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Host phylogeny shapes viral transmission 
networks in an island ecosystem
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Kākāpō Recovery Team* & Edward C. Holmes    1 

Virus transmission between host species underpins disease emergence. 
Both host phylogenetic relatedness and aspects of their ecology, such as 
species interactions and predator–prey relationships, may govern rates 
and patterns of cross-species virus transmission and hence zoonotic risk. 
To address the impact of host phylogeny and ecology on virus diversity and 
evolution, we characterized the virome structure of a relatively isolated 
island ecological community in Fiordland, New Zealand, that are linked 
through a food web. We show that phylogenetic barriers that inhibited 
cross-species virus transmission occurred at the level of host phyla (between 
the Chordata, Arthropoda and Streptophyta) as well as at lower taxonomic 
levels. By contrast, host ecology, manifest as predator–prey interactions and 
diet, had a smaller influence on virome composition, especially at higher 
taxonomic levels. The virus–host community comprised a ‘small world’ 
network, in which hosts with a high diversity of viruses were more likely to 
acquire new viruses, and generalist viruses that infect multiple hosts were 
more likely to infect additional species compared to host specialist viruses. 
Such a highly connected ecological community increases the likelihood  
of cross-species virus transmission, particularly among closely related 
species, and suggests that host generalist viruses present the greatest risk  
of disease emergence.

Cross-species virus transmission is a near-universal feature of viruses1. 
Determining how viruses move through ecosystems is central to under-
standing their occasional emergence as pathogens. Recent metagen-
omic studies suggest that only a small proportion of viruses cause 
serious disease and mortality, with apparently healthy wildlife species 
commonly infected by multiple viruses2. In reality, viruses are a key 
component of global ecosystems, regularly moving between species 

in the absence of overt disease3. As such, a full understanding of infec-
tious disease emergence requires an ecosystem-level approach3,4, in 
which the viromes of entire interacting communities are investigated.

Two factors have been proposed to govern virus movement from 
one host species to another, shaping similarities and differences in 
virus composition among taxa and hence determining virome struc-
ture at the ecosystem scale. First, it is possible that host phylogenetic 
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a low diversity (relative to forest ecosystems outside New Zealand), 
this community contains a breadth of ecological niches, including 
a variety of diets: carnivores, insectivores, plant-eaters (including 
herbivores, frugivores, nectarivores and granivores), piscivores and 
omnivores. This ecological community also contains threatened spe-
cies that may be vulnerable to disease emergence via cross-species 
virus transmission: for example, the critically endangered kākāpō 
(Strigops habroptila), endangered mohua (Mohoua ochrocephala) 
and critically endangered Te Kakahu/Chalky Island skink (Oligosoma 
tekakahu). The Pukenui/Anchor Island community also has a relative 
decoupling of phylogenetic relatedness and ecological niches. Some 
species that are distantly related (that is, from different phylogenetic 
orders) possess a similar ecological niche and regularly interact. For 
example, yellow-crowned parakeets (Cyanoramphus auriceps, kākāriki) 
were frequently observed with passerines (brown creeper Mohoua 
novaeseelandiae, mohua, and the grey warbler Gerygone igata, riror-
iro), travelling and foraging in multi-species flocks (R.K.F. personal 
observation), as observed elsewhere in New Zealand13.

We used metatranscriptomic (that is, total RNA) sequencing to 
document the virome of each host in the community, including viruses 
that directly infect the host, bacteriophage and those present in the 
host diet. Hence, we use the total viral diversity of each host, rather 
than only those viruses that have established a true infection, to provide 
a broader view of virus transmission. Viruses that have established 
infection in their hosts could represent transient spill-over events or 
sustained cross-species transmissions and result in acute or chronic 
infections. If host phylogeny were the key driver of viral diversity, we 
would expect viromes to cluster according to the major host phyla  
(for example, Chordata, Arthropoda and Streptophyta), as well as at 
lower taxonomic levels, with more closely related hosts having more 
similar viromes than hosts that are more distantly related (Fig. 1a). By 
contrast, if host ecology were the main driver of virus diversity, we 
would expect viromes to cluster according to major dietary associa-
tions, with hosts that have similar diets possessing similar viromes, 
and predators and prey clustering together (Fig. 1b).

Our sampling of the Pukenui/Anchor Island forest community 
included all key vertebrate species in addition to representative inver-
tebrates and plants (Supplementary Table 1). The sampled community 
comprised five host phyla, 13 classes and 37 orders and was sampled 
over a 4 week period. Thus, this study is necessarily a ‘snapshot’ of the 
viral community at a single time point. We conducted diversity and 
network analyses to determine the importance of host phylogeny and 
host ecology on viral diversity at the virus family level.

Results
Viruses predominantly cluster according to host phylogeny
We identified 16,633 viral sequences (assembled contigs) with an 
abundance of 360 million reads from a total of 112 different viral fami-
lies. The number of viral families in each library ranged from 3 to 45, 
with a mean of 18.9 (±11.0 s.d.). Viral richness was dependent on host 
taxonomy (phylum P = 0.01, class P = 0.03 and order P = 1.05 × 10−14, 
n = 49). Non-metric multidimensional scaling plots similarly revealed 
that, overall, viral communities clustered to the level of host phyla  
(Fig. 2), which was confirmed using pairwise permutational multivari-
ate analysis of variance (PERMANOVA) tests (Supplementary Table 2). 
All comparisons between Chordata, Arthropoda and Streptophyta 
were significant (P < 0.05, n = 49). In addition, host phylogenetic order 
explained the most variation between viral communities (R2 = 0.80) 
compared to host phylum (R2 = 0.13) and class (R2 = 0.30), when used 
as the dependent variable in the PERMANOVA test (n = 49).

Within Chordata (for which most host resolution is available), we 
used host order and host diet to compare how much variation in the 
viromes is explained by each factor. Host diet was described using 
two separate binary factors based on the primary diet types (Supple-
mentary Table 1)—‘insectivore’ (yes or no) and ‘plant-eater’ (yes or no). 

relatedness directly impacts the frequency and pattern of cross-species 
virus transmission5. Rates of cross-species virus transmission are 
expected to be higher among closely related host species, reflecting a 
greater similarity in the virus and host proteins that underpin success-
ful virus–cell relationships such as host-cell binding6. A fundamental 
difference in virus–host cell relationships in part explains why viruses 
from vertebrates and invertebrates are usually phylogenetically dis-
tinct7, even though the latter are often dietary components of the 
former. A second proposed factor is that ecological properties of the 
host play a major role in virus movement between species by determin-
ing the probability of virus exposure8. Each time species interact, they 
provide opportunities for cross-species virus transmission. Hence, 
the more interactions, the greater the probability of host jumping. For 
example, changes in land use have increased human–animal interac-
tions, driving disease emergence events in humans9. Predator–prey 
interactions are common exposure events, with the consumption 
of prey providing direct contact with viruses during digestion. Con-
sequently, the structure of an ecosystem food web may have a large 
impact on the flow of viruses through communities. With the exception 
of marine microbial food webs in which viral lysis of microbial hosts 
impacts food web structure10, the prediction is yet to be tested.

Metagenomic sequencing allows the entire virome of samples to 
be characterized2, allowing a more precise description of viral diversity 
and the increasingly rapid discovery of novel viruses11. Far less atten-
tion has been directed toward understanding how viruses move within 
ecosystems. Research on food webs including viruses has commonly 
focused on single pathogens of a species of interest12 or on the microbial 
subset of the food web10. The virome of an entire food web is yet to be 
characterized, in part because the large number of species in most 
ecological communities makes this impractical. However, in small 
island forest ecosystems, such as Pukenui/Anchor Island in the Fiord-
land region of southwestern New Zealand (Extended Data Fig. 1), the 
entire forest community is small enough that most broad taxonomic 
groups can be sampled, providing a snapshot of a food web virome.

The unique evolution of New Zealand wildlife (that is, the almost 
complete absence of native terrestrial mammals) means that unlike 
other forest ecosystems the Pukenui/Anchor Island ecological commu-
nity is dominated by birds, with no terrestrial mammals, and only one 
species of reptile. However, despite being small, isolated and having 
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Fig. 1 | Expected impact of two main drivers of virus diversity on the structure 
of virus phylogenies. a, Host phylogenetic relationships drive virus diversity.  
b, Host feeding ecology drives virus diversity. Circles denote hypothetical 
clusters of hosts with similar viromes: that is, dots (hosts) within a circle have 
more viruses in common than to other dots outside the circle.
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Nectar, fruit and seed eaters were assigned as plant-eaters. Omnivores 
that feed on both invertebrates and plants were assigned as both an 
insectivore and a plant-eater. Carnivores and piscivores were assigned 
as neither an insectivore nor a plant-eater. In this case, viral richness was 
dependent on host order (P < 2 × 10−16, n = 19) but not whether the hosts 
ate insects (P = 0.9, n = 19) or plants (P = 0.3, n = 19). When controlling 
for host order, PERMANOVA tests revealed that insectivores had signifi-
cantly different viromes from non-insectivores, and plant-eaters had 
significantly different viromes from non-plant-eaters (P < 0.05, n = 19, 
Supplementary Table 2). However, host order explained much more 
of the variation (R2 = 0.47) than diet (insectivore R2 = 0.06, plant-eater 
R2 = 0.07). A similar result was obtained when including only viruses 
likely to infect chordates, with all comparisons significant (P < 0.05, 
n = 19), and host order explaining more variation (R2 = 0.48) than host 
diet (insectivore R2 = 0.06, plant-eater R2 = 0.06).

To further determine the relative impact of host phylogeny 
and ecology on virus community composition within the Chordata, 
we assessed the degree of correlation between three dissimilarity 
matrices: viral community (a Bray–Curtis dissimilarity matrix), host 
relatedness (generated using the sum of branch lengths from a host 
phylogeny) and host ecological similarity (using the dietary factors 
described above). In this case, host ecological similarity and viral 
community were significantly correlated (Mantel statistic R = 0.25, 
P = 0.009), even after controlling for host relatedness (Mantel sta-
tistic R = 0.25, P = 0.01). By contrast, there was no significant correla-
tion between host relatedness and viral community (Mantel statistic 
R = −0.025, P = 0.64).

To explore the broad clustering of viral communities by host 
phylogeny, we created a bipartite network (herein referred to as the 
‘host–virome network’) and identified four modules using a community 
detection algorithm. Notably, the modules follow host phylogenetic 
groupings, with a Pearson’s chi-squared test of independence indicat-
ing that host phylum and module were highly correlated (χ2 = 68.4, 
d.f. = 12, P = 6.4 × 108). Module 1 contained only invertebrates (arthro-
pods, annelids and a platyhelminth), module 2 predominately com-
prised plants (75% plants and 25% invertebrates), while modules 3 and 
4 largely comprised chordates (86% and 81% chordates, 14% and 19% 
invertebrates, respectively) (Fig. 3). All modules contained both DNA 
and RNA viruses. Module 3 comprised mostly bacteriophage, while 
the other modules were dominated by viruses that infect the hosts in 
those modules.

