sedi-
ment, n = 4656; freshwater,n = 153; grassland, n = 496; biofilm, n = 861; wastewater,
n = 13041; station, n = 110215; hospital, n = 21321; street, 1128; bank, n = 2278;
greenhouse, n = 1378; store, 2485). The center bar of box indicatesmedian, bounds
represent lower and upper quartiles, and the line indicate minimum andmaximum
of the dataset for each group. D The central network shows the similarity of the
RNA viral communities collected from different environments. Color and width of
edges indicate the similarity between each pair of environments was measured by
ANOSIMbasedon theRNAviral abundance. The three sectorplots around illustrate
the proportion of members aiming different hosts within the core-virome of the
three clusters (urban built env. cluster, peri-urban terrestrial env. cluster, and peri-
urban aquatic env. cluster) and the numbers represent the quantity of RvOTUs. The

core-virome of a cluster is defined as the intersection of RvOTU members that
exhibits a prevalence greater than 10% in each environment. Organism silhouettes
are sourced from PhyloPic (phylopic.org). Acer silhouette by T. Michael Keesey,
published under a Creative Commons Attribution-ShareAlike 3.0 Unported license
(CC BY-SA 3.0, https://creativecommons.org/licenses/by-sa/3.0/); the silhouette
has been resized and rotated; this work is distributed under the same license as the
original. Aralia silhouette byTreeof LifeApp, publishedunder aCreativeCommons
Attribution 4.0 International license (CC BY 4.0, https://creativecommons.org/
licenses/by/4.0/); the silhouette has been resized and rotated. Proso millet sil-
houette by Stefan Lefnaer and T. Michael Keesey, published under a Creative
Commons Attribution 4.0 International license (CC BY 4.0, https://
creativecommons.org/licenses/by/4.0/); the silhouette has been resized and rota-
ted. Clostridium silhouette by Gareth Monger, published under a Creative Com-
mons Attribution 3.0 Unported license (CC BY 3.0, https://creativecommons.org/
licenses/by/3.0/); the silhouette has been resized and rotated. Spirogyra silhouette
by Matthew Crook, published under a Creative Commons Attribution-ShareAlike
3.0Unported license (CCBY-SA3.0, https://creativecommons.org/licenses/by-sa/3.
0/); the silhouette has been resized and rotated; this work is distributed under the
same license as the original. The other silhouettes are all licensed under CC0.
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bacteria infected by the RNA viruses were Clostridia (52.83%) and
Bacteroidia (17.92%), the two of the most abundant bacterial classes in
the human gut61,62. The dominant RNA viruses that can infect human
gut bacteria were Pisuviricota (41.09%) and Lenarviricota (26.90%).
Using the spacers extracted from the 4644 species-level representa-
tives in theUHGGdatabase, only 0.05%of theseRCR95 representatives
were covered by the host-virus interactions, suggesting considerable
CRISPR diversity between bacterial strains and active community
infection.

In adherence to the “One-Health” framework, our investigation
extended to the association between 1477 World Development
Indicators63 (WDIs), reflective of a country’s status in terms of public
health, education, and economic parameters, and the abundance of
RNA viruses hosted by various organisms (seeMethods andMaterials).
Our analysis found that 219 WDIs, mainly associated with health,
economy and the environment, exhibited statistically significant cor-
relations with the abundance of RNA viruses in various hosts (Sup-
plementary Fig. 7, Supplementary Data 9). From the results, we

Fig. 6 | Host associations and vertebrate RNA viruses in UPVAtlas. A Sankey
diagram displays the distribution of uncovered RNA viruses and their hosts. Only
RNAviruses thatmatched to viruseswith ICTVhost informationwere included. The
subplot shows the phyla of RNA viruses potentially hosted by vertebrates. B Chord
diagram shows the targeting interaction between viruses and their corresponding
host organisms, as determined bymatching the spacers in the IMG database to the
viral contigs. The color of the ribbons represents the virus phylum. C Network of
potential interactionsbetweenRNAviruses andESKAPEpathogens basedonspacer
to protospacer matches. ESKAPE pathogens were represented by citrine hexagons
and labeled. Viruses are colored by phylum. D Relative abundance of six major
vertebrate pathogenic families across key environmental types in different cities. In
the legend, families are categorized by transmission routes, including gastro-
intestinal/respiratory and vector borne. Human and insect silhouettes are sourced
from PhyloPic (phylopic.org) and are all licensed under CC0 or PDM 1.0 (https://
creativecommons.org/publicdomain/mark/1.0/). E Phylogenetic tree constructed
using core motif RdRP domain sequences of reference genomes and RCR95

representatives. Reference viruses are shown in dark blue, viruses with larger than
50% identity to the referenceviruses are shown in light blue, and thepotential novel
RNAviruses are shown in gray. Trees aremidpoint rooted.Numbers under the label
indicated the number of RNA viruses with less than 50% identity to the reference
viruses in all the positive matched RNA viruses. F Phylogenetic tree of Picorna-
related RCR95 members. G, H The evolutionary progression of structures within
Picorna-related viruses. Homologous domains are visually represented using
identical shapes and colors, as delineated in the legend provided at the bottom.
Genome structure evolutionary trajectory of Picorna-related viruses experienced
three major transformations: 1. Separation of structural ORF from non-structural
ORF (from5, 6, 7 to 4); 2. Shift of structural and non-structural ORFs (from4 to 3); 3.
Emergence of peptidase 2 A and fusion of ORFs. I Genome length of Picornavirales
members targetingdifferent hosts. Genomeswith completeness over 70% fromthis
study are included. A two-sided Welch t-test were performed to evaluate the dif-
ference in means between groups (p =0.000416). *** denote a p-value lesser
than 0.001.
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observed thatmost of theseWDIwere significantly associatedwith the
abundance of the fungal, plant and vertebrate RNA viruses, and only a
few of them correlated with the bacteria and invertebrate RNA viruses.
Specifically, many of theWDIs related to the topics of Economic Policy
& Debt and Social Protection & Labor were significantly and positively
correlated with the abundance of vertebrate RNA viruses (e.g., Popu-
lation of all age groups, Unemployment with basic education, etc.).
Furthermore, the negative correlation (ρ = −0.5, P = 0.02) observed
between “Rural population growth (annual %)” and vertebrate viral
abundance suggests additional viral risks associated with urbanization
and population density. Overall, urban areas in less developed coun-
tries were found to carry a higher burden of vertebrate viruses.

