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Abstract 24 

Although water-borne viruses have important implications for the health of humans 25 

and other animals, little is known about the impact of human land-use on viral diversity 26 

and evolution in water systems such as rivers. We used metagenomic next-generation 27 

sequencing to compare the diversity and abundance of viruses at sampling sites along a 28 

single river in New Zealand that differed in human land use impact, ranging from 29 

pristine to urban. From this we identified 504 putative virus species, of which 97% were 30 

novel. Many of the novel viruses were highly divergent, and likely included a new 31 

subfamily within the Parvoviridae. We identified at least 63 virus species that may infect 32 

vertebrates – most likely fish and water birds – from the Astroviridae, Birnaviridae, 33 

Parvoviridae and Picornaviridae. No putative human viruses were detected. Importantly, 34 

we observed differences in the composition of viral communities at sites impacted by 35 

human land-use (farming and urban) compared to native forest sites (pristine). At the 36 

viral species level, the urban sites had higher diversity (327 virus species) than the 37 

farming (n=150) and pristine sites (n=119), and more viruses were shared between the 38 

urban and farming sites (n=76) than between the pristine and farming or urban sites 39 

(n=24). The two farming sites had a lower viral abundance across all host types, while 40 

the pristine sites had a higher abundance of viruses associated with animals, plants and 41 

fungi. We also identified viruses linked to agriculture and human impact at the river 42 

sampling sites in farming and urban areas that were not present at the native forest 43 

sites. Overall, our study shows that human land-use can impact viral communities in 44 

rivers, such that further work is needed to reduce the impact of intensive farming and 45 

urbanization on water systems.  46 
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1. Introduction 47 

As viruses likely infect all life forms, and often at high abundance, they can be considered an 48 

integral part of global ecosystems (Zhang et al. 2018; French and Holmes 2020; Sommers et 49 

al. 2021). Until recently, however, there has been a strong bias toward studying viruses in the 50 

context of individual disease-causing pathogens, particularly in humans, domestic animals 51 

and plants (Zhang et al. 2018). Although understandable, such a bias limits our understanding 52 

of their ecology and evolution, how viral abundance and diversity might be shaped by 53 

anthropogenic activities, and their role at the ecosystem scale (French and Holmes 2020; 54 

Sommers et al. 2021). Clearly, a better understanding of these processes will enable virus 55 

evolution and disease emergence to be placed in its true ecological context. As most viruses 56 

do not cause disease in their hosts (Roossinck 2015), characterising non-pathogenic viruses 57 

will greatly expand our understanding of the composition of the global virosphere. 58 

 59 

Metagenomic next-generation sequencing (mNGS) enables the entire virome of a sample to 60 

be characterised in an unbiased manner, giving studies of RNA virus diversity and evolution 61 

a new perspective (Zhang et al. 2018; Wolf et al. 2020; Nayfach et al. 2021). In particular, 62 

mNGS enables the comparison of viral abundance and diversity between groups (animal 63 

populations, environments etc.) that was previously not possible on large scales. To date, 64 

however, most metagenomic studies of viromes have focused on describing viral diversity 65 

without placing it in an appropriate ecological context (Zhang et al. 2018; French and Holmes 66 

2020; Sommers et al. 2021). 67 

 68 

Rivers collect water from the land they flow through. As such, their microbial community 69 

necessarily reflects the ecological properties of this adjacent land (Van Rossum et al. 2015). 70 
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Run-off from farmland, urban areas and sewage discharge directly introduce human and 71 

livestock-infecting microbes into rivers, sometimes causing water-borne disease (Ferguson et 72 

al. 2003; Alegbeleye and Sant’Ana 2020). For bacteria, it is well understood that human 73 

activity on land impacts the environment within rivers, in turn affecting bacterial abundance 74 

and diversity (Van Rossum et al. 2015; Chen et al. 2018; Phiri et al. 2020; Qiu et al. 2020). 75 

However, even though some water-borne viruses have important implications for human 76 

health, such as enteroviruses (Amvrosieva et al. 2001), hepatitis E virus (Sedyaningsih-77 

Mamahit et al. 2002; Martolia et al. 2009) and norovirus (Jack et al. 2013; Sekwadi et al. 78 

2018), we know little about how human land-use impacts viral abundance and diversity in 79 

rivers. A study of an agricultural river basin in Ontario, Canada, found that higher levels of 80 

human viruses and coliphages were associated with greater upstream human land 81 

development (Jones et al. 2017). Similarly, land use in Singapore was the main driver of viral 82 

community structure in reservoirs used for potable water supplies and recreational activities 83 

(Gu et al. 2018). However, because such comparisons involved different catchments that are 84 

likely to have contrasting viral communities, it may not be possible to isolate the effect of 85 

human activity on viral ecology. To date there has been no study directly comparing the viral 86 

ecology of river water flowing through different land-use types within the same river 87 

catchment. 88 

 89 

New Zealand freshwater communities have been isolated since New Zealand split from 90 

Gondwanaland approximately eighty million years ago (Mortimer et al. 2019). Freshwater 91 

communities within New Zealand are also generally isolated from each other, with little 92 

opportunity for non-migratory species to colonize new water catchments (Burridge and 93 

Waters 2020). This is reflected in the evolution of freshwater plant, vertebrate and 94 

invertebrate species. For example, there are high levels of endemism within New Zealand 95 
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non-migratory galaxiid fish, with many species are found only in one water catchment (Dunn 96 

et al. 2018; Burridge and Waters 2020). It might therefore be expected that the freshwater 97 

communities of New Zealand would similarly contain many highly divergent viruses and 98 

locally unique viruses that have co-evolved with their isolated hosts. In contrast, human 99 

activity has had a large impact on New Zealand freshwater communities, including run-off 100 

from intensive agriculture and urbanization and the introduction of invasive species such as 101 

rainbow trout (Oncorhynchus mykiss). It is likely that these changes would also have affected 102 

the viral community in the rivers, introducing viruses associated with plants and animals 103 

grown for food, as well as viruses that infect humans.  104 

 105 

Very little is known about the viral ecology of New Zealand rivers, with research generally 106 

limited to targeted testing for known pathogens. Two river sites – the Waikato River in the 107 