Modules also had differing levels of host and virus richness, with 
module 1 containing the highest number of hosts (18), module 2 con-
taining the highest number of virus families (36) and module 3 contain-
ing the lowest number of both hosts (7) and virus families (17). The 
communities within each module were significantly different from 
one another (P < 0.05, n = 49, pairwise PERMANOVA test; Supplemen-
tary Table 2), which was robust to rarefication (Supplementary Table 
3). Interestingly, the two modules containing chordates (modules 3  
and 4) had the smallest difference in communities (Supplementary 
Table 2), although still statistically significant.

Network structure
We next analysed the structure of the host–virome network using 
the degree distribution (that is, the distribution of the number of 
links between nodes) in comparison to a network generated with a 
null model (a bipartite network with the same number of nodes and 
links, randomly assigned). The cumulative degree distributions for 
the host and virus nodes followed a truncated power-law distribution 
(Kolmogorov–Smirnov test P > 0.05) of Pc(k) = k0.08k−(k/57) for the hosts 
and Pc(k) = k−0.12k−(k/32) for the virus families, as shown by the fit lines in  
Fig. 4. Pc, the cumulative probability; k, the number of viruses/host 
nodes. The null networks also follow truncated power-law distributions 
of Pc(k) = k0.17 k−(k/30) and Pc(k) = k0.34k−(k/14) but with lower cut-off values 
than the host–virome network. Viruses with few connections had fewer 
than the random expectation, while viruses with more connections had 
more than expected by chance, shown by the null and virus distributions 
intersecting at approximately 10 links (Fig. 4). By contrast, all hosts 
had systematically more connections than the random expectation.

Across node level properties, degrees, betweenness and eigenvec-
tor centrality were significantly dependent on host taxonomy across all 
levels (phylum degree P = 0.0013, betweenness P = 0.0026, eigenvector 
centrality P = 0.041; class degree P = 0.003, betweenness P = 3.8 × 10−16, 
eigenvector centrality P = 0.039; order degree P < 2 × 10−16, between-
ness P = 0.0012, eigenvector centrality P < 2 × 10−16; n = 49). Within the 
Chordata, host order but not host diet significantly impacted degree, 
betweenness and eigenvector centrality (Supplementary Table 4).

Potential for virus movement within the network
To examine the strength of connections between hosts that shared 
viruses, we created a unipartite network (that is, links between hosts 
with shared virus families, where a link is a connection between two 
hosts) based on the Bray–Curtis dissimilarity matrix, which we refer 
to here as the ‘host community network’ (Fig. 5). This network had a 
high level of connectivity between hosts and within host phyla, with 
the connections across host phyla generally weaker (that is, a higher 
Bray–Curtis value). The maximum shortest path was eight, such that 
the most distantly connected nodes were still only eight links (connec-
tions between hosts) away from one another. The mean shortest path 
distance was only 3.19, such that on average each node is 3–4 links away 
from every other node. Also noteworthy was a key cluster containing 
predominately chordates with a high number of strong connections. 
The two host species with very high richness (moss (Dicranoloma bil-
lardierei) and grey warbler, with over 40 viral families in each) differed 
in their connectivity in the network (Fig. 5), with the moss having a low 
number of connections to other nodes (1), while the grey warbler had 
a high number of connections (6) and was part of the chordate cluster.

In comparison to 1,000 randomly generated null networks, the 
transitivity ratio (that is, the probability that the adjacent nodes are 
connected, expressed as a ratio comparing the null and host com-
munity network values) was high (3.1), while the path length ratio (the 
smallest number of links between each node) was similar (1.1), with a 
‘small-worldness’ index of 2.7. This signifies a small world network: 
both highly clustered and highly connected. Most nodes are a small 
number of links away from every other node, enabling viruses to easily 
move between species14. Our analysis also revealed that if a virus were 
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to move through this network, it would first move within a host phylum, 
then most likely from plants to arthropods, and to/from arthropods 
and chordates. Strikingly, direct links between plants and chordates 
were far less common, which may reflect the relatively small number 
of chordates on the island that eat plants, compared to those that eat 
invertebrates (Supplementary Table 1).

Host ecology affects viral diversity at smaller scales
To examine the diversity of virus species within and across host phyla, 
we conducted a phylogenetic analysis for one virus family per mod-
ule: Parvoviridae (module 1), Caulimoviridae (module 2), Fiersviridae 
(module 3) and Caliciviridae (module 4), chosen for their high viral 
diversity across multiple host species (Fig. 6, Extended Data Figs. 2–5 
and Supplementary Tables 5–7). In general, there was a high degree 
of virus clustering by host phyla, with each module containing a high 
richness and abundance of virus species from their predominant host. 
However, there was also evidence of host ecology (that is, predator–
prey interactions) influencing virus diversity, with closely related/
identical viruses found in distantly related hosts. For example, we 
identified three viruses in the kākā (parrot) library from the plant 
virus family Caulimoviridae that were closely related to members of 
the viral genus Badnavirus found in the plants sampled here (Fig. 6). 
This pattern is indicative of a food web interaction in which the parrot 
consumed the plants. Similarly, we found near-identical (>99% at the 
amino acid level) members of the Caliciviridae in a miromiro/tomtit 
(passerine, Petroica macrocephala) and slater/woodlouse (arthropod, 
Isopoda species) library, strongly indicating a food web interaction 
(Extended Data Fig. 4). As the arthropod is a detritivore and the bird 
predominately insectivorous, the interaction could have occurred in 
either or both directions.

Discussion
We used a metatranscriptomic approach to reveal the drivers of virome 
structure based on a ‘snapshot’ of the viral community on a relatively 
isolated island. We achieved this by creating the (bipartite) host–virome 
network based on the presence or absence of each virus family in each 
host library, and the (unipartite) host community network based on 
the level of virome similarity between hosts.

This analysis revealed a strong effect of host phylogeny on the 
host–virome network, with more viral families shared within than 
between host phyla. Host taxonomy also impacted viral richness and 
node level properties within the host–virome network. To our knowl-
edge, this is the first such evidence from an ecosystems-scale analysis, 

and hence supports analyses of specific viral families and hosts that 
have shown host phylogenetic distance to be a key constraint on the 
cross-species transmission of viruses and hence on disease emer-
gence5,15. Similarly, host phylogeny plays an important role in shap-
ing the diversity of bacteria and eukaryotic parasites16,17, such that it 
likely has wide-ranging impacts on microbial diversity. Despite this, 
the strength of the host phylogenetic trend observed here is surpris-
ing given that the viromes characterized comprised all the actively 
transcribed viruses identified, not just those directly infecting the 
host in question. There were, necessarily, differences in sampling 
method between chordates (cloacal swab), invertebrates (body tissue) 
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Fig. 3 | Host–virome network (bipartite) displayed using the Fruchterman–Reingold layout. The modules are shown by node colour. Nodes include both host 
library and virus families. The boxes show the host makeup of each module, with the number of hosts belonging to each host phylum shown in parenthesis.
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and plants (leaf tissue) which, while unavoidable, could have resulted 
in artificial similarities in the virome between similar sample types. 
However, cloacal swabs should have biased the results toward food 
web interactions as they represent a sample of the host digestive tract 
which often contains diet-associated viruses18. Moreover, we found 
significant differences between viral communities at lower host phy-
logenetic levels (class and order) where the sampling method was 
consistent, suggesting the differences observed were not due to the 
sampling method.

That viruses generally cluster by host phylogeny means that virus–
host co-divergence has a major impact in shaping virome structures at 
deep evolutionary scales. Phylogenetic barriers likely prevent frequent 
cross-species virus transmission between phyla because this process 
can only occur between species with similar virus–cell interactions, 
such as receptor binding in the case of animal viruses. This results in a 
mixture of host–virus co-divergence at deeper taxonomic levels and 
cross-species transmission at shallower taxonomic boundaries, with 
the combination of both processes meaning that more closely related 
species have generally similar viromes. For example, although host 
phylogeny at the order level had a stronger impact than host ecology 
on the virome community within the Chordata, only virus composi-
tion and host diet had significantly correlated dissimilarity matrices. 
Indeed, phylogenetic analysis at the level of virus species provided 
direct evidence for cross-species transmission with, for example, a 
cluster of closely related caliciviruses in both the fantail (Rhipidura 
fuliginosa, passerine) and the tawaki (Eudyptes pachyrhynchus, pen-
guin) (Extended Data Fig. 4). This accords with comparative studies 
that have revealed relatively weak host–virus co-divergence among 
viruses sampled from different host classes19,20.

Within the Chordata, predator–prey interactions were not associ-
ated with high levels of cross-species viral transmission in this island 
community, again likely reflecting phylogenetic constraints. It is pos-
sible, however, that more predator–prey viral transmissions would be 
detected in ecological communities where such interactions occur 

more frequently between closely related species, thereby reducing the 
effect of host phylogeny, and that viruses absent from chordate cloa-
cal swabs may be subject to different evolutionary patterns. Indeed, 
studies of the human gut have provided limited evidence for host diet 
impacting virome structure21. However, other aspects of host ecology 
such as location, age and behaviour (within a narrower host range than 
our study) all influence host viromes, although to a lesser extent than 
phylogeny22,23. Despite the limited influence of host ecology on viral 
diversity, we found clear examples of host predator–prey interactions 
at the level of virus species, showing that viruses do move between 
species via these processes. Overall, our results suggest that virus 
traffic from predator–prey interactions between distantly related 
species is only transient (that is, the virus is only present for a short 
time in the predator’s digestive system) and hence unlikely to result 
in productive infections. Our results therefore suggest that increases 
in host connectivity via predator–prey interactions would not result 
in increased rates of infection.

Both the host–virome network (bipartite) and host community 
network (unipartite) had similar structures to those observed in other 
ecological networks, including a truncated power-law distribution and 
small world network, structures that are commonly found in food-web 
and plant–pollinator networks24,25, suggesting they have similar con-
straints in network construction. Our host–virome network followed 
a truncated power-law distribution that had lower cut-off values than 
expected by chance. This suggests that the structure is influenced by 
assembly mechanisms (that is, ecological processes or phylogenetic 
traits of the host or virus that alter how the network is constructed). 
Power-law distributions occur when nodes are likely to get more 
links the greater the number they already have, such that the ‘rich get 
richer’24. Accordingly, hosts that already have a high diversity of viruses 
are more likely to acquire new viruses than hosts with a low diversity of 
viruses. This could be partly driven by species abundance24, with more 
abundant host species more likely to be exposed to viruses within the 
network. Similarly, viruses with many hosts are more likely to acquire 
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more hosts, which may inform zoonotic risk assessments26. In particu-
lar, rather than assigning the highest risk score to viruses that are simi-
lar to those that have already emerged, it may be of greater utility to give 
preference to the most generalist viruses. This power-law distribution 
is truncated when the underlying model no longer accurately predicts 
the distribution beyond a certain cut-off, effectively preventing the 
rich from getting richer beyond that point. The higher this cut-off, the 
greater the number of highly connected hosts and viruses27. In our mod-
els, this cut-off value was higher than for the null network, indicating 
that the host–virome network contains more highly connected hosts 
and viruses (that is, generalists) than expected by chance. Truncated 
power-law distributions are often found in mutualistic networks (for 
example, plant–pollinators), with the truncation thought to be due to 
‘forbidden’—physically impossible—links28. In our network, forbidden 
links could be due to phylogenetic barriers preventing cross-species 
transmission.