To examine the diversity and phylogenetic expansion of several
major vertebrate pathogenic families, we retrieved 396 RCR95 mem-
bers belonging to six families. Hospital samples from Islamabad and
São Paulo exhibited substantially higher abundances of vertebrate
pathogens compared with those from Baltimore and Seoul, while
station samples from Buenos Aires and Santiago displayed the highest
vertebrate-pathogen levels, exceeding those observed in developed
countries in Europe and East Asia (Fig. 6D). As expected, Picornaviridae
—one of the largest families of human and animal viral pathogens64—
dominated nearly all urban and peri-urban environments across cities,
whereas vector-borne Flaviviridaemembers were predominant only in
a subset of soil samples (Fig. 6D). Coronaviridae were detected in
hospital environments in multiple cities, which is unsurprising given
our sampling period: the COVID-19 pandemic clearly influenced the
urban RNA virome composition, although not sufficiently to challenge
the dominance of Family Picornaviridae.

We further constructed maximum likelihood phylogenetic trees
for each family. These trees were composed of RCR95 representatives
mentioned above and the related referenced RNA viruses (Fig. 6E).
However, it is noteworthy that more than half of these RNA viruses
exhibited low similarity to the known viruses (sequence identity less
than 50%). For example, all the RNA viruses annotated as Hepeviridae
showed low similarity to the known Hepeviridae members. This
underscores the potential presence of novel and divergent strains
within this viral family.

Moreover, protein domains within the genomes of RNA viruses
were discerned, revealing substantial genetic diversity across distinct
genera and species within the same viral family, thereby underscoring
the pivotal role of this diversity in fostering the adaptation and evo-
lution of these viruses (Fig. 6G, Supplementary Fig. 8). As the largest
family of vertebrate-infecting RNA viruses, Picornaviridae encom-
passes numerous important human pathogens (e.g., Poliovirus, Echo-
virus, Hepatitis A virus, etc.). Upon investigation of Picornaviridae-
related viruses’ genomes, three discernible structural arrangements
emerged, the initial one closely mirroring the extensively documented
structural organization of Picornaviridae viruses archived in the ICTV
database. In this arrangement, peptidase 2 A and 3C are strategically
positioned upstream and downstream of the helicase, respectively.
However, an intriguing finding involves the absenceof peptidase 2 A in
the alternate structural arrangements. Considering the pivotal roles
played by peptidase 2 A and 3C in the cleavage of the viral precursor
polyprotein, and their contribution to the characteristic protein
arrangement65, coupled with insights from the phylogenetic relation-
ships among Picornaviridae-related viruses, we can infer potential
evolutionary trajectories in the genome structure of Picornaviridae-
related viruses. In the initial phases of phylogenetic development, the
original ORF was cleaved, producing one structural and one non-
structural protein (From 5,6,7 to 4 as shown in Fig. 6F–H). Subse-
quently, a reversal in the positions of these proteins occurred (from 4
to 3 as shown in Fig. 6F–H). Ultimately, the introduction of the 2 A
protein facilitated the emergence of this merged-ORF genomic archi-
tecture. (from 3 to 1,2 as shown in Fig. 6F–H). Previous research has
indicated that 2A-like peptides emerged independently during the

evolutionary history of various viral families66. From the evolutionary
history of picorna-related viruses, the appearance of the picornavirus
2 A protein may indicate potential reassortment events. In summary,
this series of changes ultimately led to a compact genomic archi-
tecture characterized by one single ORF.

Takada et al. reported that vertebrate viruses in multiple families
(e.g., Flaviviridae) exhibit more simplified genomes compared to
invertebrate viruses, which may confer a selective advantage in ver-
tebrate hosts—which possess more sophisticated adaptive immune
systems—by reducing the number of potential immune targets enco-
ded in the genome67. Here, we observed that Picornaviridae-related
viruses also exhibit a trend toward simplifying their genomes
throughout their evolutionary history (Fig. 6F-H). Besides, Picornavir-
idaemembers exhibitedmarkedly shorter genomes compared to their
non-vertebrate-infecting relatives (Fig. 6I), providing further evidence
for adaptive evolution associated with vertebrate infection.

Discussion
RNA viruses are a major favor in human and environmental health,
most especially in urban environments with higher population den-
sities and more interconnected transportation networks, which can
facilitate the propagation of an epidemic. In this study, we analyzed
2922 metatranscriptomic samples spanning diverse environments
across 102 cities (31 countries) before, during, and after the COVID-19
pandemic, and uncovered 54,945 RvOTUs, forming a large and geo-
graphically widespread assemblage of RNA viruses, termed the Urban
& Peri-urban RNA Virus Atlas (UPVAtlas), of which ~77% had not been
previously reported. Our findings suggested that urban environments
harbor a rich and diverse RNA virome, with highly frequent RvOTUs
present in both natural and urban environments. We found that the
UPVAtlas members’ prevalence in these environments was distinct,
likely because different factors contribute to their diversity and dis-
tribution. Nonetheless, a considerable number of RvOTUs were found
to be prevalent across multiple environments, especially those closely
associatedwith human activities. This indicates the cross-transmission
of RNA viruses across these environments, highlighting their adapt-
ability and raising concerns regarding risks of human infection.

Revising the RNA virome phylogeny
Utilizing the phylogenetic tree derived from the complete RdRP (RNA-
dependent RNA polymerase) core domain sequences of the environ-
mental RNA virome, twonovel phylawere identified, with one showing
a close clustering relationship to the previously identified phylum
p.0002 from Neri et al.’s work. Moreover, the polyphyletic nature of
Duplornaviricota was further corroborated in this study, aligning with
the Zayed et al.’s observation. Furthermore, the discovery of two dis-
tinct clades within Duplornaviricota, potentially indicative of novel
subphyla or classes, has been elucidated. Besides, the polyphyly
detected withinDuplopiviricetes aligned with the situation observed in
Duplornaviricota. Together, these findings provide further evidence
for the multiple independent origins of double-stranded RNA viruses
in the evolutionary history of RNA viruses and highlight potential
issues inherent in taxonomic classification scheme based on genome
molecular type.