North Island and the Oreti River in the South Island – that supply drinking water to urban 108 

populations have been screened for enteric viruses, with positive results in 97% of samples 109 

(Williamson et al. 2011). In the Manawatū region, the Manawatū and Pohangina rivers and 110 

Turitea creek have been screened for plant viruses, with three tombusviruses detected 111 

(Mukherjee 2011; Mukherjee et al. 2012). New variants of Tobacco mosaic virus and Tomato 112 

mosaic virus were also identified (Mukherjee 2011), and human polyomaviruses have been 113 

found in the Matai river in Nelson (Kirs et al. 2011). Sclerotinia sclerotiorum Hypovirulence-114 

Associated Virus-1 (which infects a fungus often found in agricultural plants) was detected in 115 

a Christchurch river using metagenomic sequencing of DNA from sediment samples 116 

(Kraberger et al. 2013). To our knowledge, viral meta-transcriptomics has not yet been 117 

performed on a river system in New Zealand. 118 

 119 
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The core aim of this study was to compare the viral (particularly RNA virus) abundance and 120 

diversity between sites with differing human land use impact in a New Zealand river 121 

catchment and from this determine how virome ecology and evolution are shaped by human 122 

activity. Accordingly, six sites on the Manawatū River, North Island, were selected based on 123 

their differing land use types. Two sites were at the edge of the Ruahine forest park, 124 

containing water that has only flowed through pristine native forest (pristine sites, denoted P1 125 

and P2). Two sites contain water that has flowed through farmland (farmland sites, at least 25 126 

km for F1 and 50 km for F2). The final two sites have flowed first through pristine native 127 

forest, then farmland and finally urbanized areas (urban sites) – Feilding and Palmerston 128 

North (named U1 and U2, respectively). Water samples were taken at these sites and 129 

subjected to total RNA sequencing (i.e., meta-transcriptomics). 130 

 131 

2. Methods 132 

2.1 The Manawatū River 133 

The Manawatū River is a 180 km river located in the North Island of New Zealand (Figure 134 

1). Importantly, it flows through three very different land-use types, allowing a direct 135 

comparison between them. The river begins in the Ruahine forest park that encompasses the 136 

Ruahine mountain range (Department of Conservation 2021b). The park is dominated by 137 

native vegetation, including podocarp forest at lower altitudes and sub-alpine shrubland and 138 

tussock grasslands at higher altitudes. Between the 1800s and 1970s there was considerable 139 

forest clearing and logging, but since 1976 the area has been protected as a forest park with 140 

no farming or logging (Department of Conservation 2021a). There is little to no human 141 

habitation or activity in these ranges, with the exception of recreational hikers, hunters and 142 

rangers. A variety of endemic New Zealand animals inhabit these ranges, including parrots 143 
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(kakariki Cyanoramphus novaezelandiae, kaka Nestor meridionalis), ducks (whio 144 

Hymenolaimus malacorhynchos), New Zealand long-tailed bats (Chalinolobus tuberculatus) 145 

and large carnivorous land snails (Powelliphanta marchanti). Introduced pest species are also 146 

found there, including red deer (Cervus elaphus), feral pigs (Sus scrofa) and goats (Capra 147 

hircus), brush tailed possums (Trichosurus vulpecula), stoats (Mustela erminea) and rainbow 148 

trout (Oncorhynchus mykiss) (Department of Conservation 2021b). 149 

 150 

After flowing through the Ruahine Forest Park, the river passes through intensively farmed 151 

areas, primarily consisting of sheep, beef and dairy farming. This land use is known to impact 152 

the river, with the Manawatū region having among the highest nitrogen and phosphorus 153 

concentrations (nutrients associated with pastoral agriculture) in New Zealand (Roygard et al. 154 

2012). It then flows through two urban centres: Feilding (town, population 17,050), and 155 

Palmerston North (city, population 81,500), before flowing out into the Tasman Sea. Both 156 

these urban centres discharge treated wastewater into the Manawatū River, and in some years 157 

this negatively impacts aquatic life through discharge of nutrients and a corresponding 158 

increase in periphyton cover (Hamill 2012). 159 

 160 

2.2 Sample collection 161 

Two-litre (L) water samples were collected at each of the six sites in the Manawatū River 162 

catchment (Figure 1). For consistency, all samples were collected on the same day (13th July 163 

2019). At each site, 1 L was collected from the water’s edge and 1 L was collected 1.2 metres 164 

from the bank in the main flow of the river using a sampling pole, with the aim of obtaining a 165 

representative sample of the river water. In the case of P2, which was less than 1.2 metres 166 

wide, the second sample was taken by hand in the main flow of the river. These samples were 167 
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combined to obtain 2 L of water per site and 12 L in total. Once collected, the water samples 168 

were kept at approximately 4°C using icepacks until processing.  169 

 170 

At each site, a separate 250 ml sample was collected from the main flow of the river to 171 

measure additional variables (temperature, salinity, conductivity, pH, total dissolved solids, 172 

turbidity). These were measured using a multiparameter tester (Waterproof PCSTestr 35, 173 

Thermo Scientific) and a Turbidimetre (2100P Turbidimetre, Hach). Temperature was 174 

measured on-site and the remaining variables were measured in the laboratory.  175 

 176 

2.3 Sample processing and sequencing 177 

Filtering of all samples was completed within thirty hours of sample collection. Samples with 178 

a large amount of silt (farming and urban sites) were first filtered through a glass fibre filter, 179 

of 47 mm diameter and 0.7 µm pore size (Microscience). All samples were then filtered 180 

through polyether sulphone (PES) membrane filters, of 47mm diameter and 0.2µm pore size 181 