The host community network (unipartite) was a ‘small world’ 
network. Although clear clusters emerge, most nodes (hosts) can 
be reached via a small number of connections to other nodes25. This 
is common in ecological networks, with most species only two links 
apart on average in complex food webs29. The combination of strong 
modularity in our host virome network and high connectivity in our 
host community network implies that a pathogenic virus could rap-
idly move through the network, particularly once the virus crossed 
from one module to another, without requiring a direct consumer 
relationship between hosts. The host community network showed an 

especially strong clustering within chordates, with a high degree of 
similarity between hosts. This cluster included endangered species 
such as the mohua and Te Kakahu skink, suggesting that on Pukenui/
Anchor Island these species are vulnerable to disease emergence from 
other chordates within that cluster. By contrast, the kākāpō was less 
closely connected to this cluster, suggesting it may be less vulnerable.

Our study shows that the phylogenetic relatedness of hosts is a 
strong driver of viral diversity in this ecological community. Phyloge-
netic barriers between distantly related hosts may prevent frequent 
virus movement despite exposure events via predator–prey interac-
tions. The ecological community studied is highly connected, present-
ing risks for disease emergence in vulnerable species. This work sheds 
light on the processes that dictate viral movement through ecosystems 
and could be expanded to include sampling over multiple time points 
to further understand these processes. More research is needed on 
how the disruption of these networks impacts disease emergence.

Methods
Study location
Pukenui/Anchor Island is a small island (11.4 km2), located in Dusky 
Sound, Fiordland, New Zealand (Extended Data Fig. 1). The island is part 
of the largely uninhabited Fiordland National Park (over 12,000 km2) 
on the south-west coast of the South Island and is over 80 km to the 
nearest township by air. Following the eradication of invasive mammals 
in the early 2000s, the island became a key habitat for endangered 
native species, including the kākāpō (S. habroptila). The island is also 
an important habitat for seabirds that nest in the forest, including the 
tawaki/Fiordland crested penguin (E. pachyrhynchus). The temperate 
rainforest consists predominately of beech and podocarp (conifer) 
trees, with an understory/forest floor including shrubs, vines and 
mosses. To our knowledge, the only non-native permanent inhabitant 
of the island is the invasive German wasp (Vespula germanica).

Sample collection
This research was conducted under a Department of Conservation 
Wildlife Act Authority authorization number 86173-FAU and authority 
for research and/or collection of material on public conservation land 
authorization number 86172-RES and had ethics approval from the 
University of Auckland reference number 002198.

Fieldwork was undertaken on Anchor Island, Fiordland, New Zea-
land, between 17 February and 14 March 2021. The 18 bird and 1 skink 
species were caught using four different methods, depending on the 
species in question. Small, flighted birds were caught using low-canopy 
mist netting, while larger flighted birds were caught with high-canopy 
mist nets. Bird calls were used to attract the birds to the area and into 
the nets. Non-flying birds were caught by hand or hand net. Skinks 
were caught using gee-minnow traps. Once caught, the animals were 
weighed, and a cloacal swab was taken, using a sterile nylon flocked 
swab FLOQswab (Copan), either mini-tip or regular tip depending on 
the size of the animal. The entire tip of the swab was inserted into the 
cloaca and swabbed with two to four circular motions while applying 
gentle pressure against the mucosal surfaces. The swab was then cut 
using scissors sterilized with 70% alcohol and placed into a tube with 
1 ml of RNAlater. Samples were kept at −20 °C for the duration of the 
fieldwork, then frozen at −80 °C.

Leaves were collected from each plant species by cutting the stem 
with sterile scissors and placing the leaves into a sterile collection bag 
(one bag per individual plant). At the fieldwork base, a leaf from each 
individual plant was chopped into approximately 5 mm × 5 mm pieces 
and placed into 1 ml of RNAlater. The total volume of the solution and 
plant material was no more than 1.3 ml, to ensure preservation of all 
the RNA. To ensure the RNAlater permeated into the tissue, samples 
were left at 4 °C for approximately 12 h before being transferred to 
−20 °C. Samples were kept at −20 °C for the duration of the fieldwork, 
then frozen at −80 °C.
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Fig. 6 | Virus diversity at the species level. Phylogeny of the Caulimoviridae 
(module 2). The colours and symbols correspond to host phyla: green leaf, 
Streptophyta; blue bird, Chordata. All unmarked viruses have plant hosts. The 
abundance of viruses in each phylum is shown in the key inset, expressed as RPM. 
Branches are scaled according to the number of amino acid substitutions per 
site, shown in the scale bar. The tree is midpoint rooted for display purposes only. 
Detailed individual phylogenies, sequence alignments and information including 
the genes used, alignment length, percentage identity and number of sequences 
can be found in Extended Data Figs. 2–5 and Supplementary Tables 6–7.

http://www.nature.com/natecolevol


Nature Ecology & Evolution | Volume 7 | November 2023 | 1834–1843 1840

Article https://doi.org/10.1038/s41559-023-02192-9

Invertebrates were collected by manual search and by extraction 
from soil. At five sites on Anchor Island, the area within a 5 m × 5 m 
square was intensively searched for invertebrates (on vegetation, 
under logs, under bark and so on). When an invertebrate was found, 
it was placed alive into a sterile pottle with damp moss or leaf litter 
from the site. At the same site, a sterilized spade was used to cut a soil 
core approximately 2 l in volume. The core was placed into a sterilized 
2 l container. The invertebrates and soil cores were kept at 4 °C for 
the duration of the fieldwork. They were then transferred to Massey 
University, New Zealand. The invertebrates collected by hand were 
examined live under a dissecting microscope using sterile tools and 
identified to the lowest classification level possible (highest = order 
level, lowest = species level). Invertebrates from the soil cores were 
extracted using Berlese funnels into RNAlater and identified in the 
same way. Once identified, the invertebrates were individually stored 
at −80 °C.

RNA extraction
Cloacal swabs. RNA was extracted using the RNeasy plus mini extrac-
tion kit (Qiagen) and QIAshredders (Qiagen). The tube containing the 
swab in RNAlater was thawed and the swab removed from the tube 
using sterile forceps and placed in 600 µl of extraction buffer. The 
swab and buffer were vortexed for 2 min at maximum speed. The swab 
and buffer were then placed into a QIAshredder and centrifuged for 
5 min at maximum speed. The flowthrough was retained (avoiding 
the cell debris pellet) and used in the extraction following the stand-
ard protocol in the kit. The RNA was eluted into 50 µl of sterile water. 
Extractions were pooled by host species for sequencing. About 25 µl 
of each extraction was used in each pool, and this was concentrated 
using the NucleoSpin RNA Clean-up XS, Micro kit for RNA clean up and 
concentration (Macherey-Nagel). The concentrated RNA was eluted 
into 20 µl of sterile water.

Plant material. RNA was extracted using the Rneasy plant mini extrac-
tion kit (Qiagen). The plant material in RNAlater was thawed just 
enough to remove approximately 20–30 mg. This was placed into a 
tube with a sterile stainless steel 6 mm bead. The tube, sample, bead 
and adapter set were then cooled at −80 °C for 30 min. After cool-
ing, the plant tissue was disrupted by beating using the TissueLyser 
II (Qiagen) at 30 Hz for 2 min. The kit protocol was then followed for 
the remainder of the extraction. The RNA was eluted in 50 µl of sterile 
water. Extractions were pooled and concentrated as described above. 
Before concentrating, the pooled RNA was treated with DNase, using 
the rDNase Set (Macherey-Nagel).

Invertebrates. RNA was extracted using the RNeasy plus mini extrac-
tion kit (Qiagen). For small invertebrates (<30 mg), the whole body 
was used in the extraction. For larger invertebrates, a 30 mg piece of 
the abdomen was used. The frozen tissue was placed into a tube with a 
sterile stainless steel 6 mm bead, and 300–600 µl of buffer was added, 
depending on the amount of material. The tissue was disrupted by 
beating using the TissueLyser II (Qiagen) at 30 Hz for 4 min. The kit 
protocol was then followed for the remainder of the extraction. The 
RNA was eluted in 50 µl of sterile water. Extractions were pooled and 
concentrated as described above.

Total RNA sequencing
Complementary DNA libraries were prepared using the Stranded 
Total RNA Prep with Ribo-Zero Plus (Illumina) for cloacal swabs and 
invertebrates and the TruSeq Stranded Total RNA with Ribo-Zero 
Plant (Illumina) for plants. Libraries were sequenced on the Illumina 
Novaseq platform at Auckland Genomics, University of Auckland, and 
the Australian Genome Research Facility, with invertebrates, plants and 
vertebrates sequenced entirely independently (that is, on different 
lanes and sequencing runs). One blank negative control library (that is,  

a sterile water and reagent mix) was sequenced with each sequencing 
run (one each for vertebrates, invertebrates and plants).

Quality control, assembly and virus identification
Using Trimmomatic (0.38)30, adapters and bases below a quality of 5 
were trimmed, using a sliding window approach with a window size 
of 4. Bases were cut if below a quality score of 3 at the beginning and 
end of the reads. Using bbduk in BBtools (bbmap 37.98)31, sequences 
less than 100 nucleotides in length or below an average quality of 10 
were removed.

Reads were de novo assembled using Megahit (1.2.9)32. Viruses 
were identified by comparing the assembled contigs to the National 
Center for Biotechnology Information (NCBI) nucleotide database 
(nt) and non-redundant protein database (nr) using Blastn (blast+ 
2.1.2)33 and Diamond Blastx (Diamond 2.0.9)34. Contigs were retained 
that had hits to viruses and an open reading frame greater than 300 
nucleotides for nr hits (contig length range = 300–32,334). Sequence 
similarity cut-off values of 1 × 10−5 and 1 × 10−10 were used for the nt and 
nr databases, respectively, to prevent false positives. Virus transcript 
abundance was estimated using Bowtie2 (2.2.5)35. Viruses that met 
the following conditions were assumed to be contaminated as a result 
index-hopping from another library, and removed: (1) viruses were 
sequenced on the same lane, (2) the total read count was <0.1% of the 
read count in the other library, and (3) viruses were >99% identical at 
the nucleic acid level. Any virus found in the blank negative control 
libraries was assumed to have resulted from contamination and simi-
larly removed from all libraries and analyses.

