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Abstract 31 

 32 

Hepatitis A and E viruses (HAV, HEV) are the main causes of enterically transmitted hepatitis. Many 33 

infections remain undiagnosed due to their mild clinical course or asymptomatic presentation, and 34 

limited testing. Yet, knowledge of circulating genotype diversity is needed to understand their 35 

epidemiology and guide interventions. Wastewater surveillance may complement clinical monitoring 36 

by capturing infections missed through routine diagnostics. 37 

 38 

We applied capture-based metagenomic sequencing to characterize HAV and HEV genetic diversity in 39 

wastewater from 62 cities across 38 countries (2017-2019), complemented with longitudinal sampling 40 

from five European cities (2020-2021).  Rocahepevirus ratti (rat HEV) genotype C1 was detected in 41 

70% of cities, extending its known geographic range by 12 countries. Rat HEV sequences clustered by 42 

city and country, though some lineages spanned multiple continents. Paslahepevirus balayani (human 43 

HEV), predominantly genotype 3, was most prevalent in European cities. HAV genotype distribution 44 

largely reflected regional endemicity, although some subgenotypes were detected in regions where 45 

they are rarely reported clinically.  46 

 47 

Faecal source analysis suggested that rat HEV detected in wastewater originates primarily from rodent 48 

contamination rather than human infection. These findings reveal the global distribution of HAV and 49 

HEV genotypes and the widespread occurrence of rat HEV, demonstrating the value of wastewater 50 

metagenomics for population-level monitoring of both human and zoonotic hepatitis viruses. 51 

 52 

 53 
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 64 



Introduction 65 

Viral hepatitis is among the leading causes of infectious disease mortality worldwide and can be 66 

caused by five hepatotropic viruses (hepatitis A-E). Hepatitis B, C and D viruses are primarily 67 

transmitted through exposure to infected blood or other bodily fluids and account for most deaths, 68 

with chronic hepatitis B and C alone affecting more than 300 million people globally. 1 Hepatitis E virus 69 

(HEV) and hepatitis A virus (HAV) are the principal causes of enterically transmitted hepatitis 70 

worldwide. HAV is transmitted through contaminated water or food and person-to-person contact, 71 

whereas HEV transmission includes both waterborne and zoonotic foodborne routes. 2,3 Although 72 

most infections are self-limiting, both viruses can cause severe hepatitis characterized by jaundice, 73 

anorexia and malaise, and in some cases progress to fulminant hepatic failure. 74 

Outbreaks of enterically transmitted non-A, non-B hepatitis were first recognised in India in the late 75 

1970s4  and the causative agent was subsequently identified during an outbreak among Soviet troops 76 

in Afghanistan5. The identified agent, Paslahepevirus balayani (formerly Orthohepevirus A),  6,7 is a 77 

positive-sense, single-stranded, non-enveloped RNA virus classified within the subfamily 78 

Orthohepevirinae of the family Hepeviridae. Eight genotypes are recognised (HEV-1 to HEV-8), 79 

differing in host range and transmission route. Among the eight genotypes, HEV-1 and HEV-2 are 80 

restricted to humans and cause large waterborne outbreaks particularly in regions with limited 81 

sanitation infrastructure, whereas HEV-3 and HEV-4 are zoonotic, with domestic pigs and wild boar as 82 

the main reservoirs.8,9 Human infection with HEV-3 is commonly linked to the consumption of raw or 83 

undercooked pork, wild boar meat or venison, as well as products derived from these animals such as 84 

liver sausage.10–13 Reports of alternative transmission routes, including blood transfusion and possibly 85 

waterborne exposure, underscore the complexity of its epidemiology.14,15 The reported host range of 86 

HEV-3 and HEV-4 continues to expand, with confirmed infections in other hosts such as deer and 87 

rabbits (which harbour a distinct zoonotic subtype, HEV-3ra), and serological or molecular virus 88 

detection in goats, cattle and sheep16,17. Genotypes HEV-5 and HEV-6 have only been detected in wild 89 

boars in Japan18,19. Both HEV-7 and HEV-8 have been detected in camels: HEV-7 has been found in 90 

dromedary camels and in a human infection linked to consumption of camel meat and milk20, and 91 

HEV-8 in Bactrian camels.21 Most human HEV infections are subclinical or cause self-limited acute 92 

hepatitis. Disease severity is genotype dependent, with most severe outcomes associated with HEV-1 93 

and 2 infections. Severe outcomes include fulminant hepatitis in pregnant women22 and individuals 94 

with pre-existing liver disease, and persistent infections are mainly seen in immunocompromised 95 

patients.23  Extrahepatic manifestations, including neurological disorders, have also been described.2   96 

Beyond Paslahepevirus balayani, Rocahepevirus ratti (rat HEV, formerly Orthohepevirus C), initially 97 

considered rodent-restricted, is the only other member of the Hepeviridae associated with human 98 



infection and has recently been recognised as an emerging zoonotic pathogen.24 Since its first 99 

identification in 2010, rat HEV has been detected globally in urban rat populations, with additional 100 

reports in pigs25–27 and other mammalian hosts, indicating cross-species transmission potential.28 The 101 

first human case was identified in Hong Kong in 2017 in a liver transplantation patient that developed 102 

chronic hepatitis.29 However, a case report in Canada has shown that immunocompetent individuals 103 

can also be infected.30 Currently, at least 50 cases have been reported, in China, Thailand, France, 104 

Spain and Canada.31 Its true contribution to the hepatitis E burden remains unclear due to the lack of 105 

routine diagnostic assays, limited sensitivity of standard HEV RT-PCR (reflecting only ~50–60% 106 

nucleotide identity with Paslahepevirus  balayani), and its similar clinical presentation. Throughout 107 

this study, 'HEV' refers collectively to Paslahepevirus balayani and Rocahepevirus ratti; the species- or 108 

genotype-level term is used wherever a specific virus is meant.  109 

HEV infections are not notifiable in all countries, and surveillance practices differ, meaning reported 110 

case numbers are not directly comparable. However, modelled estimates suggest 19.4 million acute 111 

HEV infections occurred globally in 2021, predominantly in South and Southeast Asia and sub-Saharan 112 

Africa, with incidence projected to rise by 2030.32 Clinical detection captures only a fraction of true 113 

incidence as most infections are asymptomatic or self-limiting, and routine diagnostic testing is limited. 114 