(Microscience).  182 

 183 

Samples were concentrated from 2 L to ~100 µL in two steps using tangential ultra-filtration 184 

and ultra-centrifugation. The samples were first concentrated from 2 L down to 40 mL using 185 

the vivaflow 200 (Sartorius). The samples were then concentrated from 40 mL to ~2 mL 186 

using vivaspin 20 ultrafiltration units (Sartorius), and further concentrated to ~100 µL using 187 

vivaspin 2 ultrafiltration units (Sartorius). All units had polyether sulphone filters with a 188 

molecular weight cut-off of 10 kDa. Samples were stored at -80°C until nucleic acid 189 

extraction.  190 

 191 
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RNA and DNA were extracted from the concentrated water samples using the AllPrep® 192 

PowerViral® DNA/RNA Kit. DNA was removed by DNase digestion (Qiagen RNase-Free 193 

DNase I Set), then in the same column the RNA was concentrated to 15 µL using the MN 194 

NucleoSpin RNA Clean-up XS (Macherey-Nagel). The same process was conducted on 2 x 195 

200 µL of sterile water to create two blank control libraries. cDNA libraries were prepared 196 

using the SMARTer® Universal Low Input RNA Kit for Sequencing (Takara Bio), without 197 

rRNA depletion. Libraries were sequenced on the Illumina Novaseq platform (150bp, paired 198 

end sequencing). The corresponding sequencing data have been deposited in the Sequence 199 

Read Archive (SRA) under accession numbers SRR17234948-53. The trimmed alignment 200 

fasta files used to infer the phylogenetic trees are available at 201 

https://github.com/RKFrench/Viral-Diversity-NZ-River.  202 

 203 

2.4 Quality control, assembly and virus identification 204 

TruSeq3 adapters were trimmed using Trimmomatic (0.38) (Bolger et al. 2014). Bases below 205 

a quality score of five were trimmed with a sliding window approach (window size of four). 206 

Bases at the beginning and end of the reads were similarly excluded if below a quality of 207 

three. SMART adapters were trimmed using bbduk in BBtools (bbmap 37.98) (Bushnell 208 

2018). Sequences below an average quality of ten were removed.  209 

 210 

Sequence reads were assembled de novo using Trinity (2.5.1) (Grabherr et al. 2011), with a 211 

kmer size of 32 and a minimum contig length of 300. BLASTN (BLAST+ 2.9.0) and 212 

Diamond BLASTX (Diamond 0.9.32) were used to identify viruses by comparing the 213 

assembled contigs to the NCBI nucleotide database (nt) and non-redundant protein database 214 

(nr) (Camacho et al. 2009; Buchfink et al. 2021). Contigs with hits to viruses were retained. 215 
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To avoid false-positives, sequence similarity cut-off values of 1E-5 and 1E-10 e-value were 216 

used for the nt and nr databases, respectively. Virus abundances were estimated using RSEM 217 

(1.3.0), allowing us to determine the expected count according to the Expectation-218 

Maximization algorithm for each contig (Li and Dewey 2011). This was expressed as the 219 

percentage of the total number of reads in each library. Eukaryotic and prokaryotic diversity 220 

was characterized using CCMetagen (v 1.2.4) and the NCBI nucleotide database (nt) 221 

(Clausen et al. 2018; Marcelino et al. 2020). 222 

 223 

2.5 Evolutionary and ecological analysis 224 

Using the nucleotide sequences identified as viral replication proteins (i.e., as identified by 225 

BLAST), the getorf program from EMBOSS (6.6.0) was used to find and extract open 226 

reading frames and translate them into amino acid sequences using the standard genetic code 227 

with a minimum size of 100 amino acids (Rice et al. 2000). Amino acid sequences were 228 

aligned using the E-INS-i algorithm in MAFFT (7.402) (Katoh and Standley 2013) and 229 

trimmed using Trimal, (1.4.1) (Capella-Gutiérrez et al. 2009) with a gap threshold of 0.9 and 230 

at least 20% of the sequence conserved. See Supplementary Table S1 for more details. 231 

Maximum likelihood phylogenetic trees for each virus family were then estimated using IQ-232 

TREE (1.6.12) (Nguyen et al. 2015), with the best fit substitution model determined by the 233 

program and employing 1000 bootstrap replications to assess node robustness. Any 234 

sequences with >95% amino acid similarity to each other or known species were assumed to 235 

represent the same virus species, with only one representative of each then included in the 236 

phylogenetic analysis. All novel viruses identified were given names that include the word 237 

‘flumine’ (Latin for ‘of the river’) to convey where the virus was found. 238 

 239 
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APE (5.4) and ggtree (2.4.1) were used to visualize the phylogenetic trees and produce 240 

figures (Paradis and Schliep 2019; Yu 2020). Alpha diversity (i.e., diversity within each 241 

sample) was analysed using richness (number of viral families), Shannon index and the 242 

Shannon effective number of species (ENS). The Shannon index reflects the number of taxa 243 

and the evenness of the taxa abundances. The Shannon ENS is the effective number of taxa 244 

present in the community if the abundances were equal (Hill 1973). The beta diversity (i.e., 245 

diversity across land-use types) was analysed using a principal co-ordinate analysis with 246 

a Bray–Curtis dissimilarity matrix, presented as an ordination plot. Alpha and Beta diversity 247 

analyses were conducted using Phyloseq (v1.34.0) in R (v 4.0.5) (McMurdie and Holmes 248 

2013; R Core Team 2021). Other graphs were generated using ggplot2 (Wickham 2016) and 249 

venneuler (Wilkinson 2011). 250 

 251 

2.6 Identifying possible reagent contamination 252 

Any virus found in the blank negative control libraries (i.e., a sterile water and reagent mix) 253 

was assumed to have resulted from contamination likely associated with laboratory reagents. 254 

Accordingly, these viruses were removed from the river sample libraries and excluded from 255 

all analyses. Additionally, any viruses that fell into the same clades as those found in blank 256 

libraries were conservatively assumed to be contaminants (Porter et al. 2021) and similarly 257 

removed. These included six circo-like viruses in the Circoviridae (single-strand DNA 258 

viruses) and 19 tombus-like viruses from the Tombusviridae (single-strand, positive-sense 259 