Using the phylogenetic annotation, we generated a global land-
scape of the RNA virome revealing the biogeographical specificity of
RNA viruses across diverse urban environments. Our finding high-
lighted the influence of human activities in forging interconnected
environments that manifest a comparatively reduced viral diversity.
For instance, samples collected from urban environments such as
streets, banks, and subway stations demonstrate a diminished RNA
viral diversity relative to those obtained from natural habitats like
sediment, soil and grassland. Natural environments, exemplified by
soil, offer a more stable milieu for the persistence of microorganisms
compared to surfaces within the urban environment.
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The high diversity observed in the RNA virome of wastewater
samples supports the potential of wastewater monitoring systems,
particularly in the context of their widespread implementation across
countries in response to the COVID-19 pandemic. This heightened
diversity underscores the capacity of such systems to detect patho-
gens that may be absent or present at lower levels in other environ-
ments, including hospitals. While the candidate phyla exhibited lower
relative abundance compared to well-established phyla in themajority
of samples, their presence was nonetheless indicated by distinctive
ecosystem niches.

It is noteworthy that, although we employed an iterative RdRP
search strategy and used geNomad to assist in recovering the RNA
virome from our metatranscriptomes as comprehensively as possible,
thesemethods also have limitations in capturing highly divergent RNA
viruses and their RdRPs. Substantial evidence suggests that a vast
number of unknown RNA viruses remain unobserved68. Therefore, it is
not surprising that thepreviously establishedfivephyla dominate from
the perspective of current methods; more advanced approaches will
need to be created to uncover the “hidden” RNA viruses.

The predominance of short viral contigs in the UPVAtlas, with
over 92% of RvOTUs shorter than 5 kb, warrants careful interpretation.
While approximately half of the RvOTUs achieved medium genome
completeness ( > 50%), the truncated length distribution likely reflects
a combination of biological and technical factors. On one hand, many
RNAvirus lineages, particularlywithin Lenarviricota, genuinelypossess
compact genomes. Narnaviruses and related capsidless RNA elements
can be as small as ~2.5 kb, encoding little more than an RdRP. Our
recovery of numerous short yet apparently complete Lenarviricota
genomes is consistent with this biology. On the other hand, the limited
sequencing depth inherent to broad metatranscriptomic surveys
where viral reads compete with vastly more abundant host and
microbial transcripts, inevitably constrains the assembly of low-
abundance viral genomes, yielding fragmentary contigs that capture
the conservedRdRPdomainbutmissflanking structural and accessory
genes. Future studies employing targeted viral enrichment strategies
such as virus-like particle purification or sequence-independent single
primer amplification (SISPA) combined with long-read sequencing
technologies, would help distinguish genuinely compact viral gen-
omes from assembly artifacts and enable more complete character-
ization of the structural and functional gene repertoire of these novel
RNA viruses.

Environment specific RNA viruses pose a risk to monitoring
efforts
A key limitation of this study is the presence of sample bias, which
hindered our ability to directly compare the influence of different
environments across countries. The uneven distribution of samples
across countries and environment types created a significant con-
founding factor. For instance, all the French samples were collected
from greenhouse, while in Poland, 97.80% of the samples were from
subway or bus stations. This make it difficult to determine whether
observed viral community differences are due to the specific envir-
onment or to underlying country-level factors. This bias prevents us
from definitively attributing observed patterns to country of origin.
Future studies should prioritize a more balanced and stratified sam-
pling design, ensuring adequate representation of all countries and
environment types of interest, to address this limitation. Despite this
constraint, our current findings provide valuable insights into the
influence of environment type on RNA virus diversity.

The host analysis found that most RNA viruses uncovered in this
study were hosted by bacteria, fungi and plants, highlighting the role
of these organisms may play in the ecology and evolution of RNA
viruses in urban environments. In alignment with the “One-health”
concept, our research has elucidated a significant correlation between
societal and economic progression and the prevalence of vertebrate

RNA viruses. These finding serve as a cautionary note regarding the
impact of biodiversity on the trajectory of sustainable development.
Through spacer to protospacer matching, we unveiled that a majority
of the human gut bacteria potentially infected by RNA viruses belon-
ged to the Clostridia and Bacteroidia classes, which are among the
most abundant bacterial classes in the human gut61,62. Clostridia, con-
stituting a polyphyletic group of Gram-positive, spore-forming anae-
robes within the Bacillota phylum, significantly influences metabolism
and the functioning of the human gastrointestinal tract69. Certain
membersof theBacteroidia class play roles in bile acidmetabolism and
the transformation of toxic and/or mutagenic compounds70. Notably,
we identified 166 RNA viruses showing infection histories with four
ESKAPE pathogens, with most belonging to the phylum Pisuviricota.
These findings provide a foundation for developing novel viral-based
therapeutic strategies for ESKAPE pathogens71.

The finding that more than half of the host-assigned RNA viruses
in the UPVAtlas are likely bacteriophages challenges the long-held
perception that RNA viruses primarily target eukaryotic hosts. His-
torically, only a small number of RNAphage families,most notably, the
Leviviridae infecting, Gram-negative bacteria, were recognized, and
RNA phages were considered evolutionary curiosities of limited eco-
logical relevance. However, our data have expanded the known
diversity of RNA bacteriophages, particularly within Lenarviricota,
where nearly 70% of host assigned members were associated with
bacteria. In the urban context, these findings carry practical implica-
tions: RNA phages infecting ESKAPE pathogens may represent an
untapped reservoir for phage therapy development, particularly given
the growing crisis of antimicrobial resistance in hospital and transit
environments where these pathogens are most prevalent. Addition-
ally, the detection of RNA phages targeting Clostridioides difficile
across multiple members of the candidate phylum upv.p.001 suggests
that these viruses may play an unrecognized role in modulating
pathogen populations within urban wastewater and hospital settings,
environments where C. difficile transmission is a persistent clinical
concern.