Population-based screening, including of European blood donors, has confirmed frequent silent 115 

circulation of HEV.33,34 Similar diagnostic and reporting gaps affect HAV. 116 

HAV is a positive-sense, single-stranded, non-enveloped RNA virus and a member of the Hepatovirus 117 

genus of the Picornaviridae family. Historically, HAV genotyping has been based on sequence variation 118 

within a 168-nucleotide fragment of the VP1/2A junction region.35 Subsequent analysis of the 119 

complete VP1 gene refined this classification into six genotypes: three infecting humans (I, II, III), each 120 

comprising two subgenotypes (IA, IB; IIA, IIB; IIIA, IIIB), and three restricted to non-human primates 121 

(IV, V, VI).36,37 HAV causes an estimated 1.4 million infections annually, with patterns of prevalence 122 

shaped by socioeconomic development and access to improved sanitation and water. In regions with 123 

limited sanitation infrastructure, infection typically occurs in early childhood, when disease is largely 124 

asymptomatic, resulting in high seropositivity rates by adolescence and lifelong immunity.38 As many 125 

low- and middle-income regions undergo a shift in HAV endemicity due to improvements in sanitation 126 

and clean water access, fewer children acquire HAV infection in early childhood, which paradoxically 127 

increases the risk of symptomatic, potentially severe disease and outbreaks among susceptible 128 

adolescent and adult populations.39,40 129 

Wastewater-based epidemiology offers a non-invasive complementary approach by detecting both 130 

symptomatic and asymptomatic infections at the population level, independent of healthcare access. 131 



HAV and HEV have been repeatedly detected in sewage, surface waters, and shellfish 41 using targeted 132 

PCR-based assays.42–44 However, recent advances in high-throughput metagenomic and hybrid-133 

capture sequencing enable analysis of the genomic composition of complex viral and microbial 134 

communities, allowing simultaneous detection and genomic characterization of a broad range of viral 135 

pathogens in wastewater. 45,46 136 

In this study, we assess the prevalence and diversity of HAV and HEV (including rat HEV) in wastewater 137 

samples collected from 62 cities across 38 countries on six continents between 2017 and 2021 using 138 

metagenomic sequencing with targeted hybrid-capture enrichment. Because hepatitis virus 139 

sequences detected in wastewater may originate from human as well as animal sources, we explore 140 

their potential contribution by analysing co-detected astrovirus sequences, classified by host, as a 141 

proxy for the faecal sources present in each sample. 142 

 143 
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Results 159 

Global detection of HEV and HAV in urban wastewater 160 

To assess the presence of HEV and HAV in wastewater, sequencing reads were mapped to 161 

inhouse genus/subfamily specific databases. HEV reads were detected in 79% of wastewater samples 162 

(359/457), with a median of 262 mapped reads per sample (IQR = 61–669). To further characterize the 163 

detected HEV, reads from Orthohepevirinae-positive samples were assembled into contigs. In total, 164 

5,709 contigs were obtained from 275 samples (60% of all samples), originating from 52 cities across 165 

38 countries and six continents. The remaining positive samples yielded insufficient coverage for 166 

contig assembly or did not meet the quality criteria. Of the assembled contigs, 19% belonged to the 167 

genus Paslahepevirus, and 81% to the genus Rocahepevirus (two near complete genomes,  >=6400 bp 168 

could be assembled).  169 

HAV reads were detected in 37% of wastewater samples (170/457), with a median of 27 mapped reads 170 

per positive sample (IQR = 2–131). After assembly and quality filtering, 258 confirmed HAV contigs 171 

were obtained from 85 samples (18%), representing 29 cities across 27 countries and six continents. 172 

HEV diversity and geographic distribution 173 

Paslahepevirus balayani was detected in 42% of the cities (26/62). Three Paslahepevirus balayani 174 

genotypes were identified: HEV-1 (subtypes 1f, 1g), HEV-3 (subtypes 3a, 3ra, 3c, 3e, 3f1, 3f2, 3g, 3h3, 175 

3i, 3j, 3_uc5), and HEV-4 (subtype 4b) (Fig 1. and 2). The prevalence of Paslahepevirus balayani was 176 

highest in Europe (61%), exceeding that in Africa (18%, p = 0.03), North America (13%, p = 0.04), and 177 

Oceania (25%, p = 0.29) (Fig. 1). Across samples collected between 2017 and 2019, genotype HEV-3 178 

predominated on all continents except Africa. Among HEV-3 subtypes, HEV-3c was the most common, 179 

being detected in 13 of 14 Paslahepevirus-positive cities. HEV-3e and HEV-3f1 were also frequently 180 

observed, whereas HEV-3a, HEV-3f2, and HEV-3i occurred sporadically. Subtype distribution varied 181 

geographically, with several genotypes and subtypes showing region-specific occurrence. For example, 182 

HEV3c, HEV-3f2, HEV-3g, and HEV-3i were detected only in European cities, whereas HEV-4b, was 183 

exclusively detected in Guangzhou (China). Budapest, Vienna, and Valby exhibited the highest HEV-3 184 

subtype diversity. HEV-1 was found in wastewater from five countries across four continents: Togo 185 

(Africa), Malaysia (Asia), France and Germany (Europe), and Australia (Oceania).  186 

Rocahepevirus was detected in 70% of the cities (44/62) across multiple continents. Detection rates 187 

were comparable in Europe (83%), Africa (82%), and Asia (73%), but lower in North America (38%, p = 188 

0.03) and Oceania (25%, p = 0.04) (Fig. 1) showing that Rocahepevirus is more evenly distributed 189 

globally compared to Paslahepevirus. Given the high prevalence of both Paslahepevirus balayani and 190 



Rocahepevirus in European wastewater, together with the substantial HEV-3 subtype diversity, we 191 

next examined longitudinal datasets to assess temporal patterns in this region. 192 

[Figure 1] 193 

HEV diversity in European longitudinal wastewater 194 

We analysed longitudinal wastewater samples collected between March 2020 and February 2021 195 

from Bologna, Budapest, Copenhagen (Amager and Avedøre), Rome, and Rotterdam.  196 

Paslahepevirus balayani was detected in 43.3% (58/134) of longitudinal samples and Rocahepevirus 197 

in 82.8% (111/134). Among Paslahepevirus balayani detections, HEV-3 again predominated, with HEV-198 

3c accounting for 79.3% (46/58) of positive samples (Fig. 2). Detection patterns varied between cities: 199 

Paslahepevirus balayani was detected only sporadically in Bologna, Copenhagen, and Rome, but 200 

persistently throughout the sampling period in Budapest and Rotterdam. These two cities also differed 201 

markedly in subtype diversity: as many as 11 HEV-3 subtypes co-circulated in wastewater from 202 