RNA viruses).  260 

 261 
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3. Results 262 

We characterized the RNA viromes from six Manawatū River water samples using total RNA 263 

sequencing. 264 

 265 

3.1 Water measurements 266 

Our water measurements indicated that the two pristine sites had a different abiotic 267 

environment from the farming and urban sites, while the farming and urban sites were similar 268 

to each other (Figure 2). Specifically, the pristine sites had lower salinity, pH, total dissolved 269 

solids, turbidity, conductivity and temperature than the farming and urban sites. The farming 270 

and urban sites also had a larger variation between sites, with the exception of pH and 271 

temperature. 272 

  273 

3.2 Virus identification 274 

The six sequencing libraries generated had an average of 90 million reads per library, and on 275 

average 0.7% of these were derived from viruses. This is within the usual range found in 276 

faecal samples, cloacal swabs and invertebrate tissue, but higher than commonly observed in 277 

vertebrates (Zhang et al. 2018; Campbell et al. 2020; Le Lay et al. 2020; Mahar et al. 2020; 278 

Wille et al. 2020; Wille et al. 2021) in studies using similar metagenomic techniques. 279 

However, it was lower than observed in urban streams in Ecuador (Guerrero-Latorre et al. 280 

2018). P2 and U2 had the highest number of reads and the highest number of viral reads 281 

(Figure 3). Notably, the two pristine sites had the highest percentage of viral reads, at 1.31 282 

and 1.35%. F1, F2 and U1 all had lower total reads, total viral reads and percentage viral 283 

reads. Analysis of eukaryotic and prokaryotic diversity showed that all samples primarily 284 
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consisted of bacteria (accounting for 71-86% of assembled contigs) followed by eukaryotes 285 

(5-19%). 286 

 287 

In total, we identified 504 putative virus species from 27 viral families, of which 491 (97%) 288 

were novel using a cut-off of 95% amino acid similarity, primarily in replication-associated 289 

proteins (although these await formal verification by the International Committee on 290 

Taxonomy of Viruses). These included multiple members of the Nodaviridae (n=74 novel 291 

viruses), Tombusviridae (n=64) and Dicistroviridae (n=61). If a more conservative <90% 292 

amino acid sequence similarity is used to define a novel virus species, then the samples 293 

analysed here contain 470 novel viruses. We also detected previously described viruses (i.e., 294 

with more than 95% amino acid similarity to viruses detected previously), including 295 

Sclerotinia sclerotiorum hypovirulence associated DNA virus 1 (Genomoviridae), White 296 

clover mosaic virus (Alphaflexiviridae), Rhopalosiphum padi virus (Dicistroviridae), Norway 297 

luteo-like virus 4 (Luteoviridae), Carnation Italian ringspot virus (Tombusviridae) and Pepper 298 

mild mottle virus (Virgaviridae). Importantly, we identified at least 63 virus species from the 299 

Astroviridae, Birnaviridae, Parvoviridae and Picornaviridae that may infect vertebrates. No 300 

likely human viruses were detected. Below we describe, in more detail, those families with 301 

high virus diversity in our study and those containing viruses that may infect vertebrates. 302 

 303 

3.3 High Phylogenetic Diversity Families 304 

3.3.1 Tombusviridae 305 

We identified a high diversity and abundance of novel Tombusviridae, a family of single-306 

strand positive-sense RNA viruses that infect plants (Sit and Lommel 2015). Of the viruses 307 

identified 18 fell into the subfamily Procedovirinae, found in all land-use types. Of these, one 308 
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virus in U2 clustered within the genus Betacarmovirus and was most closely related to 309 

Cardamine chlorotic fleck virus (Skotnicki et al. 1993), although with only 45% amino acid 310 

similarity. Another, found in U2 and F2, belonged to the genus Gammacarmovirus and is 311 

most closely related to Melon necrotic spot virus with 71-73% amino acid similarity (Riviere 312 

and Rochon 1990). We also found Carnation Italian Ringspot virus (genus Tombusvirus) at 313 

both farming sites, with 98-99% amino acid similarity. The Procedovirinae also contain a 314 

clade of closely related novel tombus-like viruses that appear basal to any currently described 315 

genera and were found at the pristine sites. Another clade was found in the urban and farming 316 

sites and appears to fall within the subfamily Regressovirinae.  317 

 318 

3.3.2 Dicistroviridae 319 

We similarly found a high diversity of viruses belonging to the Dicistroviridae, a family of 320 

single-strand positive-sense RNA viruses commonly associated with arthropods (Valles et al. 321 

2017). Thirty-nine viruses were part of a highly divergent clade that fell basal to the three 322 

currently recognized genera, to which it exhibited less than 50% amino acid similarity. There 323 

were also 15 newly identified viruses that fell into the genus Cripavirus found across all the 324 

land-use types. In addition, we detected two previously described cripaviruses - 325 

Rhopalosiphum padi virus (97-100% amino acid similarity) and Cricket paralysis virus (96-326 

97%), both only at the urban site U2. 327 

 328 

3.3.3 Nodaviridae 329 

We identified 13 novel viruses from the genus Alphanodavirus of the Nodaviridae (single-330 

strand positive-sense RNA viruses). This included Black beetle virus (Alphanodavirus; 95-331 

98% amino acid similarity) in all farming and urban sites, but not at the pristine sites. 332 
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Although we did not find any viruses belonging to the genus Betanodavirus, the only other 333 

genus of Nodaviridae, we did identify 61 other novel viruses from a divergent clade that fell 334 

outside of the Alphanodavirus and Betanodavirus genera. Many of these were most closely 335 

related to Barns Ness serrated wrack noda-like virus 2 isolated from marine algae (Waldron 336 

et al. 2018), although with less than 50% amino acid similarity. 337 

 338 

3.4 Vertebrate-infecting families 339 

3.4.1 Astroviridae 340 

The Astroviridae are a family of single-stranded positive-sense RNA viruses that infect 341 

mammals and birds (Lukashov and Goudsmit 2002). We identified 28 novel astroviruses, 342 

including three new species within the Bastrovirus clade that were found in the farming and 343 

urban sites (Figure 4). These three viruses were most closely related to a bastrovirus found in 344 

sewage in Brazil (Dos Anjos et al. 2017), although with only 57-67% amino acid similarity. 345 