Molecular profiling using natural selection analysis
Evidence for directional selection at amino acid sites can broadly be
categorized based on their impact on protein function or fitness,
including beneficial sites leading to adaptive changes, deleterious sites
associated with reduced fitness, and neutral sites with no apparent
effect on fitness. Directional selection at specific amino acid sites
within RdRp may provide insight into the fundamental evolutionary
mechanisms that significantly influence the adaptability and virulence
of RNA viruses: including SARS-CoV-2 and Influenza. These amino acid
changes, often resulting from mutations that confer selective advan-
tages such as enhanced replication fidelity, drug resistance, or evasion
from host immune responses, establish crucial molecular signatures
within theRdRpgene72. Suchmolecular signatures are vital for tracking
viral evolution, understanding pathogen adaptability, and identifying
potential therapeutic targets73. Additionally, the identification of these
molecular markers through global molecular surveillance programs
significantly enhances public health responses by facilitating the early
detection of potentially pandemic strains, guiding vaccination strate-
gies, and informing global health preparedness and response
strategies.

In our investigation of the global distribution of amino acid sites
that showed signs of directional selection across all phyla (Fig. 4H), we
observed a disproportionate number of sites with high values in the
Arctic. However, it should be noted that a significant portion of our
dataset, specifically 25%, consists of samples gathered from the United
States, while over 10% originate from China. To mitigate potential
analytical bias,we normalized the sequence counts of the target amino
acids by the total number of samples from each country. Within the
phylum Lenarviricota, we identified amino acid sites such as 998C,
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998 F, 1003M, 1302D, and 1362N that exhibit a relatively low global
distribution, contrasting with sites like 252W, 267D, 353W, 518Y, and
917N, which showed a significant global presence. These observations
underscore the role of evolutionary pressures in shaping viral fitness
and pathogenicity, thereby enriching our understanding of viral
adaptability. A comprehensive understanding of how the distribution
of amino acid sites affects viral dynamics requires consideration of
multiple factors, including temperature, which profoundly influences
viral replication rates and stability, and geographical climate shifts.
Human activities, such as urbanization, deforestation, and agricultural
activities, particularly livestock farming, can also create conditions
conducive to the spread of infectious diseases25,26,74,75.

Our current directional selection analysis, while limited to the
available sampling period, exposed significant amino-acid site beha-
vior in terms of composition and substitution diversity, aiming to
identify biological covariates in RdRp that influence replication fide-
lity, immune response, and host factor interaction. The directional
selection analysis was conducted to minimize bias towards any over-
sampled phylum, opting against a normalization approach. Future
serial sampling across cities is expected to explore amino acid site
behavior under different evolutionary scenarios, offering deeper
insights into temporal signals including selective sweeps and
frequency-dependent selection.

Our study has several limitations. Our approach involves identi-
fying RNA viruses through metatranscriptome analysis, which is sus-
ceptible to artifacts, such as RT errors or chimeric RNA assemblies.
Consequently, we focused on evolutionarily conserved groups of RNA
virus sequences, rather than singletons. Additionally, we recognize the
significance of having virtually complete viral genomes to compre-
hend viral genome structure and function. However, due to the lim-
itation in sequencing depth, our dataset contains only a limited
number of complete or near-complete RNA genomes, hindering fur-
ther functional analysis of the identified RNA viruses. Limitations
related to our directional selection analysis are also important to note.
Alternatives to directional selection, such as the confounding effects
of diversifying selection, must be considered when interpreting our
results. These can be partially elucidated by examining stabilizing
selection, which curtails genetic variation to preserve a population’s
fitness; balancing selection, which maintains multiple alleles at fre-
quencies exceeding those expected by random chance; and neutral
evolution, characterized by genomic changes occurring at a steady
rate without impacting the organism’s fitness. Collectively, these
evolutionary mechanisms contribute to the genetic diversity and
evolution of viruses, shaping their adaptability, virulence, and resis-
tance to therapeutic interventions. Consequently, these factors may
circumscribe the interpretability of our analytical outcomes. Further-
more, despite the substantial effort dedicated to host analysis, our
current knowledge can only attribute proper hosts to about half of the
identified RNA viruses. Also, due to the lack of a widely accepted gold
standard for host inference of viruses obtained from metagenomes,
the broad host groupings (bacteria, plants, vertebrates, invertebrates)
we applied also prevent us from revealingmore nuanced relationships
between viruses’ relative abundance and meteorological conditions.
Additionally, the rapid and frequent mutations characteristic of RNA
viruses, coupled with variations in host range among closely related
species76, caution against relying solely on sequence similarity for host
predictions. This highlights the potential for misinterpretations and
underscores the critical necessity for developing and implementing
more sophisticated tools in virus-host prediction, aiming to enrich our
comprehension of these intricate interactions.

A potential limitation of the phylum-level relative abundance
comparison in this study lies in the use of aggregated relative abun-
dance, which may introduce biases in interpreting the ecological
dominance of viral taxon. First, taxonomic diversity varies sub-
stantially across viral phyla, with certain phyla (Lenarviricota,

Pisuviricota) harboring a far larger number of RvOTUs than others.
This uneven distribution of RvOTU richness could inflate the aggre-
gated relative abundance of more diverse phyla; thus, the observed
higher abundance of these phyla may not fully reflect their genuine
ecological dominance, but rather a statistical artifact derived from
greater taxonomic representation. Second, for a phylogenetically
broad taxa group whose members span a wide host range—from pro-
karyotes to humans (e.g., Pisuviricota)—the use of aggregated abun-
dance to assess its ecological dominancemasks the distinct ecological
functions and host specificities of individual OTUs. Therefore, calcu-
lating the average abundance of OTUs per phylum, as an alternative
metric, might provide a more ecologically relevant perspective for
cross-phylum comparisons, and this approach could be validated in
future studies. Besides, the viral relative abundance inferred from
metatranscriptomic data represents a mix of viral particle abundance
and viral transcription activity, rather than pure viral biomass. Further,
viral phyla differ in genome polarity (e.g., dsRNA, ssRNA+ , ssRNA-
viruses), and these differences are associated with distinct transcrip-
tional efficiencies and RNA stability in host cells. Such inherent varia-
tions further complicate the direct comparison of relative abundance
across taxa, as the detected signals may not be fully comparable in
their biological implications.