Budapest, predominantly HEV-3c, HEV-3a, and HEV-3e, whereas a single subtype, HEV-3c, 203 

predominated in Rotterdam. Rocahepevirus was detected consistently across all five cities and 204 

throughout the sampling period. Bologna was the only city that harboured HEV-1g and the rabbit-205 

associated HEV-3ra. No clear seasonal patterns were observed. 206 

Figure [2] 207 

Phylogenetic analysis of Rocahepevirus  208 

Rocahepevirus accounted for the majority of HEV contigs detected in this study but is not classified 209 

beyond genus level by the HEV typing tool of the National Institute for Public Health and the 210 

Environment (RIVM). To characterize their genomic diversity, maximum-likelihood trees were 211 

constructed for two genomic regions: ORF1 (RNA-dependent RNA polymerase, nt 4351–4851; 187 212 

wastewater contigs, 533 reference sequences) and ORF2 (capsid protein, nt 5701–6201; 156 contigs, 213 

226 reference sequences). In both trees (Supplementary Fig. 1 and 2), all wastewater contigs clustered 214 

within genotype C1 of Rocahepevirus ratti (rat HEV), the genotype associated with all confirmed 215 

human infections reported to date. This study increases the known geographic range of Rocahepevirus 216 

ratti C1 by 12 countries with no previously published C1 sequences in public databases, namely 217 

Australia, Croatia, Ecuador, Israel, Ivory Coast, India, Morocco, Poland, Slovakia, Slovenia, Tanzania 218 

and Uganda (Fig.3). In two additional countries with no previously reported rat HEV (Senegal and Togo), 219 

Rocahepevirus was detected as a single contig (~400 bp each), whose closest relatives were genotype 220 

C1 references (>= 88% nucleotide identity), although the type could not be assigned by a proposed rat 221 

HEV typing scheme (Fig. 3).47 222 



To resolve within-C1 diversity, genotype C1 maximum likelihood trees were constructed for ORF1 and 223 

ORF2. In both trees, wastewater sequences were interspersed with sequences from rats and clinical 224 

isolates from humans, indicating the absence of clear host-specific clustering. Nearest-neighbour 225 

analysis showed strong local clustering in both the ORF1 and ORF2 trees: 90% and 89% of wastewater 226 

contigs, respectively, had another wastewater contig from the same city as their phylogenetically 227 

closest neighbour. When reference sequences from rodents and humans were included, 92% of 228 

contigs clustered most closely with a sequence from the same country. Some sub-lineages were 229 

primarily found within the same geographic region (e.g., Rotterdam wastewater contigs clustering 230 

with a rat HEV sequence from a black rat in the Netherlands Fig. 4), whereas others were detected 231 

across multiple regions (e.g., a cluster containing European and African sequences; Supplementary Fig. 232 

3). Sequences from Budapest belonged to multiple distinct sub-lineages, indicating the co-circulation 233 

of genetically divergent C1 lineages within the city (Fig. 4).  234 

HAV diversity and geographic distribution 235 

HAV was detected in 29 of 62 cities (47%), with detection rates of 73% in Africa (8/11 cities), 57% in 236 

Europe (13/23), 33% in Asia (5/15), 25% in Oceania (1/4), 12% in North America (1/8), and 100% in 237 

South America (1/1) (Fig. 5). The 258 HAV contigs comprised four subgenotypes: IA (n=130, 50%), IB 238 

(n=83, 32%), IIA (n=24, 9%), and IIIA (n=9, 4%). Within subgenotypes IA and IB, six subgenotype 239 

clusters were identified (IA_ab, IA_ac, IA_ad, IB_ad, IB_ae, IB_ai), although the majority of contigs 240 

(83%) could not be assigned beyond the subgenotype level because they fell outside of the typing 241 

region. Subgenotype IA was detected on five continents, while IB showed a distinct continental 242 

pattern with detection in 8 of 11 African cities but only 4 of 23 European cities. Subgenotype IIA was 243 

exclusively detected in Yaounde (Cameroon), and IIIA in Kochi (India), Regina (Canada), and Melbourne 244 

(Australia). Phylogenetic placement of genotype IA contigs against the RIVM HAV typing tool reference 245 

sequences showed clustering with three distinct strains associated with the 2016–2017 multi-country 246 

men who have sex with men (MSM) hepatitis A outbreak in Europe (Supplementary Fig. 4).48 In the 247 

longitudinal dataset (2020–2021 samples), HAV was rarely detected (3/134 samples, 2%), and only 248 

genotype IB was identified in samples from Budapest (Hungary) and Copenhagen (Denmark).  249 

Exploring animal and human sources of hepatitis viruses in wastewater using astrovirus host 250 

composition profiles 251 

Depending on the genotype, HEV detected in wastewater may reflect human infections, or animal 252 

contributions, or a combination thereof. To further explore potential animal contributions, we 253 

analysed astrovirus sequences from the same samples (Fig.1 and Fig.2). We compared astrovirus host 254 

composition between HEV-positive and HEV-negative samples and assessed co-occurrence at the city 255 



level. If animal sources contributed substantially to a particular HEV type, we expected a 256 

corresponding proportional shift of astroviruses associated with that host.  257 

Rat HEV detection was significantly associated with increased rodent astrovirus abundance (ALDEx2 258 

effect size = +0.45, FDR < 0.001, Fig. 6) and reduced relative human astrovirus abundance (effect = -259 

0.24, FDR < 0.01). No significant associations were observed with other host categories. At the city 260 

level, rodent astroviruses were detected in 84% (37/44) of rat HEV-positive cities compared to 21% 261 

(4/19) of negative cities. For HEV-3, no association with porcine astroviruses was observed (effect = -262 

0.08, n.s.). Instead, HEV-3-positive samples were enriched for carnivore (effect = +0.30, FDR < 0.001) 263 

and rodent (effect = +0.28, FDR < 0.001) astroviruses, with a negative association with avian 264 

astroviruses (effect = -0.26, FDR < 0.05). No significant associations were observed for HEV-1 or HAV-265 

I. 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 



Discussion 283 

This study provides the first global-scale assessment of HEV and HAV diversity in wastewater. Our 284 

findings reveal widespread circulation of rat HEV and distinct geographic patterns in the distribution 285 

of HEV and HAV genotypes.  286 

HEV-3 was the predominant human HEV genotype detected in wastewater, with highest prevalence 287 

in Europe, where subtype 3c accounted for most detections. This pattern is consistent with the marked 288 

increase in autochthonous HEV-3 infections across the continent between 2005-2015.49–51 Its enzootic 289 

circulation48 in pig populations is sustained by current farming practices (high animal densities, faecal 290 

environmental contamination) and animal trade. 52,53Europe is the world's second-largest pork 291 

producer and among the highest per-capita consumers54 (Supplementary Fig. 5) which likely 292 

contributes to the high prevalence of HEV-3 detected in European wastewater.  293 