Ecological analysis
All analyses were conducted in R (4.0.5)36. Viruses were grouped into 
viral families, as classified by the International Committee on Tax-
onomy of Viruses or NCBI. Viruses not classified to family level were 
included provided they had an order-level classification (for example, 
unclassified Picornavirales were included as a ‘family’). We did not 
group at a lower classification as it resulted in many viruses being 
excluded: only 56% of the viruses could be classified to the genus level, 
whereas 84% could be classified to the family level. An operational 
taxonomic unit table (Supplementary Data 1) was created using viral 
abundance expressed as the number of reads per million (RPM, that is, 
the number of reads from the virus family divided by the total number 
of reads in the library, multiplied by 1 million). Alpha diversity (richness 
and Shannon diversity) was calculated, and the role of host taxonomy 
and host diet were interrogated using previously described protocols37. 
Beta diversity (that is, shared diversity across host phyla) was visualized 
at the virus family level using non-metric multidimensional scaling 
with a Bray–Curtis dissimilarity matrix, presented as an ordination 
plot using the R packages phyloseq v1.34.0 (ref. 38) and scatterplot3d 
v0.3-41 (ref. 39). Bray–Curtis dissimilarity is a statistic ranging from 0 to 
1 that reflects the dissimilarity of communities between libraries, with 
0 meaning both libraries have an identical community, and 1 meaning 
the libraries have no virus families in common. Pairwise permutational 
analyses of variance (PERMANOVA, adonis2 in the vegan R package 
v2.5-7 (ref. 40) and pairwise PERMANOVA test from pairwiseAdonis v0.4 
(ref. 41)) were used to test for differences in the community based on 
host phylogenetic groupings and host ecology, using the Bray–Curtis 
dissimilarity matrix and an alpha of 0.05 following a Bonferroni cor-
rection. Where multiple terms were used, the marginal effects of each 
term were tested using by=“margin” in adonis2.

To explore the effect of host phylogeny and diet on the viral com-
munity at lower taxonomic levels within Chordata, we conducted 
Mantel tests to determine the degree of correlation between three 
dissimilarity matrices—viral community (the Bray–Curtis dissimilar-
ity matrix as described above), host relatedness and host ecological 
similarity—using the package vegan40. The host relatedness dissimi-
larity matrix was generated using the sum of branch lengths from a 
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phylogenetic tree created using the Open Tree of Life and R package 
rotl v3.0.14 (ref. 42). The ecological similarity matrix was created using 
two host dietary factors, ‘eat invertebrates yes/no’ and ‘eat plants ‘yes/
no’, combined into a matrix using the function vegdist in the package 
vegan40, with the Manhattan dissimilarity index. A partial Mantel test 
was used to test the correlatedness of ecological similarity and viral 
community while controlling for host relatedness.

A bipartite network was constructed using igraph43 and visualized 
using visNetwork44 based on the presence or absence of each virus fam-
ily in each host library. Two sets of nodes were defined: virus families 
and host species. One link in the network corresponded to a virus node 
inhabiting a host node whenever the virus family was found in the host 
library. This host–virome network comprised 49 host libraries, 112 virus 
families and 926 interactions between these two node sets. Modules 
(that is, groups of nodes with more links among them than to the rest 
of the network, also named communities) were identified to infer the 
community structure in the host–virome network. To do this, we used 
the DIRTLPAwb+ community detection algorithm45 in the bipartite 
package46 that identifies partitions with high modularity scores by 
maximizing weighted modularity, weighted using log abundance (not 
RPM). DIRTLPAwb+ uses multiple iterations of the LPBwb+ algorithm, 
based on Barber’s modularity45,47 equation (1):

Q = 1/2M∑(Aij − Pij)δ( gi, gj) (1)

in which Q is the modularity score, m is the number of links in the 
network, and gi and gj are the assigned modules for nodes i and j. Aij = 1 
if a link exists between nodes i and j, or 0 if no link. Pij is the probability 
that a link exists between nodes i and j based on a null model. δ(gi,gj) = 1 
if the modules are the same, and 0 if different44,46.

Pairwise PERMANOVA tests were used to test for differences in 
community composition between modules, using module as an inde-
pendent factor and an alpha of 0.05 following Bonferroni correction.

We evaluated the robustness of the modules identified by rarefying 
to the lowest sequencing depth following the methods used by Lurgi 
et al.48. We performed pairwise PERMANOVA tests on 100 rarefied data 
sets of the original data using the modules detected in our host–virome 
network as an independent variable. We rarefied the data to the size 
of the smallest library (630 contigs) using the rrarefy function of the 
vegan package40. This was repeated 100 times independently to obtain 
100 different rarefied data sets, using the replicate function in base-R 
v4.0.5. We then analysed each of these rarefied data sets with the pair-
wise PERMANOVA test and averaged the result across the 100 rarefied 
data sets. In this way, we tested whether the communities identified by 
the modularity analysis remained consistently significantly different 
when rarefied down to the lowest sequencing depth.

Using the modules obtained from the community detection algo-
rithm, we evaluated the roles of individual species in the network by 
analysing the degree distribution (the distribution of the number 
of links from each node). To assess the distribution of links between 
nodes in the host–virome network, we also calculated the cumulative 
degree distribution and fitted a truncated power law, using nls and 
the Kolmogorov–Smirnov test to evaluate whether it fitted the power 
law distribution. The truncated power law distribution was as follows 
in equation (2):

Pc (k) = k i k−(k/z) (2)

where k is the cumulative degree distribution, i is the power-law decay 
exponent and k−(k/z) is the exponential cut-off for the truncation, where z 
is the cut-off value beyond which the power-law distribution no longer 
fits. We then compared this distribution to a null model of a random 
bipartite graph created using the Erdos–Renyi model, with the same 
number of host and virus nodes and interactions but with the interac-
tions randomized. The impact of host taxonomy and host diet on node 

level properties of the network (degree, betweenness and eigenvector 
centrality) were interrogated using general linear models.

To examine the strength of connections between hosts created 
by shared viromes, we created a unipartite network (that is, links 
between hosts with shared virus families) based on the Bray–Curtis 
dissimilarity matrix, using the phyloseq v1.34.0 and igraph v1.2.11 R 
packages. Given the Bray–Curtis statistic ranges from 0 to 1, a cut-off 
was required to determine how similar two communities need to be 
to link them in the network. We chose a cut-off of 0.9, which is the low-
est that still creates a cohesive network (that is, no isolated groups of 
nodes). However, this cut-off does create nine singletons (nodes with 
no connections), which were removed. The network (referred to as the 
‘host community’ network) comprised 40 hosts and 99 interactions. 
The ‘small world’ properties of this network were examined using the 
distance_table functions in igraph, including calculating the shortest 
paths (the smallest number of links between each node) and average 
shortest path length (the mean of all the shortest paths). We used the 
smallworldness function in qgraph v1.9.2 (ref. 49), which uses the 
transitivity (the probability that the adjacent nodes of a vertex are con-
nected, using the definition and formula developed by Barrat et al.50) 
and average shortest path length to compare the network to 1,000 
randomly generated networks. This generates a ‘small-worldness’ 
index as developed by Humphries and Gurney51, which determines 
whether the network is significantly different from 1,000 randomly 
generated null networks and whether the network can be deemed a 
‘small world’.

Phylogenetic analysis
The patterns of virus diversity within viral families were visualized 
using phylogenetic trees with one viral family per module examined 
in detail, out of a total of 112 viral families. Amino acid sequences were 
aligned using MAFFT (7.402)52 with the L-INS-i algorithm and trimmed 
with a gap threshold of 0.9 and at least 20% of the sequence conserved 
using TrimAl (1.4.1)53. Individual maximum likelihood phylogenetic 
trees for each virus family were estimated using IQ-TREE (1.6.12)54, with 
the best-fit substitution model determined by the program and node 
robustness assessed by using the approximate likelihood ratio test with 
1,000 replicates. Phylogenetic trees were visualized using APE (5.4)55 
and ggtree (2.4.1)56 in R.

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

Data availability
The operational taxonomic unit table used in analyses is provided in 
Supplementary Data 1. The non-host sequence data generated in this 
study has been deposited in the Sequence Read Archive (SRA) under 
the accession number SAMN30927701-49. Virus consensus sequences 
have been submitted to NCBI/GenBank and assigned accession num-
bers OQ986602–OQ987814.
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Extended Data Fig. 1 | Map showing the location of Anchor Island, New 
Zealand. Left panel. Map of New Zealand showing the location of the Fiordland 
National Park. Adapted from SVG > countries navigation earth international 
(https://svgsilh.com/image/1504059.html) and SVG > south map New Zealand 
(https://svgsilh.com/image/309892.html?fbclid=IwAR1-73KzelpNXlyG92T6

BaUtX5SHSsFcfEWynGhXTswBw1uE79UHYQFSgFI). Top right panel. Google 
Earth picture of the Fiordland National Park, New Zealand showing the position 
of Anchor Island. Google Earth citation provided in the picture. Photograph of 
Anchor Island taken by Dr. Rebecca French.
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UCS96317.1 Parvoviridae sp.

YP 002854229.1 Aedes aegypti densovirus 2
YP 002265406.1 Anopheles gambiae densovirus

YP 004222723.1 Mosquito densovirus BR 07
NP 694827.1 Aedes albopictus densovirus 2

UCS96316.1 Parvoviridae sp.

YP 009508778.1 Penaeus stylirostris penstyldensovirus 1
YP 003572961.1 Decapod penstyldensovirus 1

QKE54959.1 Parvoviridae sp.
QTE03760.1 Phylloscopus proregulus Ichthamaparvovirus

QTZ83176.1 Phylloscopus proregulus Ichthamaparvovirus
QTZ83177.1 Phylloscopus fuscatus Ichthamaparvovirus

QTZ83193.1 Periparus ater Ichthamaparvovirus
QTE03758.1 Tarsiger cyanurus parvoviridae sp.

QTE03849.1 Luscinia cyane Ichthamaparvovirus
QTZ83163.1 Turdus naumanni Ichthamaparvovirus

Wolfsnout goby parvovirus 

QTE03880.1 Turdus pallidus Chaphamaparvovirus

QMI57781.1 Pacific black duck chaphamaparvovirus 1
QMI57847.1 Chestnut teal chaphamaparvovirus

QMI57833.1 Chestnut teal chaphamaparvovirus 2
QTE03798.1 Cygnus atratus Chaphamaparvovirus

QKE55007.1 Parvoviridae sp.
QKE54877.1 Parvoviridae sp.

QKE54864.1 Parvoviridae sp.
QKE54934.1 Parvoviridae sp.
QMI57961.1 Grey teal chaphamaparvovirus

QTE03872.1 Cygnus atratus Chaphamaparvovirus
QKE54873.1 Parvoviridae sp.

AXL64655.1 Chicken chapparvovirus 2
AXL64654.1 Chicken chapparvovirus 1

QMI57829.1 Chestnut teal chaphamaparvovirus 1
QTE04015.1 Cygnus atratus Chaphamaparvovirus

ADZ48579.3 Parvovirus partridge PA147 ITA 2008

QTE03730.1 Ara ararauna Chaphamaparvovirus
QMI57928.1 Wood duck chaphamaparvovirus

QKE54875.1 Parvoviridae sp.

QBJ04594.1 Tasmanian devil−associated chapparvovirus 6

QKE54915.1 Parvoviridae sp.
QTE03845.1 Nandayus nenday Chaphamaparvovirus

QKE54928.1 Parvoviridae sp.
QKE54895.1 Parvoviridae sp.
QKE54953.1 Parvoviridae sp.

QKE54897.1 Parvoviridae sp.
QKE54856.1 Parvoviridae sp.

QKE54955.1

QKE54893.1 Parvoviridae sp.
QSH48279.1 Chufflevirus sp.

QKE54879.1 Parvoviridae sp.
QKE54883.1 Parvoviridae sp.

QKE55009.1 Parvoviridae sp.

QKE55008.1 Parvoviridae sp.
QKE54860.1 Parvoviridae sp.

QKE54899.1 Parvoviridae sp.