Overall, our UPVAtlas constitutes the largest assemblage of RNA
viruses from metatranscriptomics data to date, and provides impor-
tant insights into the diversity, distribution, and host range of RNA
viruses in urban environments acrossmore than 100 cities worldwide.
These findings hold potential implications for public health, as the
extensive phylogenetic diversity of pathogen-related viruses and their
broad environmental distribution suggestpossible risk associatedwith
human interaction in these environments. Identifying potential can-
didate phyla and discovering unknown RNA viruses hosted by ESKAPE
pathogens provide new insights into the mechanisms underlying the
virulence and pathogenicity of these bacteria, which could inform the
development of new treatment strategies. The expansion of the phy-
logenetic diversity within pathogen-related viral families also empha-
sizes the need for continued surveillance and monitoring of urban
environments to identify and characterize previously undiscribed
viruses that may threaten public health. TheMetaSUB consortium and
its analyses ofmicrobiomes andmetagenomes in urban environments,
provide a rich dataset for understanding the diversity, distribution,
and evolution of viruses in cities. These types of data, combined with
viral sequences from publicly available databases may be useful for
creating molecular signatures of viruses and their local adaptations.
This involves identifying unique genetic sequences or patterns that
distinguish one virus from another or one strain from its counterparts
in different global regions. Among other things, the MetaSUB con-
sortium seeks to highlight how viruses have evolved in response to
environmental pressures, host immune systems, and treatments.
These molecular signatures (which leverage our existing toolkit of
selection analyses) can then inform vaccine development, tracking of
viral spread, and understanding of how viruses adapt to different hosts
or geographical areas. Our study contributes towards a crucial aspect
of modern molecular epidemiology, which may help to predict and
control viral outbreaks by understanding viral evolution and dynamics
in urban environments and contributes to our knowledge and man-
agement of viral diseases.

Methods
Sample collection and processing
All MetaSUB samples were processed under a standard operating
procedure (SOP) as our previous study33. Sampleswere collected using
Isohelix RNA buccal swabs, ensuring standardized procedures across
diverse cities and sampling teams. Prior to extraction, each samplewas
preserved in a tube containing 400μl of RNA Shield (Zymo Research).
Notably, samples stored in the DNA/RNA Shield can be frozen at
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temperatures of −20 °C to −80 °C for extended periods, while nucleic
acids remain stable at ambient temperature (RNA up to 1 month). The
collection process adhered strictly to the SOP developed collabora-
tively by all MetaSUB consortium members33,77, aiming to maintain
high-quality control throughout the sampling procedure.

Subsequently, the swabs were extracted using the easyMag
instrument (bioMérieux), following themanufacturer’s instructions. The
input volume for extractionwas 300μl, with anelution volumeof 110μl.
For library preparation, the total nucleic acid (TNA) from all samples
underwent treatment with DNAse I (Zymo Research, Catalog # E1010),
which effectively cleaves both double-stranded and single-stranded
DNA. Post-DNAse digestion, the sampleswere subjected to theNEBNext
rRNA depletion v2 (Human/Mouse/Rat) protocol, utilizing Ultra II
Directional RNA (10ng) and Unique Dual Index Primer Pairs from New
England Biolabs. All kits were sourced from a single manufacturer lot.

Completed libraries were quantified using Qubit and analyzed for
size determination on a Bioanalyzer (Agilent). These libraries were sub-
sequently pooled and dispatched to either the WCM Genomics Core or
HudsonAlpha for final quantification using a Qubit fluorometer (Ther-
moFisher Scientific), TapeStation 2200 (Agilent), and qRT-PCR with the
Kapa Biosystems Illumina library quantification kit. The NovaSeq 6000
(Illumina) facilitated 150-base pair paired-end sequencing at the UCSF
Center for AdvancedTechnology. Additionally, a HumanReference RNA
Standard (Agilent) was incorporated for quality assurance.

Data preprocessing, assembly and establishment of RNA virus
operational taxonomic units (RvOTU)
A total of 2922 metatranscriptomic samples were collected, including
1863 samples collected by the MetaSUB Consortium36 during the
COVID-19 pandemic, and 1059 samples from peri-urban environment
were collected from the Sequence Read Archive (SRA) database by
keyword searching (e.g., environmental metatranscriptome, city
metatranscriptome and <city name> metatranscriptome, etc.). The
metadata of these sampleswas alsodownloaded andmanually curated
according to the sample descriptions.

The raw sequencing data were initially processed with
Trimmomatic78 (version 0.39) with default parameters to remove low-
quality reads and those with ambiguous bases. The quality-controlled
reads were then aligned to the human genome (GRCh38, including
alternate contigs) using Bowtie279 (version 2.4.4) with default setting
to remove the host-related sequences. No filtering for low-complexity
reads was performed prior to the assembling step. Subsequently, for
each sample, reads were de novo assembled into contigs using
MEGAHIT80 (version 1.2.9) with default parameters.

Contigs with length no shorter than 1000 nt were first screened
for viral contigs using geNomad41 (version 1.6.1) end-to-end command
with default parameters. Contigs annotated as Orthornaviran by geN-
omad were further clustered into species level units using MMseq241

(release 13-45111) with parameters “--min-seq-id 0.9 -c 0.9 --cluster-
mode 2 --cov-mode 1 --seq-id-mode 2”. And then clusters with RdRPs
detected in the “Identification of RNA-dependent RNA polymerases
(RdRPs)” section were defined as RvOTUs.

Identification of potential strain contamination
Negative controls of MetaSUB samples were processed in the same
way as viral contigs detection. Then, we obtained only five viral con-
tigs. These contigs did not produce blastn matches meeting the con-
tamination threshold33 (identity > 99.99%) with our RvOTUs and,
therefore, no RvOTU was excluded as contamination.

Identification of RNA-dependent RNA polymerases (RdRPs)
To maximize the retrieval of RdRP sequences, we implemented an
iterative search approach similar to that used in Neri et al.’s study.
Briefly, a comprehensive RdRP database was constructed by key-
words searching (RdRP, RNA-directed RNA polymerase, RNA-

Dependent RNA Polymerase) in the NCBI nr database, along with
RdRPs provided by Neri et al.14. This database was then used as
queries to search a 6-frame end-to-end viral-contig-translation BLAST
database, which was generated using Transeq (EMBOSS version
6.6.0). Translations from RNA viral contigs (mainly Orthornavirae
contigs, and a set of Riboviria contigs, which only classified as
Riboviria and have no kingdom-level annotation, as a supplement in
case of omission) that exhibited at least one hit with an alignment
length over 100nt were retained as RdRP-drafts for subsequent
inspections and filtrations. After that, we detected the RdRP motif
A-D against the RdRP-drafts using hmmsearch (HMMER, version 3.3)
based on the published profile HMMs of RdRPs39,40. Considering the
variability of motifs in some viruses81, only RdRP drafts with at least
three of the motifs (A–D) were considered reliable. These reliable
RdRP drafts were subsequently trimmed to approximate the core
domain, referred to as the core-ref.