Hungary (Budapest) and Austria (Vienna), both among the top five pork-consuming countries 294 

(Supplementary Fig. 5), showed particularly high HEV3 prevalence and diversity. In Hungary, studies 295 

conducted before 2010 only reported subtypes HEV-3a and HEV-3e in humans, swine, boar and deer 296 

55,56, wheras more recent clinical surveillance studies (2014-2017 and 2018-2025) showed higher 297 

genetic diversity.57,58 Dencs et al., suggested that this expansion may in part be explained by two 298 

concurrent developments: an increase in pork imports between 2004 and 2024 following EU accession, 299 

primarily from Germany, Spain, Poland, and the Netherlands which was further substantiated by a 300 

national Porcine Reproductive and Respiratory Syndrome Virus eradication program (2014–2022) that 301 

required complete herd replacement with animals imported from Slovakia, the Netherlands, Germany, 302 

and the Czech Republic (HEV3c predominance59), thereby likely introducing HEV subtypes previously 303 

not present in the country.58  304 

The HEV-1 detection in Africa (Togo) was consistent with ongoing waterborne transmission in this 305 

region60. In Europe (Berlin, Nantes, Bologna), Oceania (Melbourne) and Malaysia (Kuala Lumpur), 306 

autochthonous HEV-1 transmission has not been established, and detection may reflect population 307 

mobility from endemic regions. HEV-4, which replaced HEV-1 as the dominant genotype in China since 308 

2000, was detected exclusively in Guangzhou.  309 

HEV detected in wastewater may originate from multiple sources: human faecal shedding, direct 310 

animal excretion into the sewer system, or indirect contributions such as slaughterhouse or 311 

agricultural discharge. To explore potential animal contributions to HEV in wastewater, we examined 312 

associations with astrovirus host composition as a proxy for faecal source inputs. The astrovirus 313 

composition in wastewater is predominantly human, reflecting the primary faecal source in urban 314 



wastewater. Samples containing rat HEV, however, showed a compositional shift, with increased 315 

rodent-  and reduced human associated astroviruses. This pattern is expected when an additional non-316 

human faecal source is present in the wastewater matrix, in this case rat faecal material containing 317 

both rat HEV and rodent astroviruses. In contrast, HEV-3 was not associated with porcine astroviruses. 318 

However, it was associated with carnivore and rodent astroviruses. Several factors may contribute to 319 

these associations like the frequent co-detection of HEV-3 and rat HEV in the same samples and the 320 

broad mammalian host range of HEV-3, which extends to carnivores such as cats and dogs based on 321 

serological evidence.61 In these animals, infection could occur through consumption of raw-meat-322 

based diets62,63. As expected for a strictly human-restricted virus, HAV-I showed no association with 323 

non-human astroviruses, nor with human astroviruses, the latter reflecting the limited compositional 324 

variation of this dominant background source. 325 

A limitation of this method is that host assignment based on capsid sequence relies on sequences in 326 

public databases, which typically reflect the species from which the virus was sampled, a species which 327 

may not represent its exclusive reservoir or contemporary host range. In particular, the reliability of 328 

bat host assignments is reduced as bat astroviruses are known to be phylogenetically interspersed 329 

among other mammalian astrovirus lineages rather than forming host-specific clusters.64 In addition, 330 

astroviruses may occasionally cross species barriers, further complicating host assignment.65,66 Taken 331 

together, these limitations mean that host-based source attributions should be treated as supporting 332 

rather than conclusive evidence. 333 

Rat HEV was detected in 70% of cities, with broad geographic distribution and high relative abundance. 334 

All sequences belonged to Rocahepevirus ratti genotype C1, consistent with previous wastewater 335 

studies.67–71 Rodents, particularly Rattus norvegicus and Rattus rattus, are the primary reservoir, and 336 

our compositional analysis supports rat excreta as the primary source of rat HEV in wastewater. Urban 337 

rats frequently inhabit sewer systems 72,73 and viral RNA prevalence in urban rodent populations 338 

ranges between 6 and 26%.74–77 Transmission to humans can occur through exposure to environments 339 

or food contaminated by rats, as most confirmed human cases report no direct rodent contact31, 340 

although human-to-human transmission cannot be excluded.  341 

Serological evidence of exposure to rat HEV has been documented across populations in Asia and 342 

Europe, with higher rates associated with older age, rural residence, and rodent contact78–81 Molecular 343 

studies have identified rat HEV as an underrecognized cause of acute hepatitis in cases lacking defined 344 

aetiology 79,82, suggesting that infections are more common than reported. Rat HEV RNA has been 345 

detected beyond influent wastewater, including in treated effluent wastewater, downstream surface 346 

water, and bivalve mollusks83 intended for human consumption, indicating potential exposure 347 



routes.84 Our phylogenetic analyses showed geographical clustering at both continental and city levels, 348 

consistent with previous observations.85 In Budapest, the presence of multiple co-circulating lineages 349 

indicated sustained local circulation within the urban rat population. However, some clusters 350 

contained closely related sequences from geographically distant regions, possibly reflecting rat 351 

movement via international maritime trade networks, a similar mechanism that has been proposed 352 

for the global dispersal of Seoul orthohantavirus.86,87 Under a proposed typing scheme most rat HEV 353 

sequences fell within genotype C1, Clade I subtype A, a subtype that predominates in Europe, the 354 

Americas, and Africa.85 Notably, our study added rat HEV genotype C1 sequences from at least 12 355 

countries with no previously available sequences, extending the documented geographic range of this 356 

genotype.  357 

The high HAV detection rate in African cities is expected given high endemicity of hepatitis A in this 358 

region and sustained transmission, primarily among young children. In contrast, the similarly high 359 

European detection rate was unexpected given the relatively low reported HAV incidence across most 360 

of Europe. HAV in European wastewater likely reflects a combination of factors such as foodborne 361 

outbreaks linked to contaminated food products imported from regions with higher HAV 362 

endemicity88,89 and infections among travellers or resident communities with ties to such regions. 363 

Notably, the global sampling period (2017-2019) coincided with heightened HAV activity in Europe 364 

including a multi-country genotype IA-associated MSM outbreak. 48, suggesting that this may have 365 

contributed to the high detection of HAV across Europe in our study. This is further supported by 366 

identifying genotype IA wastewater sequences from several European cities and Melbourne that 367 

clustered with multi-country outbreak associated strains.48  368 

The geographic distribution of HAV subgenotypes was largely consistent with known patterns of 369 

endemicity, with globally widespread IA and a predominance of IB in African cities.90 However, 370 

wastewater sequencing also identified genotypes that are infrequently reported through routine 371 

surveillance in the regions where they were detected. IIA, which is rarely reported in clinical 372 

surveillance, with most documented cases originating from West and Central Africa and occasional 373 

cases in Europe, was detected in Yaoundé.91,92 In addition, IIIA, predominant in South Asia, was 374 

identified in Melbourne and Regina. The presence of these genotypes outside their primary regions of 375 

circulation suggests that wastewater surveillance captures aspects of population mobility and 376 

demographic composition, or low-level local circulation that is underrepresented by clinical 377 

surveillance data. Consistent with this, a wastewater study from Calgary showed that HAV abundance 378 

correlated with the proportion of residents born in highly endemic countries.93  379 