QKE54866.1 Parvoviridae sp.
QKE54891.1 Parvoviridae sp.

QTE03796.1 Dendrocopos leucotos Chaphamaparvovirus

QTE04010.1 Ara ararauna Chaphamaparvovirus
QTE03958.1 Lorikeet parvoviridae sp.

QEJ80805.1 Psittacara leucophthalmus chapparvovirus

QTE03947.1 Psittacidae Chaphamaparvovirus
QTE03735.1 Cygnus atratus Chaphamaparvovirus

QTE03746.1 Phylloscopus parvoviridae sp.
QTE03961.1 Ara severa parvoviridae sp.

QTE03946.1 Psittacidae parvoviridae sp.

QTE03792.1 Emberiza pusilla Chaphamaparvovirus
QKE54981.1 Parvoviridae sp.

QGJ83201.1 Peafowl parvovirus 1
QGJ83204.1 Peafowl parvovirus 2

AUW34315.1 Parvoviridae sp.
QKE54983.1 Parvoviridae sp.

QKE54985.1 Parvoviridae sp.

QTE04127.1 Grus japonensis Chaphamaparvovirus
AUW34321.1 Parvoviridae sp.

AUW34319.1 Parvoviridae sp.

AUW34317.1 Parvoviridae sp.

QTE04106.1 Cygnus columbianus Chaphamaparvovirus
QTE04104.1 Cygnus columbianus Chaphamaparvovirus

QOR29549.1 Bat chaphamaparvovirus
AWN56767.1 Artibeus lituratus parvovirus

QHB35439.1 Capuchin kidney parvovirus

QOW17634.1 Rodent chaphamaparvovirus 1
YP 009553675.1 Mouse kidney parvovirus

QBJ04587.1 Tasmanian devil−associated chapparvovirus 2

QRW43669.1 Feline chaphamaparvovirus
UMB41354.1 Carnivore chaphamaparvovirus 1

QBA84922.1 Porcine parvovirus 7
QXO96491.1 Sheepavirus Davis 19N

APC23169.1 Simian parvo−like virus 2

QBJ04585.1 Tasmanian devil−associated chapparvovirus 1

QTE03851.1 Luscinia cyane Chaphamaparvovirus
QTE03877.1 Turdus pallidus Chaphamaparvovirus

QTE03861.1 Fringilla montifringilla Chaphamaparvovirus
QTE03853.1 Grus japonensis Chaphamaparvovirus

QQP20407.1 Lizard parvovirus 1

QGX73400.1 Ichthyic parvovirus
QFR54985.1 Tilapia parvovirus

QGX73403.1 Ichthyic parvovirus
QDY92336.1 Grey teal parvovirus

QVW56858.1 Lanius cristatus parvoviridae sp.

QTZ83156.1 Turdus pallidus parvoviridae sp.
QTE03754.1 Turdus pallidus parvoviridae sp.

QTE03885.1 Turdus hortulorum parvoviridae sp.

ASM94011.1 Caledonia beadlet anemone parvo−like virus 1

YP 164339.1 Dendrolimus punctatus densovirus
YP 006589928.1 Papilio polyxenes densovirus

NP 694834.1 Bombyx mori densovirus 5

YP 006576512.1 Sibine fusca densovirus
YP 009021036.1 Danaus plexippus plexippus iteravirus

QTZ83158.1 Luscinia cyane parvoviridae sp.
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YP 009362129.1 Dysaphis plantaginea densovirus
NP 874376.1 Myzus persicae densovirus

QTE03747.1 Psittacidae parvoviridae sp.
QRQ90275.1 Parvoviridae sp.
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YP 009507340.1 Sea star−associated densovirus

QRQ90270.1 Parvoviridae sp.
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YP 227600.1 Putative Acheta domestica densovirus
QTE03767.1 Grus japonensis parvoviridae sp.

UCS96306.1 Parvoviridae sp.
UCS96311.1 Parvoviridae sp.
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QTE03925.1 Grus japonensis parvoviridae sp.
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NP 694824.1 Junonia coenia densovirus

NP 046813.1 Diatraea saccharalis densovirus
NP 958099.1 Mythimna loreyi densovirus
NP 899650.1 Galleria mellonella densovirus

YP 002887625.1 Culex pipiens densovirus
QTE03956.1 Otus scops parvoviridae sp.

QTE03770.1 Fringilla montifringilla parvoviridae sp.

NP 051020.1 Periplaneta fuliginosa densovirus

QRQ90264.1 Parvoviridae sp.
NP 874381.1 Blattella germanica densovirus 1

YP 008658568.1 Acheta domestica mini ambidensovirus
QTE03777.1 Ciconia boyciana parvoviridae sp.

QKE54889.1 Parvoviridae sp.
QTE03776.1 Cygnus columbianus parvoviridae sp.

QVW56829.1 Cecropis daurica parvoviridae sp.
QTE03763.1 Lanius cristatus parvoviridae sp.

UCS96312.1 2 Parvoviridae sp.
UCS96307.1 2 Parvoviridae sp.

UCS96304.1 Parvoviridae sp.

UCS96310.1 3 Parvoviridae sp.
UCS96298.1 3 Parvoviridae sp.

YP 271915.1 Penaeus monodon hepandensovirus 1
YP 002308470.1 Penaeus monodon hepandensovirus 4

YP 003799994.1 Fenneropenaeus chinensis hepandensovirus

QTE04006.1 Aegithalos caudatus parvoviridae sp.
QTE03840.1 Periparus ater parvoviridae sp.
DAC81438.1 False wolf spider monodnaparvovirus

QTE03998.1 Motacilla cinerea parvoviridae sp.

DAC81433.1 Tasmanian devil feces monodnaparvovirus 2
DAC81463.1 African termite bidnaparvovirus

QTZ83187.1 Periparus ater parvoviridae sp.

QTE04051.1 Turdus hortulorum parvoviridae sp.
QTE04059.1 Turdus pallidus parvoviridae sp.

QTE04061.1 Turdus pallidus parvoviridae sp.
QTE04053.1 Turdus hortulorum parvoviridae sp.

DAC80331.1 Abeoforma parvovirus

QKE54933.1 Parvoviridae sp.

YP 009507375.1 Chipmunk parvovirus
YP 009465713.1 Bovine parvovirus 3

NP 694863.1 Human erythrovirus V9
YP 004928144.1 Human parvovirus B19
YP 009325417.2 Bosavirus MS−2016a

YP 077175.1 Bovine parvovirus − 2

QFP92614.1 Eqcopivirus EqCoPV 9
QCF41227.1 Horse parvovirus CSF

YP 009116876.1 Sesavirus CSL10538

YP 005090504.1 Eidolon helvum  bat  parvovirus

YP 009507390.1 Ovine hokovirus
YP 009175068.1 Ungulate tetraparvovirus 1
YP 009508196.1 Bovine hokovirus 1

YP 009315886.1 Tetraparvovirus sp.
YP 009507385.1 Porcine hokovirus

YP 009389278.1 Ungulate tetraparvovirus 3

YP 077182.1 Avian adeno−associated virus strain DA−1
NP 852780.1 Avian adeno−associated virus ATCC VR−865

YP 009552823.1 Adeno−associated virus

NP 043514.1 Goose parvovirus
YP 068410.1 Muscovy duck parvovirus

YP 077179.1 Adeno−associated virus − 8
YP 077177.1 Adeno−associated virus − 7

NP 049541.1 Adeno−associated virus − 1

NP 043940.1 Adeno−associated virus − 3
NP 044926.1 Adeno−associated virus − 4

YP 680423.1 78 Adeno−associated virus − 2

YP 024970.1 Bovine adeno−associated virus

YP 003858571.1 Bat adeno−associated virus YNM

YP 009154712.1 Bearded dragon parvovirus
YP 068093.1 Snake adeno−associated virus

QKE54995.1 Parvoviridae sp.
YP 009111339.1 Slow loris parvovirus 1

YP 005097851.1 Artibeus jamaicensis parvovirus 1

Istigobius ornatus parvovirus
Istigobius rigilus parvovirus 

Cusk eel parvovirus 
Ecsensius strictus parvovirus

NP 041242.1 Minute virus of mice
AXR86419.1 Bamboo rat parvovirus

NP 041399.1 Canine parvovirus
QZA82814.1 Procyon lotor parvovirus

NP 757369.1 Porcine parvovirus
QLH64628.1 California sea lion parvovirus

YP 009058894.1 Bufavirus−3
YP 009507379.1 Primate protoparvovirus 1

YP 009508802.1 Wuharv parvovirus 1

ANW12077.1 Sea otter parvovirus 1
YP 009272690.1 Sea otter parvovirus 1

YP 009241376.1 Megabat bufavirus 1

YP 009130650.1 Eulipotyphla protoparvovirus 1

AGU69465.1 Myotis ricketti parvovirus
AGU69473.1 Hipposideros pratti parvovirus

AGU69469.1 Miniopterus schreibersii parvovirus

QTE03765.1 Grus japonensis parvoviridae sp.

YP 009110759.1 Raccoon dog amdovirus
YP 009315908.1 Amdoparvovirus sp.

YP 009361877.1 Skunk amdoparvovirus
NP 042872.1 Aleutian mink disease virus

YP 009507341.1 Gray fox amdovirus

YP 009046818.1 Chicken parvovirus ABU−P1
YP 009507346.1 Turkey parvovirus 260

QKE54885.1 Parvoviridae sp.
YP 009552126.1 Red−crowned crane parvovirus

QKE54949.1 Parvoviridae sp.
QKE54870.1 Parvoviridae sp.

QKE54906.1 Parvoviridae sp.
QKE54912.1 Parvoviridae sp.

QKE54853.1 Parvoviridae sp.
AGW95844.1 Pigeon parvovirus A

NP 041402.1 Bovine parvovirus
YP 009389292.1 Dromedary camel bocaparvovirus 1

YP 009010974.1 Porcine bocavirus

YP 003799996.1 Bocavirus gorilla GBoV1 2009
YP 002808454.1 Human bocavirus 3

YP 338086.1 Primate bocaparvovirus 1
YP 002916059.1 Human bocavirus 4 NI

YP 009508785.1 Myotis myotis bocavirus 1

UCS96321.1 Parvoviridae sp.
UCS96322.1 Parvoviridae sp.