Twenty-four novel viruses fell into a divergent clade outside of the genus Avastrovirus and 346 

the Bastrovirus clade: these were most closely related to ‘Astroviridae sp.’ viruses found in 347 

metagenomic studies of grassland soil in California, USA (Starr et al. 2019). The viruses 348 

found on our study that fell into this clade (denoted Flumine astrovirus 1-24) all had less than 349 

62% amino acid similarity with the soil viruses. Notably, they were found across all our river 350 

sites, with a higher diversity at the farming and urban sites (n=11 and 21 species, 351 

respectively) than the pristine sites (n=4). However, flumine astrovirus 3 found at a pristine 352 

site had the highest abundance, representing 0.04% of the total reads in the library. 353 

 354 
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3.4.2 Birnaviridae 355 

The Birnaviridae are a family of double-stranded RNA viruses that infect fish, birds and 356 

insects. We identified one virus from this family at a pristine site (P1), that was most closely 357 

related (although with only 30% amino acid similarity) to blotched snakehead virus (Da 358 

Costa et al. 2003) and Lates calcarifer birnavirus (Chen et al. 2019), both of which are 359 

associated with fish. 360 

 361 

3.4.3 Parvoviridae 362 

The Parvoviridae are a family of small double-stranded DNA viruses that infect both 363 

vertebrates and invertebrates. We identified 21 parvoviruses: all were present at the Feilding 364 

urban site (U1), with one (Flumine parvovirus 17) found at both P1 and U1. Most (n=18) of 365 

these viruses fell into a distinct clade, separate from other previously described subfamily and 366 

genera (Figure 5). This clade had less than 18% amino acid similarity with other 367 

parvoviruses, but up to 81% similarity (average of 41%) with each other. A new subfamily 368 

Hamaparvovirinae was created in 2020 that exhibits less than 20% amino acid sequence 369 

identity with other parvoviruses (Pénzes et al. 2020). This is comparable to the level of 370 

sequence similarity observed in the novel clade identified here, indicating this may also 371 

represent a new subfamily that we have tentatively called the Flumenparvovirinae. The 372 

remaining three viruses fell into the subfamily Densovirinae. These viruses most likely infect 373 

invertebrates as they were most closely related to Planococcus citri densovirus (Thao et al. 374 

2001) (76% amino acid identity) and Blattella germanica densovirus (Kapelinskaya et al. 375 

2011) (55-61%) that infect mealy bugs and cockroaches, respectively. 376 

 377 

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

The copyright holder for this preprintthis version posted January 4, 2022. ; https://doi.org/10.1101/2022.01.04.474996doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.04.474996
http://creativecommons.org/licenses/by-nd/4.0/


17 

 

3.4.4 Picornaviridae 378 

The Picornaviridae are a large family of single-stranded RNA viruses that infect both 379 

vertebrates and invertebrates. We identified 15 novel picornaviruses, most (n=11) from the 380 

urban sites, although they were also identified at both farming and pristine sites. The pristine 381 

sites had the lowest diversity of picornaviruses (n=2), but the highest abundance. Eight of the 382 

picornaviruses fell into a clade with fur seal picorna-like virus (Krumbholz et al. 2017) and 383 

Ampivirus A1 associated with the smooth newt Lissotriton vulgaris (Reuter et al. 2015). This 384 

clade is most closely related to a cluster of genera Tremovirus, Harkavirus and Hepatovirus 385 

found in birds and mammals. 386 

 387 

3.4.5 Genomoviridae 388 

The Genomoviridae are a family of single-stranded DNA viruses. Although they are 389 

commonly associated with fungi, they have also identified them in mammals and birds 390 

(Varsani and Krupovic 2021). With the exception of one virus species (Flumine genomovirus 391 

1), members of the Genomoviridae were only found at the urban sites. Nine of the 14 viruses 392 

were most closely related to viruses found in sewage or faeces. Interestingly, a number of 393 

these viruses are closely related to viruses previously documented in New Zealand. Flumine 394 

genomovirus 11 fell into a clade of five sewage-derived gemycircularviruses, exhibiting 85% 395 

amino acid similarity to its closest match Sewage-associated gemycircularvirus-7a sampled 396 

from a sewage oxidation pond in Christchurch, New Zealand (Kraberger et al. 2015). 397 

Similarly, Flumine genomovirus 8 and 9 share 85% and 86 % amino acid similarity, 398 

respectively, with Sewage associated gemycircularvirus 3 also isolated from a New Zealand 399 

oxidation pond (Kraberger et al. 2015), while Flumine genomovirus 12, 4 and 6 share 87%, 400 

76% and 82% amino acid similarity, respectively, with faeces-associated gemycircularvirus 401 

21 isolated from llama faeces in New Zealand (Steel et al. 2016). Finally, the single 402 
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Genomoviridae virus found in the pristine sites (Flumine genomovirus 1) was most closely 403 

related (81% amino acid similarity) to a virus isolated from minnow tissue in the USA. 404 

 405 

3.5 Host relationships and patterns of virus diversity 406 

We next characterized each viral family according to their usual assigned host (as identified 407 

in previous studies) and used this to visualize patterns of virus abundance and diversity 408 

(Figure 6). This revealed that the two farming sites had a lower viral abundance across all 409 

host types, while the two pristine sites had a higher abundance of viruses with animal, 410 

plant/fungi (such as the Astroviridae and Tombusviridae) and unknown hosts. In turn, U1 had 411 

a very high abundance of prokaryote-infecting viruses but a lower abundance of all other 412 

virus types (Figure 6). Virus abundance was highest for those viral families where the host 413 

was unknown, accounting for 2.35% of reads. Plant-infecting viruses were the next-most 414 

abundant (1%), followed by animal-infecting viruses (0.56%). At the family level, we found 415 

a high diversity of plant- and animal-infecting viruses (18 and 17 families, respectively). 416 

There was a surprisingly low abundance and diversity of known prokaryote infecting viruses: 417 

these were the least abundant (0.096%), and the least diverse (six families) group. All sites 418 

had a proportionally high abundance of Nodaviridae, Tombusviridae and ‘unclassified 419 