Some limitations should be considered. First, capture-based metagenomic sequencing has lower 380 

sensitivity than targeted RT-PCR. In Yaoundé, we dit not detect rat HEV, despite reported detection 381 

rates of 26% by nested RT-PCR.94 Second, a large fraction of the global data is primarily based on 382 

biannual sampling (2017–2019), which captures  a snapshot of circulating virus types; (sub)types 383 

present at other timepoints may be missed, potentially underestimating the true diversity. 384 

Wastewater-based metagenomic sequencing may complement clinical surveillance by capturing viral 385 

diversity not detected by routine diagnostics. This is particularly relevant for rat HEV, an emerging 386 

zoonotic pathogen for which surveillance remains limited. In addition, wastewater surveillance 387 

revealed genotype introductions linked to population demographics and mobility, as well as 388 

circulation of outbreak-associated strains, that were not captured in publicly available clinical data 389 

from low-endemicity countries.  390 

 391 
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Methods  402 

Wastewater sample collection and sequencing 403 

Wastewater samples were collected between 2017 and 2021 as part of the Global Sewage Surveillance 404 

project within the Versatile Emerging Infectious Disease Observatory (VEO) network, following a 405 

sample collection protocols described in detail elsewhere.46,95 Briefly, untreated urban sewage was 406 

obtained from main pipelines or treatment plant inlets, either as 24-h composite samples or pooled 407 

grab samples. Sampling followed either a biannual global design or a longitudinal sampling design for 408 

selected sites. The 2017–2019 sampling campaign (hereafter referred to as Global Sewage dataset) 409 

included samples from cities worldwide and was sequenced using Illumina MiSeq and is available from 410 

the European Nucleotide Archive (ENA) under study accession PRJEB87273. The 2020–2021 campaign 411 

(hereafter referred to European longitudinal dataset) focused on five European cities and was 412 

sequenced using using both MiSeq and NextSeq instruments. All samples were processed using the 413 

GastroCap hybrid-capture approach, which targets viruses associated with gastroenteric disease, 414 

including Adenoviridae, Astroviridae, Caliciviridae, Hepeviridae, Parvoviridae, Picornaviridae, 415 

Spinareoviridae and Sedoreoviridae.96  416 

Bioinformatics analysis  417 

A wastewater sequence analysis workflow was generated using Snakemake (version 7.19.1).97 In short, 418 

raw reads were deduplicated using CD-HIT-dup (-u 50)98, which groups and removes duplicated reads 419 

based on the first 50 nucleotides. Deduplicated reads were quality trimmed using FastP (version 420 

0.23.4) where read ends were trimmed to a mean quality Phred score of 25 with a sliding window of 421 

5. Reads shorter than 50 nucleotides were discarded98. To enable virus-specific analyses, two 422 

reference databases were generated: one containing Orthohepevirinae sequences and one containing 423 

Hepatovirus sequences derived from GenBank. For each, sequences >= 200 nucleotides were included 424 

and deduplicated at 99% identity using CD-HIT-dup. 98 Reads were then mapped separately against the 425 

two databases using bbmap (BBTools version 39.19, minid = 0.7, ambiguous = all) and mapped reads 426 

were assembled using metaSPAdes (Spades version v3.13.0, --meta). Taxonomic annotation of the 427 

resulting HEV and HAV contigs was performed with DIAMOND blastx (version 2.1.10) against the NCBI 428 

non-redundant protein database (release 2024-07-01), assigning taxonomy based on the highest 429 

bitscore normalized by contig length. Reads were subsequently mapped back to these contigs with 430 

BWA-MEM99 (version 0.7.18 ) per contig reads counts were obtained with SAMtools100(version, -bF 431 

2052) and seqkit (version 2.3.0, seqkit bam). For downstream analyses, only contigs ≥300 bp with an 432 

average coverage ≥3× were retained. The resulting HEV contigs had a median length of 472 bp (IQR 433 

389–649) and HAV contigs 471 bp, (IQR = 393–682) Relative abundance was expressed as RPM, 434 



calculated by dividing the number of reads mapped to a contig by the total number of deduplicated 435 

reads per sample, multiplied by 10⁶.  436 

Taxonomic assignment at the genotype level  437 

For taxonomic assignment at the genotype level, the HEV and HAV typing tools of the RIVM were used. 438 

In brief, these tools use blastn and phylogenetic methods against a set of well curated HEV and HAV 439 

reference sequences to assign genotypes.101,102 The HAV typing tool additionally assigns subclusters 440 

within subgenotypes (e.g., IA_ab, IA_ac). To visualize the phylogenetic placement of subgenotype IA 441 

HAV wastewater contigs with a subcluster assignment (≥300 bp, ≥3× coverage), these were added as 442 

fragments to the tool's curated IA reference alignments using MAFFT v7 and maximum-likelihood 443 

trees were inferred with IQ-TREE 2 (1,000 ultrafast bootstrap replicates) and visualized in iTOL v6.103 444 

To validate the genotype assignments for short contigs, we performed an in silico fragmentation 445 

analysis. Thirty-six complete HEV reference genomes covering all Paslahepevirus balayani subtypes 446 

(HEV-1a–1g, 2a–2b, 3a–3m, 3ra, 4a–4i, 5a, 6a, 7a, 8a) and one Rocahepevirus ratti genome were 447 

fragmented into overlapping segments of five sizes (300, 500, 1,000, 3,000, and 6,000 bp) at 100-bp 448 

intervals, yielding 3,274 fragments. Each fragment was submitted to the RIVM HEV Genotyping Tool 449 

and the assigned genotype was compared to the known classification of the source genome 450 

(Supplementary Fig. 6). Rocahepevirus contigs could not be assigned beyond genus level; genotype 451 

assignment for these contigs was therefore based on phylogenetic analysis. 452 

Statistical analysis                                                                                                                                                                         453 

Differences in virus prevalence between continents were assessed using Fisher’s exact test. P-values 454 

below 0.05 were considered statistically significant. All statistical analyses were performed in R 455 