YP 009215301.1 Lagomorph bocaparvovirus 1

YP 009272913.1 Mink bocavirus 1
YP 009315891.1 Rhinolophus sinicus bocaparvovirus

YP 009553047.1 Rhinolophus pusillus bocaparvovirus 2
YP 009552695.1 Rhinolophus pusillus bocaparvovirus 1

YP 006272944.1 Feline bocavirus
YP 008802580.1 Feline bocaparvovirus 2

NP 758521.1 Canine minute virus
YP 007518454.1 Canine bocavirus 1

YP 009229908.1 Bat bocavirus

YP 009553050.1 Rousettus leschenaultii bocaparvovirus 1
YP 009507358.1 Bocavirus pig SX China 2010

0.2

Parvovirinae

Densovirinae

Hamaparvovirinae

Extended Data Fig. 2 | Phylogenetic tree of the Parvoviridae based on the 
non-structural protein 1 gene (alignment length 584 amino acids) (related to 
Fig. 6). The colours correspond to host phyla, blue = Chordata, red = Arthropoda, 
pink = Annelida. Viruses from this study are labelled with their phylum and host 

common name (see Supplementary Table 1 for details on each host). Branches 
are scaled according to the number of amino acid substitutions per site, shown in 
the scale bar. Black circles on nodes show bootstrap support values of more than 
90%. The tree is midpoint rooted for display purposes only.
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YP 009182100.1 Blueberry fruit drop associated virus

YP 009666503.1 Angelica bushy stunt virus
YP 001931961.1 Lamium leaf distortion virus
NP 056728.1 Cauliflower mosaic virus

YP 006907834.1 Horseradish latent virus

NP 612577.1 Carnation etched ring virus

YP 006607892.1 Soybean Putnam virus
YP 009165750.1 Atractylodes mild mottle virus 2

YP 006732334.1 Dahlia mosaic virus
BAS06276.1 Dahlia common mosaic virus

NP 659397.1 Mirabilis mosaic virus

NP 619548.1 Figwort mosaic virus
AGQ49469.1 Dahlia mosaic virus

AEB54984.1 Dahlia mosaic virus D10

YP 001931967.1 Eupatorium vein clearing virus
NP 043933.1 Strawberry vein banding virus

YP 002519387.1 Rudbeckia flower distortion virus

NP 395469.1 Blueberry red ringspot virus
NP 042513.1 Peanut chlorotic streak virus

YP 009254008.1 Water chestnut soymovirus 1

NP 068729.1 Soybean chlorotic mottle virus
NP 861410.1 Cestrum yellow leaf curling virus

NP 127504.1 Petunia vein clearing virus
AHN13810.1 Aristotelia chilensis virus 1

YP 009553669.1 Pinus nigra virus 1

YP 007761644.1 Rose yellow vein virus
NP 056848.1 Cassava vein mosaic virus

YP 004347415.1 Sweet potato collusive virus
YP 004300274.1 Sweet potato vein clearing virus

NP 569141.1 Tobacco vein clearing virus
NP 056762.1 Rice tungro bacilliform virus

YP 004442836.1 Banana streak CA virus
NP 569150.1 Banana streak OL virus
YP 009506270.1 Sugarcane bacilliform Guadeloupe A virus

YP 004442824.1 Banana streak UA virus
NP 777317.1 Kalanchoe top−spotting virus

YP 233107.1 Banana streak GF virus
YP 004442839.1 Banana streak IM virus
YP 605811.1 Banana streak virus Acuminata Yunnan
YP 233110.1 Banana streak VN virus

YP 224289.1 Banana streak MY virus
YP 009259698.1 Canna yellow mottle associated virus
YP 003284237.1 Sugarcane bacilliform Guadeloupe D virus

YP 003987465.1 Pineapple bacilliform CO virus
YP 010085996.1 Pineapple bacilliform ER virus

YP 002117531.1 Cycad leaf necrosis virus

YP 004442827.1 Banana streak UI virus
YP 004442830.1 Banana streak UL virus
YP 004442833.1 Banana streak UM virus

NP 149413.1 Sugarcane bacilliform IM virus
YP 595725.1 Sugarcane bacilliform MO virus

NP 039820.1 Commelina yellow mottle virus

YP 002916057.1 Sweet potato badnavirus B
YP 004581513.1 Sweet potato pakakuy virus

ACM79647.1 Banana streak virus

YP 010085995.1 Aglaonema bacilliform virus
YP 009130664.1 Taro bacilliform CH virus

YP 008567619.1 Piper yellow mottle virus

YP 009506267.1 Dioscorea bacilliform AL virus

YP 009508408.1 Dioscorea bacilliform RT virus 1
YP 009508411.1 Dioscorea bacilliform RT virus 2

YP 001036293.1 Dioscorea bacilliform virus

YP 009553041.1 Cacao swollen shoot CE virus
YP 009553538.1 Cacao swollen shoot Ghana J virus
YP 009553543.1 Cacao swollen shoot Ghana K virus

YP 009551940.1 Cacao swollen shoot Ghana L virus
NP 041734.1 Cacao swollen shoot virus

YP 009666826.1 Cacao swollen shoot Ghana M virus
YP 009552693.1 Cacao swollen shoot Ghana N virus

YP 009002585.1 Hibiscus bacilliform virus GD1
NP 569153.1 Citrus yellow mosaic virus

YP 006273075.1 Fig badnavirus 1
YP 009140788.1 Grapevine Roditis leaf discoloration−associated virus

YP 010086797.1 Grapevine badnavirus 1

YP 009666830.1 Cacao swollen shoot Ghana Q virus
YP 009553045.1 Cacao swollen shoot Ghana R virus

YP 009113237.2 Mulberry badnavirus 1

YP 010087614.1 Polyscias mosaic virus
YP 010085997.1 Schefflera ringspot virus

YP 006495799.1 Gooseberry vein banding associated virus
YP 009664792.1 Spiraea yellow leafspot virus

YP 009116631.1 Rubus yellow net virus
YP 004732983.2 Grapevine vein clearing virus

YP 009041481.1 Pagoda yellow mosaic associated virus

YP 002321513.1 Bougainvillea chlorotic vein banding virus
NP 758808.1 Taro bacilliform virus

YP 009229919.1 Blackberry virus F
YP 009345075.1 Cacao yellow vein banding virus

CAH17539.1 Canna streak virus
YP 610965.1 Dracaena mottle virus

YP 003208050.1 Pelargonium vein banding virus

QNH81994.1 Jujube associated badnavirus
YP 009408594.1 Jujube mosaic−associated virus

YP 009553548.1 Cacao Bacilliform SriLanka Virus
YP 009121747.1 Yacon necrotic mottle virus

0.2

Badnavirus

Caulimovirus

Soymovirus

Vaccinivirus

Extended Data Fig. 3 | Phylogenetic tree of the Caulimoviridae based on the 
polyprotein gene (alignment length 938 amino acids) (related to Fig. 6). The 
colours correspond to host phyla, green = Streptophyta, blue = Chordata. Viruses 
from this study are labelled with their phylum and host common name (see 

Supplementary Table 1 for details on each host). Branches are scaled according 
to the number of amino acid substitutions per site, shown in the scale bar. Black 
circles on nodes show bootstrap support values of more than 90%. The tree is 
midpoint rooted for display purposes only.

http://www.nature.com/natecolevol


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-023-02192-9

Chordate Sooty shearwater

Chordate Sooty shearwater

Chordate Sooty shearwaterChordate Sooty shearwaterChordate Sooty shearwater

Chordate Sooty shearwaterChordate Sooty shearwater

Chordate Sooty shearwater

Chordate Sooty shearwater

Chordate Sooty shearwater

Chordate Tawaki

Chordate Sooty shearwater
Chordate Sooty shearwater

Chordate Sooty shearwaterChordate Sooty Shearwater

Chordate Sooty shearwater

Chordate Fernbird
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AAC14701.1 Escherichia phage Qbeta  2 

DAD50787.1 ssRNA phage SRR5466338 3
DAD51796.1 ssRNA phage Gerhypos.4 15

DAD50771.1 ssRNA phage SRR5208570 2
DAD51853.1 ssRNA phage Gephyllon.2 12

DAD50774.1 ssRNA phage SRR5208570 3
DAD52323.1 ssRNA phage SRR6960799 19

DAD50985.1 ssRNA phage SRR6960509 10

DAD50013.1 ssRNA phage Gephyllon.1 14
DAD52579.1 ssRNA phage SRR6960509 11

DAD52752.1 ssRNA phage SRR7976325 15
DAD52273.1 ssRNA phage SRR6960799 16

DAD52248.1 ssRNA phage SRR6050738 3

DAD50016.1 ssRNA phage Gephyllon.4 21
DAD51490.1 ssRNA phage Esthiorhiza.2 14

DAD51943.1 ssRNA phage Esthiorhiza.2 6

DAD50395.1 ssRNA phage Esthiorhiza.2 38
DAD50534.1 ssRNA phage Gerhypos.4 2

DAD51938.1 ssRNA phage Esthiorhiza.4 1
DAD50418.1 ssRNA phage Gerhypos.2 14

DAD51889.1 ssRNA phage Esthiorhiza.2 37

DAD50367.1 ssRNA phage Gerhypos.2 34
DAD51656.1 ssRNA phage Esthiorhiza.2 3

DAD50961.1 ssRNA phage SRR6255746 2
DAD49956.1 ssRNA phage Esthiorhiza.1 13

DAD52251.1 ssRNA phage SRR6050738 2
DAD51381.1 ssRNA phage Zoerhiza.1 16

DAD52074.1 ssRNA phage Esthiorhiza.4 9
DAD50125.1 ssRNA phage Gerhypos.1 49

DAD52759.1 ssRNA phage SRR7976325 16

DAD50141.1 ssRNA phage Gerhypos.3 17
DAD50519.1 ssRNA phage Gerhypos.1 9

DAD51824.1 ssRNA phage Gerhypos.3 9

DAD50764.1 ssRNA phage SRR5208570 1
DAD52678.1 ssRNA phage SRR7976301 7

DAD52449.1 ssRNA phage SRR5466727 3
DAD50095.1 ssRNA phage Gerhypos.1 35

DAD52482.1 ssRNA phage SRR5467090 4
DAD50610.1 ssRNA phage SRR6050738 4

DAD51045.1 ssRNA phage SRR6960797 3

DAD51343.1 ssRNA phage Gerhypos.2 26
DAD52218.1 ssRNA phage Esthiorhiza.1 9

DAD51769.1 ssRNA phage Zoerhiza.1 35
DAD51842.1 ssRNA phage Gerhypos.2 2

DAD52415.1 ssRNA phage SRR5466725 16

DAD50982.1 ssRNA phage SRR6960509 8
DAD52582.1 ssRNA phage SRR6960509 9

DAD51208.1 ssRNA phage SRR7976325 18

DAD50222.1 ssRNA phage Gerhypos.4 32
DAD50299.1 ssRNA phage Gerhypos.4 50

DAD49875.1 ssRNA phage EOC000

DAD51205.1 ssRNA phage SRR7976325 17

DAD52438.1 ssRNA phage SRR5466725 15

DAD51165.1 ssRNA phage SRR7976323 4
DAD52347.1 ssRNA phage SRR5208570 4
DAD51221.1 ssRNA phage SRR7976326 4

DAD52384.1 ssRNA phage SRR5466365 2
DAD52519.1 ssRNA phage SRR5467137 1

DAD52836.1 ssRNA phage SRR7687334 1
DAD50856.1 ssRNA phage SRR5466727 4

QDH91405.1 Leviviridae sp.

QDH88083.1 Leviviridae sp.

DAD52785.1 ssRNA phage SRR7976325 20

DAD52674.1 ssRNA phage SRR7976300 7
DAD52782.1 ssRNA phage SRR7976325 21

DAD51569.1 ssRNA phage Esthiorhiza.2 49
DAD51579.1 ssRNA phage Gerhypos.1 29

QDH87393.1 Leviviridae sp.