Picornavirales’ compared to other viral families. 420 

 421 

3.6 Alpha and beta virus diversity 422 

Sites P1 and U2 had the highest richness, manifesting as 38 and 40 virus families, 423 

respectively, while P2 had the lowest at 16 (Table 1). U1 had higher Shannon and Shannon 424 

ENS values than any other site, but only the third highest richness. The two pristine sites had 425 

very different levels of diversity, with P1 having much higher richness (with more than twice 426 
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the number of viral families), Shannon and Shannon ENS than P2. The two farming sites had 427 

a similar richness, Shannon and Shannon ENS to each other, and the two urban sites were 428 

also similar with respect to richness (with U1 having 20% fewer virus families than U2). 429 

  430 

At the level of virus family, we used principal co-ordinate analysis to examine the differences 431 

between viral communities, examining ‘intra-type’ (i.e., comparing sites with the same land-432 

use type) and ‘inter-type’ (comparing sites across different land-use types) differences 433 

(Figure 7). Accordingly, the pristine and farming sites had high intra-type similarity and low 434 

inter-type similarity, such that their viral communities were more similar within a land-use 435 

type than to viral communities from different land-use types (Figure 7). The two pristine sites 436 

displayed the most similar viral communities. In contrast, the two urban sites differed 437 

markedly from each other and all other sites and hence had a very different viral community, 438 

both from each other and to that at any other site (i.e., both intra- and inter-type). The urban 439 

site U2 (Palmerston North) was closer to F1 and F2 than to U1, and hence had a viral 440 

community that was more similar to the farming sites than to the other urban site. At the viral 441 

species level, the urban sites had a higher diversity (n=327 species) than the farming (n=150) 442 

and pristine sites (n=119). There were many more viruses shared between the urban and 443 

farming sites (n=76) than between the pristine and farming or urban sites (n=24). Finally, 444 

only eight of 504 species were found in all land-use types, indicative of a relatively high level 445 

of local differentiation. 446 

4. Discussion 447 

Using a mNGS approach we identified a high diversity of novel and highly divergent viruses 448 

in a single New Zealand river system and revealed differences of virome composition in the 449 

river between sampling sites associated with different land-use types. In total, we observed 450 
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504 putative virus species, of which 491 (97%) were potentially novel and including a new 451 

subfamily within the Parvoviridae. Notably, there were considerable differences in the viral 452 

community structure between the land-use types. In particular, the two pristine sites had a 453 

higher abundance of viruses that infect animals, plants and fungi, while at the viral species 454 

level, the urban sites had the highest virome diversity. In addition, there were many more 455 

viruses shared between the urban and farming sites (n=76) than between the pristine and 456 

farming or urban sites (n=24).  457 

 458 

The abiotic environment within the Manawatū River system differed considerably between 459 

sampling sites that had different land-use types, with the pristine sites having lower 460 

measurements of all variables. Total dissolved solids (TDS), salinity, conductivity and 461 

turbidity represent different ways of measuring the presence of dissolved solids and ions in 462 

the water, and generally the lower they are then the higher the water quality (Davies-Colley 463 

2013). Increases in total dissolved solids can adversely affect plants and animals in 464 

freshwater environments due to changes in osmotic conditions, making this an important 465 

indicator of the health of the freshwater ecosystem (Chapman et al. 2000). These measures 466 

are all elevated in effluents, and their presence in freshwater can therefore indicate 467 

contamination from fertilizers, urban run-off, and animal and human waste (Chapman et al. 468 

2000; de Sousa et al. 2014). They can also naturally be elevated due to changes in climate 469 

and differing geology, which impacts the amount of dissolved substance from the weathering 470 

of rocks (Davies-Colley 2013). However, as the sites in this study were all in the same river 471 

catchment and within 50km of each other, the climate and geology are unlikely to be 472 

markedly different. Water temperature was also lower in the pristine sites than in the farming 473 

and urban sites, likely due to the pristine sites being at higher altitude, closer to the Ruahine 474 

Ranges (a source of snow melt), and also the thicker vegetation cover blocking solar 475 
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radiation. The pristine sites had a pH closer to neutral, which may be related to differences in 476 

dissolved solids from the surrounding soils (Baldisserotto 2011). All these indicators show 477 

that the riverine environment was very different between the pristine and farming/urban sites, 478 

but not substantially different between the farming and urban sites. 479 

 480 

A key observation of our study was the high diversity of viruses in the Manawatū River 481 

system, with an average of 30 virus families detected per site. Indeed, we found a very high 482 

diversity of novel viruses, and only a small number (n=13) described previously, again 483 

indicating that only a tiny fraction of the virosphere has been described to date. Environments 484 

such as freshwater have received relatively little viral metagenomic research, although our 485 

study suggests that they may have highly diverse viromes. In particular, we show that isolated 486 

New Zealand freshwater environments can harbour many novel and highly divergent viruses. 487 

Perhaps of most note, we have identified a novel clade of parvoviruses that was 488 

phylogenetically distinct from other previously described subfamily and genera, and which 489 

may be a new subfamily of the Parvoviridae. This may in part reflect New Zealand’s 490 

distinctive ecological history, including high levels of endemic species (Walker et al. 2021). 491 

These novel viruses may therefore be naturally present in this water catchment and reflect the 492 

‘undisturbed’ diversity of the river, rather than the result of human land-use. A high diversity 493 

of bacteria have also been found in New Zealand freshwater (Phiri et al. 2021). Indeed, it is 494 

notable that the pristine sites had the highest abundance of viruses that infect animals, plants 495 

and fungi, and had little overlap (in terms of species shared) with the farming and urban sites 496 