(version 4.3.3). 456 

Rocahepevirus phylogenetic analysis 457 

Maximum-likelihood trees were constructed for two 500-bp regions: ORF1 (RNA-dependent RNA 458 

polymerase, nt 4351–4851) and ORF2 (capsid protein, nt 5701–6201), selected to maximize the 459 

number of wastewater contigs spanning each window (positions relative to NC_038504). Reference 460 

sequences for the genus Rocahepevirus were obtained from NCBI Virus (taxonomy ID 2948883). 461 

Sequences were aligned using MAFFT v7, and wastewater contigs spanning the target windows were 462 

added to the reference backbone. Trees were inferred using IQ-TREE 2 automatic model selection 463 

(ModelFinder; best-fit models: TIM2+F+I+R5 for ORF1; GTR+F+I+R4 for ORF2) with 1000 bootstrap 464 

replicates. To improve resolution within genotype C1, a separate ORF2 tree was constructed using 465 

only C1 sequences, with a genotype C2 sequence (LC057247) as outgroup.  Trees were mid-point 466 



rooted and visualized in iTOL v6.103 Countries with a Rocahepevirus detection that was neither placed 467 

in the phylogenetic trees nor previously reported in publicly available databases were treated as 468 

potential new records; their longest contigs were analysed with a proposed rat HEV typing tool47 and 469 

by BLASTn against the NCBI nucleotide (nt) database. 470 

Astrovirus animal typing database 471 

To assess potential animal faecal contributions to HEV in wastewater, we analysed astrovirus 472 

sequences from the same samples. Astroviruses infect a broad range of vertebrate hosts, are largely 473 

host-specific104, are shed in faeces, and are captured by the GastroCap enrichment panel, allowing 474 

host-classified astrovirus reads to serve as a proxy for the faecal source composition of each sample. 475 

We constructed a host-annotated reference database based on the astrovirus ORF2 (capsid) region. 476 

All publicly available Astroviridae capsid sequences were retrieved from the NCBI Virus portal 477 

(downloaded September 2025). For each record, the host’s scientific name was mapped to a broad 478 

host category (Human, Pigs/Suids, Rodents, Bats, Carnivores, Birds, Ruminants, and others) using a 479 

curated lookup table. Sequences were clustered at 100% amino-acid identity using MMseqs2, 480 

retaining the host composition for each cluster. Wastewater-derived Astroviridae contigs were 481 

screened against this database using DIAMOND v2.1 blastx (--evalue 1×10⁻⁵, alignment length ≥80 482 

amino acids). A weighted-vote procedure was used to infer the most probable host for each contig: 483 

the DIAMOND bitscore of each hit was proportionally distributed across the host categories 484 

represented in the matched reference cluster, and cumulative weights were summed across all hits. 485 

The host category with the highest cumulative weight was reported as the predicted host. 486 

Assignments with a relative weight share ≥70% were classified as high-confidence, 60–70% as medium, 487 

and <60% as low. Only high-confidence assignments were used for the primary analysis.  488 

Exploring potential sources of HEV in wastewater 489 

To explore potential animal sources of hepatitis viruses detected in wastewater, we compared the 490 

astrovirus composition of samples in which a given target virus was detected to samples in which it 491 

was absent. Astroviruses infect a broad range of vertebrate hosts and are largely host-specific with 492 

each type typically infecting one or a few closely related species. As they are shed in faeces, and are 493 

captured by GastroCap, host-classified astrovirus reads could function as a proxy for the faecal source 494 

composition of each sample. If a target virus originates from a specific animal source, samples 495 

containing that virus may show a corresponding astrovirus presence from that host. For each sample, 496 

the mapped read counts of astrovirus contigs were summarized into seven host categories based on 497 

the high-confidence host assignments described above. Samples were then classified as positive or 498 

negative for each virus type (HEV-1, HEV-3, Rocahepevirus, and HAV-I). HEV-4, HEV-3ra, HAV-II, and 499 



HAV-III were excluded due to insufficient detections across cities (each detected in fewer than three 500 

cities)). To test for compositional differences between groups, we applied ALDEx2105 a differential 501 

abundance method that accounts for the compositional nature of sequencing data.106 ALDEx2 models 502 

count uncertainty through Dirichlet-multinomial Monte Carlo sampling (128 instances), applies a 503 

centred log-ratio transformation, and performs Wilcoxon rank-sum tests on the transformed values. 504 

Positive ALDEx2 effect sizes indicate that a given astrovirus host category makes up a larger proportion 505 

of the astrovirus community in samples where the hepatitis virus was detected, while negative values 506 

indicate a smaller proportion.  P-values were corrected for multiple testing across all 28 tests (4 virus 507 

types × 7 host categories) using the Benjamini–Hochberg method and reported as False Discovery Rate 508 

(FDR) q-values. Only samples with at least one astrovirus detection were included in this analysis (n = 509 

403). Additionally, city-level co-detection rates were calculated as the proportion of cities positive for 510 

a given hepatitis virus in which astroviruses from each host category were also detected.  511 

Data Availability  512 

The raw sequencing datasets, metagenome assemblies and analysis results are available on the 513 

European Nucleotide Archive under project: PRJEB87273.  514 

Code Availability  515 

The metagenomic workflow used in this study is made available at https://github.com/EMC-516 

Viroscience/Worp_etal_Worldwide_diversity_HAV_HEV_wastewater. 517 
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Figures 959 

 960 

Figure 1. Global detection of hepatitis E viruses and host distribution of astrovirus sequences in 961 

urban wastewater collected between 2017-2019. A. Detection of hepatitis E viruses in wastewater 962 

samples collected from 62 cities worldwide. Locations are ordered by continent, country, and city. 963 

Colour intensity represents log₁₀-transformed mean reads per million (RPM) per location, with grey 964 

indicating absence of detectable reads. Columns correspond to viral taxa within the Paslahepevirus 965 

and Rocahepevirus genera, grouped by genotype and subtype. Fractions indicate the number of 966 

positive samples relative to the total number analysed for each city. B. Distribution of astrovirus 967 

sequences by host category across locations. Columns represent host categories, and colour intensity 968 

reflects log₁₀(mean RPM), with grey indicating locations with no detectable astrovirus reads 969 
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 970 

Figure 2. Diversity of hepatitis E viruses in longitudinally collected wastewater samples from five 971 

cities in Europe (Bologna, Budapest, Copenhagen, Rome, and Rotterdam) between March 2020 and 972 

February 2021. Colour intensity represents log₁₀-transformed mean reads per million (RPM) per 973 

month, with grey indicating absence of detectable reads. Rows correspond to viral taxa within the 974 

Paslahepevirus and Rocahepevirus genera, grouped by genotype and subtype. The lower panels show 975 

the distribution of astrovirus sequences by host category. Rows represent host categories, and colour 976 

intensity reflects log₁₀(mean RPM), with grey indicating locations with no detectable astrovirus reads. 977 
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 978 