DAD52214.1 ssRNA phage Gerhypos.2 12
DAD51295.1 ssRNA phage Gerhypos.1 28

DAD50108.1 ssRNA phage Zoerhiza.1 38
DAD52148.1 ssRNA phage Gephyllon.1 10

DAD50181.1 ssRNA phage Esthiorhiza.2 36
DAD51990.1 ssRNA phage Gephyllon.4 13

QDH88659.1 Leviviridae sp.

DAD51454.1 ssRNA phage Gerhypos.4 67
DAD50453.1 ssRNA phage Gerhypos.4 66

DAD51726.1 ssRNA phage Zoerhiza.3 4

DAD50836.1 ssRNA phage SRR5466725 17
DAD51101.1 ssRNA phage SRR7976300 5

DAD50425.1 ssRNA phage Zoerhiza.2 30
DAD51717.1 ssRNA phage Zoerhiza.2 10

DAD51696.1 ssRNA phage Esthiorhiza.4 19

DAD50673.1 ssRNA phage SRR6960799 26
DAD50753.1 ssRNA phage SRR6960803 10

DAD50887.1 ssRNA phage SRR5467090 6
DAD50737.1 ssRNA phage SRR6960803 12

DAD50153.1 ssRNA phage Gephyllon.4 4
DAD51507.1 ssRNA phage Gephyllon.4 15

DAD50713.1 ssRNA phage SRR6960801 1
DAD51417.1 ssRNA phage Zoerhiza.4 27

DAD51370.1 ssRNA phage Gephyllon.4 23
DAD50948.1 ssRNA phage SRR6255733 2

DAD50778.1 ssRNA phage SRR5208572 1
DAD52298.1 ssRNA phage SRR6960799 22

DAD51085.1 ssRNA phage SRR7976299 11
DAD49911.1 ssRNA phage ESE029

DAD50686.1 ssRNA phage SRR6960799 21
DAD50930.1 ssRNA phage SRR6049586 1

DAD50134.1 ssRNA phage Zoerhiza.2 7

DAD51120.1 ssRNA phage SRR7976301 8
DAD52299.1 ssRNA phage SRR6960799 22

DAD52354.1 ssRNA phage SRR5208575 1
DAD52320.1 ssRNA phage SRR6960799 23

DAD52444.1 ssRNA phage SRR5466725 18
DAD51398.1 ssRNA phage Gephyllon.1 13

DAD52793.1 ssRNA phage SRR7976325 19
DAD50747.1 ssRNA phage SRR6960803 11

DAD50710.1 ssRNA phage SRR6960799 24
DAD50922.1 ssRNA phage SRR5467139 2

DAD51107.1 ssRNA phage SRR7976300 8
DAD51036.1 ssRNA phage SRR6960551 11

DAD52317.1 ssRNA phage SRR6960799 25
DAD52332.1 ssRNA phage SRR6960803 13

DAD51199.1 ssRNA phage SRR7976325 22
DAD51537.1 ssRNA phage Gephyllon.1 11

DAD51638.1 ssRNA phage Zoerhiza.1 1
DAD52585.1 ssRNA phage SRR6960509 12

DAD51039.1 ssRNA phage SRR6960551 6
NP 085473.1 Acinetobacter phage AP205

DAD49885.1 ssRNA phage ESE007
DAD52624.1 ssRNA phage SRR6960551 5

DAD51015.1 ssRNA phage SRR6960549 3

DAD52260.1 ssRNA phage SRR6960507 3
DAD51110.1 ssRNA phage SRR7976300 6
DAD50760.1 ssRNA phage SRR7473382 2

DAD49882.1 ssRNA phage ESE006

QDH91132.1 Leviviridae sp.

DAD51787.1 ssRNA phage Zoerhiza.1 26
DAD51276.1 ssRNA phage Esthiorhiza.2 44

DAD50247.1 ssRNA phage Esthiorhiza.4 3
DAD50526.1 ssRNA phage Gerhypos.1 32

DAD50287.1 ssRNA phage Gerhypos.3 3
DAD51318.1 ssRNA phage Gerhypos.3 22

DAD52573.1 ssRNA phage SRR6960509 7
DAD52377.1 ssRNA phage SRR5466364 3

DAD52713.1 ssRNA phage SRR7976310 10

DAD50741.1 ssRNA phage SRR6960803 7

DAD51224.1 ssRNA phage SRR7976327 1
DAD52818.1 ssRNA phage SRR7976357 5

DAD49900.1 ssRNA phage ESE019
DAD49907.1 ssRNA phage ESE021

DAD50865.1 ssRNA phage SRR5466729 3
DAD52614.1 ssRNA phage SRR6960551 3

DAD50730.1 ssRNA phage SRR6960803 5

DAD51063.1 ssRNA phage SRR7976299 8
DAD51066.1 ssRNA phage SRR7976299 9

DAD50824.1 ssRNA phage SRR5466725 13
DAD52285.1 ssRNA phage SRR6960799 13

DAD49879.1 ssRNA phage ESE005

DAD50847.1 ssRNA phage SRR5466727 2
DAD50783.1 ssRNA phage SRR5466337 2

DAD51227.1 ssRNA phage SRR7976356 5

DAD50721.1 ssRNA phage SRR6960803 6
DAD52479.1 ssRNA phage SRR5467090 3

DAD50912.1 ssRNA phage SRR5467091 6

DAD52643.1 ssRNA phage SRR7976299 10
DAD50821.1 ssRNA phage SRR5466725 14

DAD51098.1 ssRNA phage SRR7976300 4
DAD52796.1 ssRNA phage SRR7976326 3

DAD51554.1 ssRNA phage Esthiorhiza.1 8
DAD49928.1 ssRNA phage ESO010

DAD50544.1 ssRNA phage Gerhypos.4 13
DAD51178.1 ssRNA phage SRR7976325 12

DAD50676.1 ssRNA phage SRR6960799 14

DAD50853.1 ssRNA phage SRR5466727 1
DAD52314.1 ssRNA phage SRR6960799 9

DAD49872.1 ssRNA phage EMS014

DAD49843.1 ssRNA phage AIN001
DAD52607.1 ssRNA phage SRR6960551 4

DAD51117.1 ssRNA phage SRR7976301 5
DAD50972.1 ssRNA phage SRR6960509 6

DAD50873.1 ssRNA phage SRR5467090 5
DAD50795.1 ssRNA phage SRR5466364 4

DAD52762.1 ssRNA phage SRR7976325 7
DAD52279.1 ssRNA phage SRR6960799 17

DAD50648.1 ssRNA phage SRR6960799 18

DAD52340.1 ssRNA phage SRR7473382 1
DAD51033.1 ssRNA phage SRR6960551 7

DAD51196.1 ssRNA phage SRR7976325 13
DAD51589.1 ssRNA phage Gerhypos.4 17

DAD49850.1 ssRNA phage AIN003

DAD50624.1 ssRNA phage SRR6960507 6
DAD50048.1 ssRNA phage Gerhypos.2 6

DAD49865.1 ssRNA phage AVE019

DAD52380.1 ssRNA phage SRR5466365 3

QDH91076.1 Leviviridae sp.
QDH90719.1 Leviviridae sp.

QDH91581.1 Leviviridae sp.
ADH83385.1 Caulobacter phage phiCb5

QDH90992.1 Leviviridae sp.

DAD52056.1 ssRNA phage Zoerhiza.2 28
DAD51450.1 ssRNA phage Zoerhiza.1 29

DAD51779.1 ssRNA phage Esthiorhiza.2 52

DAD50359.1 ssRNA phage Gephyllon.2 5
DAD52263.1 ssRNA phage SRR6960507 4

DAD52833.1 ssRNA phage SRR5995670 2
DAD52773.1 ssRNA phage SRR7976325 14

DAD49914.1 ssRNA phage ESE058
DAD51236.1 ssRNA phage SRR7976356 6

DAD50938.1 ssRNA phage SRR6253161 1

DAD50337.1 ssRNA phage Gephyllon.3 4
DAD52364.1 ssRNA phage SRR5466338 2

DAD52533.1 ssRNA phage SRR6253161 2
DAD52739.1 ssRNA phage SRR7976323 3

DAD52465.1 ssRNA phage SRR5466728 3
DAD52228.1 ssRNA phage Gerhypos.4 61

DAD50757.1 ssRNA phage SRR7473382 3

DAD50522.1 ssRNA phage Esthiorhiza.4 18
DAD50088.1 ssRNA phage Gerhypos.1 18

DAD51440.1 ssRNA phage Esthiorhiza.2 40
DAD51534.1 ssRNA phage Gerhypos.1 48

DAD52682.1 ssRNA phage SRR7976301 6

DAD52827.1 ssRNA phage SRR7976357 7
DAD52824.1 ssRNA phage SRR7976357 6

DAD51375.1 ssRNA phage Gerhypos.4 30

DAD50642.1 ssRNA phage SRR6960507 5
DAD50701.1 ssRNA phage SRR6960799 15

DAD51042.1 ssRNA phage SRR6960797 2
DAD51027.1 ssRNA phage SRR6960551 8

DAD51030.1 ssRNA phage SRR6960551 9
DAD52597.1 ssRNA phage SRR6960549 4

DAD52621.1 ssRNA phage SRR6960551 10
DAD50750.1 ssRNA phage SRR6960803 8

DAD52723.1 ssRNA phage SRR7976310 11

DAD50869.1 ssRNA phage SRR5466729 1
DAD52302.1 ssRNA phage SRR6960799 8

DAD52509.1 ssRNA phage SRR5467091 5
DAD51187.1 ssRNA phage SRR7976325 8

DAD52101.1 ssRNA phage Gephyllon.1 22
DAD51162.1 ssRNA phage SRR7976323 1

DAD51184.1 ssRNA phage SRR7976325 10
DAD50965.1 ssRNA phage SRR6255746 4

DAD52425.1 ssRNA phage SRR5466725 9

DAD52689.1 ssRNA phage SRR7976301 4
DAD52631.1 ssRNA phage SRR6960802 2

DAD49840.1 ssRNA phage AIN000
DAD50998.1 ssRNA phage SRR6960509 5

DAD52736.1 ssRNA phage SRR7976323 2
DAD50891.1 ssRNA phage SRR5467090 2

DAD52540.1 ssRNA phage SRR6254351 1

DAD51152.1 ssRNA phage SRR7976310 6
DAD51292.1 ssRNA phage Gerhypos.3 1

DAD52164.1 ssRNA phage Gerhypos.4 49
DAD52113.1 ssRNA phage Esthiorhiza.2 35

DAD50250.1 ssRNA phage Gephyllon.3 12
DAD50639.1 ssRNA phage SRR6960507 2

DAD51562.1 ssRNA phage Esthiorhiza.2 51
DAD50113.1 ssRNA phage Gerhypos.3 19

DAD51721.1 ssRNA phage Esthiorhiza.2 30

DAD50464.1 ssRNA phage Gerhypos.3 25
DAD52041.1 ssRNA phage Zoerhiza.2 29

QIR30323.1 Plasmopara viticola lesion associated levivirus 1
QLL27754.1 Erysiphales associated levi−like virus 1