(Figures 6 and 7). This may reflect a higher abundance of native flora and fauna in these 497 

pristine sections of the river that are surrounded by native forest. The two pristine sites had 498 

very different levels of diversity, with P1 having more than twice the number of viral families 499 

than P2, despite P2 having a higher number of viral reads. This may be because the P2 stream 500 
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was smaller in volume with a smaller catchment, with less opportunity for a high diversity of 501 

terrestrial viruses to enter the river from the surrounding land. 502 

 503 

Virus families that infect fungi, plants and algae were found in particularly high abundance, 504 

with the highest being the Tombusviridae associated with plants. This presumably reflects a 505 

high abundance of plant and algae matter in the water, including both aquatic plants living in 506 

the river and terrestrial plants from the surrounding land. However, there was a surprisingly 507 

low abundance and diversity of viruses associated with prokaryotes. This may be because we 508 

filtered out bacteria prior to RNA extraction (using PES membrane filters of 0.2µm pore size) 509 

which would also have removed any lysogenic phages. However, a previous study of urban 510 

streams in Ecuador using a similar filtering system found that prokaryote infecting viruses 511 

had the highest abundance, followed by plant viruses (Guerrero-Latorre et al. 2018). 512 

Interestingly, these Ecuadorian streams are known to be contaminated with untreated sewage 513 

(Guerrero-Latorre et al. 2018), which may increase bacterial load (and therefore phage 514 

abundance). It is also possible that the high abundance of divergent viruses belonging to 515 

families in which the host is unknown (Figure 6) are in fact phage. 516 

 517 

Metagenomics frequently identifies highly divergent viruses in environmental samples and in 518 

most such studies the host is unknown. We observed a similar pattern. The novel viruses 519 

identified often clustered into clades that fell in basal positions on family-level phylogenies 520 

and were most closely related to viral species found in other metagenomic studies (Zhang et 521 

al. 2018; Starr et al. 2019). As a case in point, many of the Tombusviridae-like viruses were 522 

highly divergent and fell into the ‘tombus-like’ virus clade. This is similar to the findings of 523 

Wolf et al. (2020), who identified 199 tombus-like viruses in seawater from the Yangshan 524 

Deep-Water Harbour, Shanghai, China. We also found many divergent viruses from the 525 
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Astroviridae most closely related to viruses found using metagenomics from grassland soil, 526 

California, USA (Starr et al. 2019). As the Astroviridae is routinely associated with 527 

vertebrates it is surprising to find these viruses in soil and water. Hence, it is likely that these 528 

were shed from a vertebrate host although this clearly needs to be studied in greater detail. 529 

 530 

As the sampling sites were all from the same river catchment, in some cases the water from 531 

one site would flow to other sampling sites downstream. For example, water from P1 and P2 532 

would flow through F1 and U2. However, there did not appear to be a trend in the number of 533 

reads and number of viral hits when comparing upstream and downstream sites (Figure 3). In 534 

particular, very few viruses (n=17) were found at both the pristine sites and the downstream 535 

farming and urban sites, suggesting that viruses were generally not being carried downstream 536 

for long distances. Notably, for the pristine and farming sites, there was considerably more 537 

overlap in viral community at sites of the same land-use type: P1 and P2 were very similar to 538 

each other, as were and F1 and F2 (Figure 7). The exception to this was the urban site U2 539 

(Palmerston North) that was more similar to the two farming sites than to U1 (Feilding). This 540 

difference appears to be driven by the high abundance and diversity of prokaryote infecting 541 

viruses in U1, and the lower abundance of animal- and plant-infecting viruses. Indeed, U1 542 

was on a different tributary of the Manawatū River than the other sites (Figure 1), so the viral 543 

ecology in that part of the river may be different. Feilding (population 17,050) is also a much 544 

smaller urban centre than Palmerston North (population 81,500). In addition, while the 545 

sample sites from both urban sites were downstream of the urban area at the edge of the 546 

town/city, Feilding releases wastewater far downstream in a rural area, whereas Palmerston 547 

North releases wastewater upstream of our sampling site. However, although it might be 548 

expected that the presence of wastewater would increase the abundance of phage, Feilding 549 
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had the higher phage abundance. Possibly changes in the bacterial diversity/structure in this 550 

urban site have resulted in differences in the phage diversity and structure. 551 

 552 

Some novel viruses were found only in the sites adjacent to human land-use (i.e., farming and 553 

urban sites), including all the bastroviruses (Astroviridae), all of which were most closely 554 

related to a bastrovirus found in sewage (Dos Anjos et al. 2017). The pattern of 555 

presence/absence in our study and the link to sewage suggests the presence of these viruses 556 

are likely related to human land-use. Similarly, the presence of viruses from the 557 

Genomoviridae appears to be related to urban land-use: nine of the 14 viruses were most 558 

closely related to viruses found in sewage or faeces. Despite the generally large differences in 559 

viral community between the two urban sites, they both contained viruses from the 560 

Genomoviridae: 13 viral species were identified in U1 and four in U2 (including two viruses 561 

found in both sites), suggesting a link between human land-use and the presence of these 562 

viruses. Notably, however, we did not detect any human viruses. This contrasts with a PCR 563 

study that detected enteric viruses (adenovirus, norovirus, enterovirus, rotavirus, and hepatitis 564 

E virus) in two other rivers in New Zealand (Williamson et al. 2011), which may reflect the 565 

greater sensitivity of PCR assays specifically designed to detect these viruses. In general, 566 

more viruses were found in common between urban and farming sites. For example, 11 567 

Astroviridae-like viruses were found in both urban and farming sites, but no Astroviridae-like 568 

viruses found in either of the pristine sites were identified in urban or farming sites. Hence, 569 

within viral families at the species level, the farming and urban sites had a more similar viral 570 

community to each other than to the pristine sites, which may be a result of human land-use 571 

adjacent to the river. 572 

 573 
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The only viruses we identified that were previously described were all found in the urban and 574 

farming sites, again indicative of an anthropogenic influence, including agriculture and 575 

introduced species. For example, we identified the Black beetle virus in all farming and urban 576 

sites. The host (Heteronychus arator) is a major invasive pasture pest species that was 577 

introduced from Africa in 1930s (Wilson et al. 2016), and the virus was first identified in 578 