All RdRP sequences in core-ref were used as queries to search
contig translations again for deep exploration of RdRP. Acceptance
criteria for this round were: profile coverage ≥ 75%, E-value ≤0.00001
and identity ≥ 0.45 (0.15, 0.30, 0.45, 0.60, 0.75 were tested to deter-
mine the optimal value for distinguishing true RdRPs from group II
introns; see “Falsepositive RdRPfiltering process” for details). Then, all
accepted translations were trimmed as before and combined with the
core-drafts to constitute the ultimate reliable RdRP core domain
sequences. All vOTUs containing RdRP core domain sequences in at
least one member are labeled as RvOTUs.

Finally, considering the higher conservation at the amino acid
level, core-RdRPs were further clustered at a higher 95% amino-acid
identity than nucleotide acid using MMseq2 with parameters “--min-
seq-id 0.95 -c 0.333 --cluster-mode 2 --cov-mode 1 --seq-id-mode 2” and
the representative sequences given by MMseq2 were selected as the
RCR95 set.

In parallel, based on the virus taxonomy database published by
the ICTV Virus Metadata Resource (VMR) (version VMR_20-
190822_MSL37.2), we selected representative genomes of known
Orthornavirae viruses at approximately genus level and employed the
same method to search RdRP as their representatives for following
phylogenetic reconstruction.

False positive RdRp filtering process
To filter out potential misidentified sequences caused by false positive
motifmatches from reverse transcriptases. We constructed a database
containing various non-Orthornavirae sequences with domains
homologous to RdRPs’ domain by keywords searching (reverse tran-
scriptase, group 2 intron and group II intron) from NCBI nr database.
All RdRPs retrieved from our samples were compared to this database
using blastp to prevent contamination and got a best threshold for
RdRP acceptance.

RdRP-based phylogenetic reconstruction
To facilitate the search for high taxonomic level unknown viruses, we
re-clustered the RCR95 members using MMseq2 with sequence iden-
tity ranged from 0.8 to 0.1 and other parameters kept the same as
those used during the construction of RCR95. Then, annotation purity
of each cluster set showed that the RCR30 set (clustering identity
equals 0.3) achievedminimal acceptable identity threshold for phylum
level clustering because the purity experienced a sharp decline when
the clustering identity reached 0.2 (Supplementary Data 5). So, the
RCR30 set was analyzed for taxonomic purity and the proportion of
unknown elements at different taxonomic levels (Supplementary
Fig. 3A, B). Subsequently, the RCR30 sets were proven to be suitable as
a phylum-level clustering representative, exhibiting high purity at
phylum level. Twenty-five clusters from the RCR30 sets, comprising
members without geNomad taxonomic annotations, were selected for
subsequent phylogenetic reconstruction.
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On the other hand, we incorporated an average of five repre-
sentative sequences per family from ICTV sequences into the phylo-
genetic tree construction. These sequences provided a reliable
reference for taxonomic classification of clades. In total, 643 sequen-
ces were selected (Pisuviricota: 180, Kitrinoviricota: 86, Lenarviricota:
168, Negarnaviricota: 193, and Duplornaviricota: 16).

Considering the candidate phyla provided in multiple studies14,15,
we compared these candidates with our RdRPs using blastp. The
results indicated that only Neri et al.‘s p.0002 yielded positive hits with
our candidate RdRPs, so only Neri et al.’s p.0002were included in this
phylogenetic reconstruction together with reference sequences from
ICTV, and other candidate phyla were excluded considering that they
are not certified by ICTV yet.

Passed 25 RCR30 sets (unknown part), 5 groups of core-RdRPs of
different Orthornavirae phyla (known part) from ICTV Virus Metadata
Resource (VMR)38, an extra candidate phylum (validation part) from
Neri et al.‘s work14 and an outgroup consisting of three reverse tran-
scriptase sequences (RT) were passed to MUSCLE82 (version 5.1) Mul-
tiple Sequence Alignment (MSA) separately and yielded 32 MSA files.
Consensus sequences of each MSA file were generated by
HHconsensus83 (version 2.0.16), and the sites with more than 95% gap
characters were excluded. Then, all 32 consensus sequences were
aligned together using MUSCLE, generating a template MSA file. Fol-
lowing this, each gap position in the template MSA file was expanded
to the corresponding column of all 32 MSA files and merged into the
final one.

Finally, the merged MSA file was used to reconstruct an approx-
imate maximum likelihood tree using the FastTree84 tool (V.2.1.4) with
the WAG evolutionary model and gamma-distributed site rates85. The
tree was re-rooted between RTs and RdRPs and was visualized using
the online tool iTOL86.

Phylogenetic reconstruction for Duplornaviricota polyphyly
analysis
To validate the polyphyly nature ofDuplornaviricota claimed by Zayed
et al.15 we constructed another tree with all RdRPs from Duplornavir-
icota vOTU annotated by geNomad and RdRPs from ICTV repre-
sentatives. We made an MSA file out of them using MUSCLE as before
and then built the phylogenetic tree with FastTree program.

Clade taxonomic annotation of phylogenetic tree
The principles of phylogenetic tree clade taxonomic annotation follow
the work of Neri et al.14.

Tree leaves, composed of ICTV VMR members (see “RdRP-based
phylogenetic reconstruction”), were used as reference leaves for
taxonomic affiliation of clades.

All leaves were assigned to certain taxa based on the taxonomic
composition of ICTV VMR members within their respective clades,
adhering to the following principles:

• All descendants of their last common ancestor were assigned to a
single taxon and sequences descending from deeper nodes
should be assigned to a different taxon of the same
taxonomic rank.