Figure 3. Geographic distribution of Rocahepevirus ratti genotype C1: previously reported 979 

sequences and new detections from this study. Red, countries with a new genotype C1 detection 980 

confirmed by phylogenetic analysis (n = 12). Light red: countries where Rocahepevirus was detected 981 

but the genotype could not be assigned by the proposed rat HEV typing tool (single contig); BLAST 982 

nearest neighbours were genotype C1 (Senegal, Togo). Dark grey, previously reported C1 sequences 983 

in public sequence databases. Light grey, no sequence data. 984 
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 986 

Figure 4. Phylogenetic analysis of Rocahepevirus ratti genotype C1 sequences detected in 987 

wastewater based on partial ORF2 (capsid protein). Maximum-likelihood tree of a 500-bp region 988 

(nucleotide positions 5701–6201 relative to NC_038504.1), including wastewater contigs (circles, 989 

coloured by continent) and GenBank sequences (squares). The bars on the side represent continent 990 

and country of origin from left to right. 991 
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DE|Germany|Human|blood|-|PV252688
DE|Germany|Norway rat|liver|2023|PQ998775
DE|Germany|Norway rat|liver|2023|PQ998780
WW|PL|Pulawy|2018-07|GS|623bp
WW|NL|Rotterdam|2020-10|LT|3317bp 1
WW|NL|Rotterdam|2020-10|LT|3317bp 2
WW|NL|Rotterdam|2020-10|LT|2540bp
WW|NL|Rotterdam|2020-10|LT|2095bp
WW|NL|Rotterdam|2020-09|LT|1374bp
WW|NL|Rotterdam|2021-05|LT|1165bp
WW|NL|Rotterdam|2020-07|LT|596bp
WW|NL|Rotterdam|2021-03|LT|1504bp
NL|Netherlands|Black rat|MAG liver|2016-06|ON644869
CA|Canada|Norway rat|liver|2012-05|PQ083326
CA|Canada|Norway rat|liver|2012-05|PQ083320
CA|Canada|Norway rat|liver|2012-03|PQ083325
CA|Canada|Norway rat|liver|2012-03|PQ083324
CA|Canada|Norway rat|liver|2012-01|PQ083323
CA|Canada|Norway rat|liver|2012-01|PQ083318
CA|Canada|Norway rat|liver|2012-01|PQ083319
CA|Canada|Norway rat|liver|2012-03|PQ083327
CA|Canada|Norway rat|liver|2012-05|PQ083321
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CA|Canada|Norway rat|liver|2011-09|PQ083335
CA|Canada|Norway rat|liver|2012-05|PQ083316
CA|Canada|Norway rat|liver|2012-04|PQ083315
CA|Canada|Norway rat|liver|2012-07|PQ083332
CA|Canada|Norway rat|liver|2012-07|PQ083331
CA|Canada|Norway rat|liver|2011-10|PQ083317
CA|Canada|Norway rat|liver|2012-05|PQ083329
CA|Canada|Norway rat|liver|2012-05|PQ083328
CA|Canada|Norway rat|liver|2012-07|PQ083334
CA|Canada|Norway rat|liver|2012-07|PQ083333
CA|Canada|Norway rat|liver|2012-04|PQ083330
CA|Canada|Norway rat|liver|2011-11|PQ083338
CA|Canada|Norway rat|liver|2012-04|PQ083337
CA|Canada|Norway rat|liver|2012-06|PQ083336
CA|Canada|Norway rat|liver|2012-06|PQ083340
CA|Canada|Norway rat|liver|2012-06|PQ083339
CA|Canada|Norway rat|liver|2012-05|PQ083341
CA|Canada|Norway rat|liver|2011-11|PQ083342
FI|Finland|Norway rat|liver|2023-05|PP839293
FI|Finland|Norway rat|liver|2022-05|PP839291
CN|China|Niviventer niviventer|liver|2021|OP947208
CN|China|shrew|lung|2021|OP947209
CN|China|Norway rat|liver|2021|OP947207
CN|China|House mouse|liver|2021|OP947206
KR|South Korea|Norway rat|liver|2019-12|OR500096
KR|South Korea|Norway rat|liver|2016-08|OR500095
KR|South Korea|Norway rat|liver|2011-02|OR500094
WW|SK|Bratislava|2018-07|GS|640bp
WW|HU|Budapest|2020-10|LT|995bp
WW|HU|Budapest|2020-10|LT|646bp
WW|HU|Budapest|2020-11|LT|915bp
WW|HU|Budapest|2021-03|LT|843bp
WW|HU|Budapest|2021-03|LT|793bp
WW|HU|Budapest|2020-08|LT|716bp
WW|HU|Budapest|2020-08|LT|1223bp
WW|HU|Budapest|2020-08|LT|685bp
WW|HU|Budapest|2020-08|LT|671bp 1
WW|HU|Budapest|2020-05|LT|760bp 2
WW|HU|Budapest|2020-05|LT|1272bp
WW|HU|Budapest|2020-05|LT|760bp 1
WW|SK|Bratislava|2018-07|GS|1958bp
WW|PL|Pulawy|2018-07|GS|1846bp 1
WW|PL|Pulawy|2018-07|GS|1626bp
WW|PL|Pulawy|2018-07|GS|1744bp 2
WW|PL|Pulawy|2018-07|GS|1744bp 1
WW|PL|Pulawy|2018-07|GS|1846bp 2
WW|PL|Pulawy|2017-11|GS|2013bp
WW|PL|Pulawy|2018-12|GS|3235bp
WW|PL|Pulawy|2018-12|GS|1514bp
ES|Spain|Norway rat|liver|2023|PQ537344
WW|AT|Vienna|2018-06|GS|629bp
ES|Spain|Norway rat|liver|2022|PQ537343
ES|Spain|Norway rat|liver|2022|PQ537342
ES|Spain|Norway rat|liver|2022|PQ537341
WW|SI|Ljubljana|2018-06|GS|910bp
WW|SI|Ljubljana|2018-06|GS|826bp
WW|SI|Ljubljana|2018-06|GS|746bp
WW|SI|Ljubljana|2017-11|GS|923bp
WW|HU|Budapest|2020-09|LT|726bp
WW|HU|Budapest|2020-08|LT|829bp 1
WW|HU|Budapest|2020-11|LT|711bp
WW|HU|Budapest|2020-11|LT|804bp 2
WW|HU|Budapest|2020-12|LT|725bp
WW|HU|Budapest|2021-03|LT|1108bp
WW|HU|Budapest|2020-12|LT|783bp
WW|HU|Budapest|2021-02|LT|1163bp
CN|China|Asian house shrew|-|2012-09|LC549186
CN|China|Musk shrew|culture|2015|LC549187
CN|China|Norway rat|MAG liver|2020|MZ357113
CN|China|Asian house rat|liver|2019-07|ON887282
CN|China|Asian house rat|liver|2019-08|ON887283
CA|Canada|Human|serum|2017-04|MK050105
WW|EC|Quito|2018-07|GS|783bp
WW|IT|Bologna|2020-09|LT|868bp
WW|IT|Bologna|2020-10|LT|660bp
WW|IT|Bologna|2020-08|LT|737bp
IT|Italy|Norway rat|feces|2021|PP827496
WW|TZ|Mwanza|2018-11|GS|515bp
FR|France|Human|liver|2022-07|OP610066
SL|Sierra Leone|Black rat|MAG|2023|PQ541188
SL|Sierra Leone|Black rat|MAG|2023|PQ541186
SL|Sierra Leone|Black rat|MAG|2023|PQ541189
SL|Sierra Leone|Black rat|MAG|2023|PQ541190
SL|Sierra Leone|Black rat|MAG|2023|PQ541187
WW|SK|Bratislava|2017-06|GS|1202bp
WW|SK|Bratislava|2017-06|GS|632bp
WW|SK|Bratislava|2017-11|GS|1496bp
WW|IT|Rome|2020-05|LT|687bp
WW|IT|Rome|2020-07|LT|1037bp
WW|IT|Rome|2020-05|LT|897bp
WW|IT|Rome|2020-04|LT|672bp
HK|Hong Kong|Human|-|2020-04|PQ488553
CN|China|Human|feces|2020-04|MW293960
HK|Hong Kong|Human|-|2023-05|PQ488558
HK|Hong Kong|Human|-|2020-02|PQ488552
CN|China|Human|feces|2020-02|MW293961
HK|Hong Kong|Human|-|2023-02|PQ488557
HK|Hong Kong|Human|-|2021-04|PQ488556
HK|Hong Kong|Human|-|2021-10|PV007927
HK|Hong Kong|Human|-|2018|MN450852
HK|Hong Kong|Human|-|2019-12|PQ488551
CN|China|Human|feces|2019-12|MW293962
HK|Hong Kong|Human|-|2020-09|PQ488555
HK|Hong Kong|Norway rat|-|2020-06|PQ488560
HK|Hong Kong|Human|-|2019|MN450854
VN|Vietnam|Asian house rat|-|2011|JX120573
VN|Vietnam|Asian house rat|-|2013|LC164684
CN|China|Lesser rice!eld rat|MAG|-|OQ715538
HK|Hong Kong|Human|-|2017|MN450851
HK|Hong Kong|Rattus sp.|-|2017-08|MG813927
HK|Hong Kong|Human|-|2020-09|PQ488554
HK|Hong Kong|Norway rat|-|2019|MN450855
CN|China|Norway rat|liver|2021|OP947210
CN|China|Rodent|-|-|KY432898
ID|Indonesia|Black rat|serum|2012|AB847307
VN|Vietnam|Norway rat|-|2013|LC164675
VN|Vietnam|Asian house rat|-|2013|LC164679
CN|China|Norway rat|-|2016|MT210621
CN|China|Lesser rice!eld rat|-|2012-01|LC549185
ID|Indonesia|Black rat|serum|2011|AB847305
ID|Indonesia|Black rat|culture|2012|LC145325
ID|Indonesia|Black rat|liver|2015|LC225388
CN|China|Norway rat|liver|2021|OP947211
CN|China|Norway rat|liver|2021|OQ067397
CN|China|Rodent|-|-|KY432906
CN|China|Norway rat|-|2012-04|LC549184
CN|China|Lesser rice!eld rat|liver|2015-10|MH729812
ID|Indonesia|Black rat|liver|2010|LC225389
JP|Japan|Black rat|liver|2017-07|LC573546
CN|China|Norway rat|liver|2023|OR786722
HK|Hong Kong|Human|-|2018|MN450853
CN|China|Norway rat|liver|2016-06|MZ868954
CN|China|Norway rat|liver|2016-06|MZ643466
CN|China|Norway rat|liver|2016-06|MZ542728
ID|Indonesia|Black rat|serum|2012|AB847306
ID|Indonesia|Black rat|serum|2012|AB847309
TH|Thailand|Human|blood|2019-09|PX021458
VN|Vietnam|Rattus argentiventer|liver|2014-03|MG600417
KH|Cambodia|Rattus exulans|-|2008-11|MT085261
JP|Japan|Domestic ferret|feces|2013-06|LC057247Tree scale: 0.1
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Figure 5. Global detection of hepatitis A virus in urban wastewater collected between 2017–2019. 993 