1975 in New Zealand (Longworth and Carey 1976). Similarly, at the Palmerston North urban 579 

site (U2) we detected Rhopalosiphum padi virus that infects the bird cherry-oat aphid, a pest 580 

of cereal crops that was first recorded in New Zealand in 1921 (Bulman et al. 2005). 581 

Surprisingly, we found Norway luteo-like virus 4 with 96-100% amino acid identity in one 582 

farming and one urban site (F1 and U2), previously associated with the castor bean tick 583 

Ixodes ricinus (Pettersson et al. 2017). As this species of tick has not been described in New 584 

Zealand, this result suggest that this virus has a wider host range than is currently known. 585 

Similarly, we identified Pepper mild mottle virus in U2. This virus has previously been 586 

proposed as a water quality indicator and an indicator of the presence of human faeces in 587 

freshwater, as it is the most abundant RNA virus in human faeces but rarely found in animal 588 

faecal matter (Kitajima et al. 2018; Rosario et al. 2009). Our ability to detect these viruses 589 

suggests this technique could be used for ongoing monitoring, including detecting the 590 

presence of pest species in the surrounding area and human-related viruses indicating 591 

contamination of faecal matter in the river. That none of these viruses were found in the 592 

pristine sites suggests these viruses are being introduced into the river from agricultural and 593 

urban run-off, and possibly also discharge of treated wastewater into the river. Indeed, at 594 

pristine sites we would generally expect viruses associated with New Zealand native plants 595 

and animals, most of which are yet to be described.  596 

 597 
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This study represents the first characterization of the virome of a New Zealand river. We 598 

observed a high abundance and diversity of viruses, including many that are both novel and 599 

highly divergent. Within the same river catchment, we identified viruses linked to agriculture 600 

and human presence (including possible links to sewage) in the farming and urban sites that 601 

were not present in the pristine sites. More broadly, this work provides the foundation for 602 

more detailed research on the impacts of human land-use on river viromes which will require 603 

larger sample sizes across multiple river systems. Our results show that human land-use 604 

impacted the viral community in the river, suggesting that further work is needed to reduce 605 

the impact of intensive farming and urbanization on the land and rivers.  606 
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trees are available at https://github.com/RKFrench/Viral-Diversity-NZ-River.   621 
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Figure legends 829 

 830 

Figure 1. Map of the Manawatū River catchment in blue and the six sampling sites as 831 

coloured circles, with the inset showing the river catchment location on the North Island of 832 

New Zealand as a red square. P1 and P2 are ‘pristine’ sites having only flowed through native 833 

bush (seen as dark green areas on the satellite image). F1 and F2 are ‘farming’ sites flowing 834 

through intensive agricultural land (light green on the satellite image). U1 and U2 are ‘urban’ 835 

sites, flowing through two urban areas – Feilding and Palmerston North (grey on the satellite 836 

image). The water flows from the east and south towards the sea on the west coast, as 837 

indicated by the white arrows. Satellite image created using Google Earth. 838 

 839 

Figure 2. Measurements of salinity, pH, total dissolved solids, turbidity, conductivity and 840 

temperature at the six different sites on the Manawatū River, grouped into the different site 841 

types (pristine, farming and urban). For all measurements except temperature there are three 842 

values per sampling site which have been jittered to reduce overplotting. 843 

 844 

Figure 3. Read counts and the percentage of viral reads (%) for libraries from six sites on the 845 

Manawatū River.  846 

 847 

Figure 4. Phylogeny of the Astroviridae based on the non-structural polyprotein sequence 848 

(alignment length of 733 amino acids). Viruses obtained in this study are shown in blue and 849 

have a '+’ after their name. Related viruses are shown in black. Virus abundance is expressed 850 

as the percentage of the total number of reads and represented by the size of each coloured 851 

symbol. The colour of each symbol refers to the site type. Black circles on nodes show 852 

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

The copyright holder for this preprintthis version posted January 4, 2022. ; https://doi.org/10.1101/2022.01.04.474996doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.04.474996
http://creativecommons.org/licenses/by-nd/4.0/


39 

 

bootstrap support values greater than 90%. Branches are scaled according to the number of 853 

amino acid substitutions per site, shown in the scale bar. The tree is midpoint rooted. 854 

 855 

 Figure 5. Phylogeny of the Parvoviridae based on the non-structural protein sequence 856 

(alignment length of 452 amino acids). Viruses obtained in this study are shown in blue and 857 

have a '+’ after their name. Related viruses are in black. Virus abundance is expressed as the 858 

percentage of the total number of reads and represented by the size of each coloured symbol. 859 

The colour of each symbol refers to the site type. Black circles on nodes show bootstrap 860 

support greater than 90%. Branches are scaled according to the number of amino acid 861 

substitutions per site, shown in the scale bar. The tree is midpoint rooted. 862 

 863 

Figure 6. Virus abundance (as a percentage of the total number of reads) of viral families 864 

from each site on the Manawatū River. Virus families are divided into each panel depending 865 

on their usual host - animal, plant/fungi, prokaryote and unknown. Unclassified viruses did 866 

not have a classification according to the current NCBI taxonomy. 867 

 868 

Figure 7. Viral community similarities and differences at the taxonomic family level (left) 869 

and species level (right). Left - A Principal Coordinates Analysis (PCoA) applying the Bray–870 

Curtis dissimilarity matrix for viral abundance and virus family diversity, showing the 871 

relative similarity/differences in viral community between sites with differing land-use types 872 

– pristine (green), farming (orange), and urban (red). Points closer to one another are more 873 

similar in virome structure than those further away. Right – a Venn diagram showing the 874 

number of virus species shared between the three land-use types (with an amino acid 875 

similarity >95%).  876 
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Table 1. The richness, Shannon, and Shannon effective number of species (ENS) values for 877 

each site on the Manawatū River. These were calculated at a family level and include 878 

unclassified virus groups such as ‘unclassified Riboviria’. 879 

 Richness Shannon Shannon ENS 

P1 38 2.13 8.39 

P2 16 1.88 6.54 

F1 28 2.21 9.07 

F2 24 2.11 8.28 

U1 32 2.52 12.45 

U2 40 2.00 7.39 

  880 
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