• The depth of different taxa rank depends on their upper rank
nodes, which means, e.g., depths of classes vary among
different phyla.

Notably, application of these principles is different among sec-
tions. In the tree generated in “RdRP-based phylogenetic reconstruc-
tion”, all clade annotations followed these rules. But during
“Phylogenetic reconstruction forDuplornaviricota polyphyly analysis”,
leaves annotated as Duplornaviricota members were excluded while
others still stick to these principles above, and then all Duplornavir-
icota members and corresponding clades were assigned taxa at class
rank separately.

In the two sections above, phylum and class rank taxa were
assigned to trees and only 11 leaves out of 2021 were found nested into
wrong place. We used the most agnostic way and delabeled them to
resolve the conflict.

Finally, the remaining unlabeled clades were assigned to novel
taxon according to their depth. In this work, two candidate phyla were
named as upv.p.xxx (i.e., prefixed by upv for urban & peri-urban RNA
virus and p for phylum, e.g., upv.p.001 is the first potential candidate
phylum).

Extra phylogenetic reconstruction for highly concerned patho-
genic viral families
To examine the phylogenetic diversity of certain pathogenic viral
families. We incorporated the genomes of all corresponding family
members provided by ICTV Virus Metadata Resource (VMR), along
with RvOTUs annotated as the same family member, to construct the
RdRP-based phylogenetic trees. Core RdRPs of ICTV reference gen-
omes were extracted by being searched using core-RdRPs from their
RvOTU relatives as queries and trimmed into the mapped regions of
the best hits given by tblastn.

Among 6 pathogenetic familied we chose, Orthomyxoviridae has
specificity as its RdRP is composed with three parts (PB1, PB2, PA), and
we chose PB1 as representative of RdRP. Moreover, Thogotovirus
thailandense has its PB1 divided into two subunits (MN095540), so we
lumped them into one sequence during the phylogenetic
reconstruction.

Relative abundance estimation for Urban-RvOTU
Bowtie279 (version 2.4.4) was used to map the reads back to the cor-
responding contigs using end-to-end alignment for each sample. After
that, the alignments were sorted and indexed using SAMtools87 (ver-
sion 1.14). The command coverage in checkM88 tool (version 1.2.0) was
used to calculate the average coverage depth and quantity of mapped
reads for each contig in each sample. The relative abundance of each
contig was estimated using FPKM metric (Fragments Per Kilobase
Million), which was computed by normalizing the mapped read count
based on the contig length and the total number of reads in the sam-
ple. Specifically, the relative abundance of a phylum in a sample was
calculated by aggregating the relative abundance values of the contigs
classified under that phylum. Similarly, for a specific Urban-RvOTU, its
relative abundance in a sample was calculated as the sum of the rela-
tive abundance values of the contigs attributed to that particular
Urban-RvOTU. A threshold of relative abundance ≥ 0.001% was set to
indicate the presence of the Urban-RvOTU in a sample89.

ORF calling and domain annotation
For eachviral contig,weusedProdigal90 (v2.6.3)with themetagenomic
mode (‘anonymous”) and the default parameters to predict the ORFs.
The predicted ORFs were then subjected to domain annotation using
InterPro, SignalP, TMHMM and MobiDBLite91–93.

Genome molecular type prediction
To validate the genome molecular type of the distinctive double-
stranded genome clade within the phylum Pisuviricota, we employed
the ratio of the number of readsmapping to the positive strand versus
those mapping to the negative strand (i.e., reads matching the reverse
complement of the positive strand). This metric is defined as the
log2FRratio and is calculated as follows:

log FRratio= log2

RCf

RCr

� �
ð1Þ

where RCf represents the number of reads mapping in the forward
orientation to the reference genome, and RCr represents the number
of reads mapping in the reverse orientation. Since all samples were
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preparedusing a strand-specific library preparation protocol, this ratio
allows for a reasonable approximation of the positive-to-negative
strand ratio in the original sample, although PCR amplification bias
during sequencing may still influence the absolute value.

To ensure high-quality estimates, we selected control groups
from the samples containing pisu.u.c.1 to serve as references. The
control set comprised high-quality ssRNA+ and dsRNA RvOTUs with
genome completeness >80% and read counts >10,000, which also had
definitive taxonomic annotations at the sub-Class level. Prior to ana-
lysis, the strand orientation of all selected genomes was corrected
according to their gene-coding direction. Besides, we included only
reads where both ends of a paired-end read pair successfully mapped.
Therefore, alignments recorded in the SAM file with a flag of 99 or 147
were recorded as one forwardmapping event,while thosewith aflagof
83 or 163 were counted as one reverse mapping event.

In silico host prediction for RNA viruses
We employed best-hit approach and CRISPR spacer detection to pre-
dict the host of RNA viruses based on sequence similarity to the iso-
lates and assembled genomes in the ICTV database as well as CRISPR
spacer to protospacermatching. For the former, wemapped the RdRP
sequences to the ICTV database using tblastn and matches with iden-
tity greater than 50% and query coverage over 75% remained as
effective hits. The host information from the ICTV-VMR database was
cloned to the matched RCR95 representative based on the highest
score. For the vertebrate hosts, we further subdivided them based on
the knowledge recorded in the VIRION database57, an atlas of the
vertebrate-virus associations.

The RNA virus sequences were also compared to known bacterial
and archaeal CRISPR spacer sequences to predict the potential pro-
karyotic host of these viruses. We first retrieved 29,867,318 CRISPR
spacers from IMG/VR94 and 1,846,441 CRISPR spacers predicted from
79,735 UHGG collection of genomes95. To control false-positive hits,
CRISPR spacers encoded in a predicted CRISPR array containing less
than three spacers and spacers shorter than 20bp were excluded.
Spacers were searched against viral genomes using blastn (version
2.12.0, blastn -dust no -word_size 7 -evalue 1e-3)96–98. Hits with zero or
one mismatch and zero or one gap over the whole spacer length were
considered.

Host assignment conflicts arising between ICTV-VMR and VIRION
are resolved in favor of the ICTV-VMR standards. Between best-hit
approach and CRISPR spacer detection, no assignment conflict
occurred, and the results were merged (Supplementary Data 10).