Detection of hepatitis A virus (HAV; family Picornaviridae, genus Hepatovirus) in wastewater samples 994 

collected from 62 cities worldwide. Locations are ordered by continent, country, and city. Colour 995 

intensity represents log₁₀-transformed mean reads per million (RPM) per location, with grey indicating 996 

absence of detectable reads. Columns correspond to HAV genotypes (I, II, III) and subtypes (IA, IB, IIA, 997 

IIIA) as assigned by the RIVM HAV Genotyping Tool. Contigs confirmed as HAV by BLAST but not placed 998 

phylogenetically are shown under "Could not assign genotype" (n = 12 contigs). Fractions indicate the 999 

number of HAV-positive samples relative to the total number analysed per location. 1000 
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Figure 6. Compositional analysis of astrovirus host profiles by hepatitis virus detection. 1002 

Heatmap of ALDEx2 effect sizes from centered log-ratio (CLR)-transformed astrovirus host 1003 

compositions, comparing samples positive versus negative for each hepatitis virus type. Each row 1004 

represents a virus type (HEV-1, HEV-3, Rocahepevirus ratti C1 (rat HEV), and HAV-I) and each column 1005 

an astrovirus host category (Humans, Pigs/Suids, Carnivores, Rodents, Bats, Avian, Ruminants). Cell 1006 

values show the median ALDEx2 effect size across 128 Dirichlet-multinomial Monte Carlo instances; 1007 

positive values (red) indicate a higher proportional contribution of that host category relative to the 1008 

overall astrovirus composition in virus-positive samples; negative values (blue) indicate a lower 1009 

proportional contribution. Statistical significance was assessed by Wilcoxon rank-sum test on CLR-1010 

transformed instances, with Benjamini–Hochberg correction applied globally across all 28 tests. 1011 

Asterisks denote significance thresholds: * FDR < 0.05, ** FDR < 0.01, *** FDR < 0.001.  1012 
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