Environmental core-virome extraction
To extract the core-virome for each environment set (built, non-built,
water environments), we conducted an iterative search for highly pre-
valent RvOTUs under prevalence thresholds ranging from 5% to 50%.
Initially, we extracted RvOTUs with prevalence greater than the
threshold within each environment of an environment set, and then we
took the intersection of the RvOTUs extracted from each environment
to obtain the core-virome for this environment set. To balance the size
of core-viromes of each environment set, we calculated the Coefficient
of Variation (CV) for the size of core-viromes in each environment set
after each iteration. The results showed that at aprevalence thresholdof
10%, a relatively balanced number of core-viromes was obtained across
all environment sets (Supplementary Fig. 9, Supplementary Data 11).

Constructing environmental networks with prevalent urban-
RvOTUs
For a particular environment, Urban-RvOTUspresent inmore than 10%
of the samples collected from that environment were considered as
prevalent. We then determined the similarities between environments
with respect to the prevalent Urban-RvOTUs by calculating the Jaccard
index and a one-tailed p value of observing at least c prevalent Urban-

RvOTUs in common between each pair of environments. The Jaccard
index was calculated as follows,

J A,Bð Þ= jA \ Bj
jA∪Bj ð2Þ

where set A represents the highly present Urban-RvOTUs in environ-
mentA and set B represents the set of highly present Urban-RvOTUs in
environment B.|A \ B| and |A∪B| denote the intersection and union of
two sets, respectively. The one-tailed p value was calculated based on
the following hypergeometric equation as per Bin Jang et al.99:

p X≥ cð Þ=
Xminða, bÞ

i= c

Ci
aC

b�i
n�a

Cb
n

ð3Þ

inwhich c is the number of prevalentUrban-RvOTUs in common;a and
b are the number of prevalent Urban-RvOTUs in environment A and B,
respectively; n is the total number of prevalent Urban-RvOTU in
environment A or B; and Ci

a denote the number of combinations of a
taken i at a time. The hypergeometric formula calculated the
probability of sharing a number of common prevalent Urban-
RvOTUs between two environments at or above the number (c) under
the null hypothesis that the observation is likely to occur by chance.
Environment pairs with J A,Bð Þ greater than 0.1 and p value less than
0.001 were regarded as similar.

Directional selection analysis
FADE, which is implemented in Hyphy43 (version 2.4.0 and above), was
used to conduct the directional selection analysis. The purpose of this
computational method is to assess whether specific sites within a
protein alignment are evolving toward a particular residue at faster
rates along certainbranches, in comparison to abaseline (background)
model. FADE specifically evaluates each site in an alignment, deter-
mining if a group of foreground branches exhibits a preferential sub-
stitution toward a certain amino acid compared to background
branches. A high bias parameter suggests a significant increase in
substitutions toward a specific amino acid at that site. Additionally,
Empirical Bayes Factors (EBF) are used in FADE to gauge statistical
significance (EBF threshold of ≥ 100), offering robust evidence of
directional selection at work. Utilizing a random effects model com-
bined with approximation methods inspired by Latent
Dirichlet allocation (LDA), FADE efficiently assigns sites to different
rate classes. In contrast with most Hyphy methods, FADE does not
utilize a reversible Markov model as its goal is to pinpoint directional
selection, necessitating a rooted phylogeny for analysis.

Statistical analysis
A multivariate analysis of all samples was conducted to assess for
significant differences in the RNA viral communities collected from
different environments using non-metric multidimensional scaling
(NMDS) based on Bray-Curtis dissimilarities. Analysis of similarities
(ANOSIM)wasperformed to test for significant differences in RNAviral
communities, generating a sample statistic (R) that represents the
degree of separation between the assessed groups. The NMDS and
ANOSIM were performed in R v4.2.2 using the “vegan” package100.

To assess the significance of the prevalenceof a specific RNA virus
in a certain environment, we conducted a hypergeometric test as fol-
low,

pv, e =
Ckv, e
mv

Cne�kv, e
N�mv

Cne
N

ð4Þ

where N is the total number of samples used in this study, ne is the
number of samples collected in a specific environment, e,mv denotes
the number of samples where the specific RNA virus is present in, kv, e
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is the number of samples in which a specific virus is found in
the environment e. Values of pv, e below 0.05 were considered
significant.

Socioeconomic and climate-related factors accession
The World Development Indicators (WDI) data were accessed from
World Bank Group (https://datacatalog.worldbank.org/search/
dataset/0037712/World-Development-Indicators). We used data from
2020, andmissing data were filled using records from themost recent
recorded year.

Silhouettes in figures
Silhouettes of animals,microbes and insects in Fig. 5D and Fig. 6Dwere
obtained from PhyloPic (http://www.phylopic.org).

In Fig. 5D, the acer silhouette was created by T. Michael Keesey,
published under a Creative Commons Attribution-ShareAlike 3.0
Unported license (CC BY-SA 3.0); the silhouette has been resized and
rotated; this work is distributed under the same license as the original.
Aralia silhouette by Tree of Life App, published under a Creative Com-
mons Attribution 4.0 International license (CC BY 4.0); the silhouette
has been resized and rotated. Proso millet silhouette by T. Michael
Keesey, published under a Creative Commons Attribution 4.0 Interna-
tional license (CC BY 4.0); the silhouette has been resized and rotated.
Clostridium silhouette by Gareth Monger, published under a Creative
Commons Attribution 3.0 Unported license (CC BY 3.0); the silhouette
has been resized and rotated. Spirogyra silhouette by Matthew Crook,
published under a Creative Commons Attribution-ShareAlike 3.0
Unported license (CC BY-SA 3.0); the silhouette has been resized and
rotated; this work is distributed under the same license as the original.
The other silhouettes in Fig. 5D are all licensed under CC0.

Silhouettes of human and insects in Fig. 6D are all licensed under
CC0 or PDM 1.0 (https://creativecommons.org/publicdomain/mark/1.
0/).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw sequencing data generated in this study are available in the
National Genomics Data Center of China under accession code
PRJCA026924. Other generated data are available at https://zenodo.
org/records/17823213. Source data are provided in this paper. Source
data are provided with this paper.

Code availability
The assembled viral contigs and the customcodes utilized in this study
are available at the following GitHub repository: https://github.com/
MetaSUB/Urban-RNA-Virome.
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