DAD52698.1 ssRNA phage SRR7976301 3
DAD50791.1 ssRNA phage SRR5466338 1

DAD51104.1 ssRNA phage SRR7976300 3
DAD51059.1 ssRNA phage SRR6960802 1

DAD50954.1 ssRNA phage SRR6255733 1

DAD49846.1 ssRNA phage AIN002
DAD51314.1 ssRNA phage Gephyllon.4 22

DAD52776.1 ssRNA phage SRR7976325 9
YP 007237129.1 Leviviridae Enterobacteria phage C−1 INW−2012

DAD49859.1 ssRNA phage AVE017

P07393.1 Enterobacteria phage GA
1204217D Enterobacteria phage GA

AAF67676.1 Enterobacteria phage KU1
YP 009640127.1 Leviviridae Enterobacteria phage MS2

AAF19635.1 Enterobacteria phage M12

YP 007237175.1 Enterobacteria phage Hgal1
YP 007111575.1 Enterobacteria phage M

YP 717671.1 Pseudomonas phage PRR1
DAD51134.1 ssRNA phage SRR7976310 5

DAD52670.1 ssRNA phage SRR7976299 7

DAD52311.1 ssRNA phage SRR6960799 20
SLL96484.1 LeviOr01 phage

NP 042307.1 Pseudomonas phage PP7

DAD50744.1 ssRNA phage SRR6960803 9
DAD52373.1 ssRNA phage SRR5466364 5

DAD52388.1 ssRNA phage SRR5466366 1
DAD51155.1 ssRNA phage SRR7976310 12

DAD52432.1 ssRNA phage SRR5466725 19
DAD50689.1 ssRNA phage SRR6960799 27

DAD50636.1 ssRNA phage SRR6960507 9
DAD50633.1 ssRNA phage SRR6960507 7

DAD50905.1 ssRNA phage SRR5467091 7
DAD52257.1 ssRNA phage SRR6960507 8

DAD52078.1 ssRNA phage Gerhypos.2 19
DAD50306.1 ssRNA phage Gerhypos.1 22

DAD50313.1 ssRNA phage Gerhypos.4 34
DAD52031.1 ssRNA phage Esthiorhiza.3 8

DAD50597.1 ssRNA phage Gerhypos.2 10
DAD51459.1 ssRNA phage Gephyllon.4 12

DAD51592.1 ssRNA phage Gephyllon.3 11
DAD49975.1 ssRNA phage Gerhypos.1 20

DAD51253.1 ssRNA phage SRR7976357 9
DAD51931.1 ssRNA phage Esthiorhiza.1 10
DAD51691.1 ssRNA phage Gerhypos.2 8

DAD51545.1 ssRNA phage Gephyllon.3 5
DAD52515.1 ssRNA phage SRR5467091 8

DAD51250.1 ssRNA phage SRR7976357 8
DAD51002.1 ssRNA phage SRR6960540 1

DAD52664.1 ssRNA phage SRR7976299 6
DAD52295.1 ssRNA phage SRR6960799 12

DAD52411.1 ssRNA phage SRR5466725 11
DAD52292.1 ssRNA phage SRR6960799 10

DAD52471.1 ssRNA phage SRR5466729 2
DAD50669.1 ssRNA phage SRR6960799 11

DAD50827.1 ssRNA phage SRR5466725 12

DAD50122.1 ssRNA phage Gerhypos.1 43
DAD51951.1 ssRNA phage Esthiorhiza.4 10

DAD52428.1 ssRNA phage SRR5466725 10
DAD52708.1 ssRNA phage SRR7976310 8

DAD51143.1 ssRNA phage SRR7976310 7

AAC14705.1 Enterobacteria phage NL95
AEQ25563.1 Enterobacteria phage SP

AAC06252.1 Leviviridae Enterobacteria phage M11
AAC14701.1 Enterobacteria phage MX1
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Extended Data Fig. 4 | Phylogenetic tree of the Fiersviridae based on the 
RNA-dependent RNA polymerase gene (alignment length 453 amino acids) 
(related to Fig. 6). The colours correspond to host phyla, green = Streptophyta, 
blue = Chordata. Viruses from this study are labelled with their phylum and host 

common name (see Supplementary Table 1 for details on each host). Branches 
are scaled according to the number of amino acid substitutions per site, shown in 
the scale bar. Black circles on nodes show bootstrap support values of more than 
90%. The tree is midpoint rooted for display purposes only.
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AVX29502.1 Marmot norovirus

AAL99277.1 Nebraska virus

AAY60849.1 Newbury 1 virus

AKJ23332.1 Bovine nebovirus

YP 002364399.1 Rabbit calicivirus Australia 1 MIC−07

NP 740332.1 Rabbit hemorrhagic disease virus

NP 786902.1 European brown hare syndrome virus

YP 009109564.1 San Miguel sea lion virus 8

YP 009140468.1 Vesivirus ferret badger JX12 China 2012

NP 786910.1 Canine vesivirus

NP 786896.1 Vesicular exanthema of swine virus

AAV69573.2 Sapporovirus

AVX29503.1 Marmot sapovirus

AQQ78877.1 Bat sapovirus

QCS40514.1 Bat calicvirus C2

AIF74266.1 Bat calicivirus

ANW82750.1 Bat calicivirus BtCalV M63 HUN 2013

QEG79135.1 Duck calicivirus 2

QDY92369.1 Pink−eared duck calicivirus II

AUW34323.1 Caliciviridae sp.

AND46626.1 Chicken calicivirus UCC1

QQD36966.1 Pacific black duck calicivirus

AXF38726.1 Ruddy turnstone calicivirus A

QCP68858.1 Ruddy turnstone calicivirus

AXF38742.1 Shelduck calicivirus

ULR75172.1 Bamboo rat sapovirus

UCJ00142.1 Myna calicivirus

QKW94199.1 PNG bee virus 1

QKW94215.1 PNG bee virus 12

Avian associated calicivirus 2

Avian associated calicivirus 3

Avian associated calicivirus 4

Avian associated calicivirus 1

AKB92810.1 Calicivirus Mystacina New Zealand 2013 3H

Avian associated calicivirus 5

QQP18700.1 Soybean thrips Pernambuco virus

QKW94212.1 PNG bee virus 9

AVM87208.1 Dongbei arctic lamprey calicivirus 1

AVM87220.1 Wenling yellow goosefish calicivirus

YP 009417302.1 Fathead minnow calicivirus

AVM87202.1 Wuhan sharpbelly calicivirus

AVM87197.1 Beihai fish calicivirus

AVM87199.1 Beihai yellowfin seabream calicivirus

AVM87195.1 Beihai conger calicivirus

AVM87200.1 Wuhan carp calicivirus 2

QUF61508.1 Bony herring calicivirus

AVM87206.1 Wenling callionymus kaianus calicivirus

AVM87228.1 Wenling sharpspine skate calicivirus

AVM87224.1 Fujian spotted paddle−tail newt calicivirus

AVM87216.1 Wenling rattails calicivirus 1

AVM87548.1 Zhejiang gunthers frog calicivirus 2

AUO60023.1 California sea lion norovirus

AWR88306.1 Norovirus sp.

AOR51554.1 Primate norovirus

NP 056820.1 nonstructural Norovirus GI

ATP66860.1 Shrew calicivirus
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Extended Data Fig. 5 | Phylogenetic tree of the Caliciviridae based on the 
polyprotein gene (alignment length 1313 amino acids) (related to Fig. 6). The 
colours correspond to host phyla, red = Arthropoda, blue = Chordata. Viruses 
from this study are labelled with their phylum and host common name (see 

Supplementary Table 1 for details on each host). Branches are scaled according 
to the number of amino acid substitutions per site, shown in the scale bar. Black 
circles on nodes show bootstrap support values of more than 90%. The tree is 
midpoint rooted for display purposes only.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used for data collection

Data analysis Software (all open source): 
Trimmomatic (0.38) 
BBtools (bbmap 37.98) 
Megahit (1.2.9) 
blast+ (2.1.2) 
Diamond (2.0.9) 
Bowtie2 (2.2.5) 
R (4.0.5) 
MAFFT (7.402) 
TrimAl (1.4.1) 
IQ-TREE (1.6.12) 
 
R packages (all open source): 
phyloseq (1.34.0) 
scatterplot3d (0.3-41) 
pairwiseAdonis (0.4) 
rotl (3.0.12) 
igraph (1.2.11) 
Visnetwork (2.1.0) 
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bipartite (2.16) 
vegan (2.5-7) 
qgraph (1.9.2) 
APE (5.4) 
ggtree (2.4.1) 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The operational taxonomic unit table used in analyses is provided in Supplementary Data 1. The non-host sequence data generated in this study has been deposited 
in the Sequence Read Archive (SRA) under the accession numbers SAMN30927701-49. Virus consensus sequences have been submitted to NCBI/GenBank and 
assigned accession numbers OQ986602 - OQ987814.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.  
Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has 
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this 
information has not been collected.  
Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why 
they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables 
(for example, race or ethnicity should not be used as a proxy for socioeconomic status).  
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the 
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or 
administrative data, social media data, etc.) 
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We used metatranscriptomic (i.e., total RNA) sequencing to document the virome of an island community in New Zealand. Our 
sampling of the Pukenui/Anchor Island forest community included all key vertebrate species in addition to representative sampling of 
invertebrates and plants. Individual samples were pooled by species (for vertebrates and plants) and by phylogenetic order for 
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invertebrates. The number of individual animals in each pool ranged from 1-10.

Research sample A description of each of the species sampled is provided in Supplementary Table 1.

Sampling strategy The sample size was determined by how many animals were caught in a 4 week period, to a maximum of 10, in line with our permit 
conditions. As this is a viral discovery project the prevalence of any virus in the population is inherently unknown such that it is 
impossible to do a sample size power calculation.

Data collection Data was collected by Dr. Rebecca French (first author). Data collection included cloacal swabs (for vertebrates), plant tissue and 
invertebrate body tissue.

Timing and spatial scale Sample collection was undertaken between the 17th of February and 14th of March 2021, with no gap in collection period.

Data exclusions Viruses that met the following conditions: (i) sequenced on the same lane, (ii) the total read count was < 0.1% of the read count in 
the other library, and (iii) were >99% identical at the nucleic acid level were assumed to be contamination due to index-hopping from 
another library and removed. Any virus found in the blank negative control libraries was assumed to have resulted from 
contamination and similarly removed from all libraries and analyses. This exclusion criteria was pre-established.

Reproducibility This study was a single snapshot of an island virome over a 4 week sampling period. 

Randomization Samples were grouped according to their taxonomy, therefore randomization is not relevant.

Blinding We cannot determine what viruses will be detected during sample collection.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Temperate rainforest during late summer - early autumn (southern hemisphere). 

Location Pukenui Anchor Island, New Zealand 45°45'30.0"S 166°31'00.0"E

Access & import/export This research was conducted under a Department of Conservation Wildlife Act Authority Authorisation number 86173-FAU, Authority 
for research and/or collection of material on public conservation land Authorisation number 86172-RES and had ethics approval from 
the University of Auckland reference number 002198.

Disturbance Handling time of vertebrates was minimized. The researchers involved in capture and handling had a high level of experience.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals This study did not involve laboratory animals.

Wild animals A list of species is provided in Supplementary Table 1. The 18 bird and 1 skink species were caught using four different methods, 
depending on the species in question. Small, flighted birds were caught using low canopy mist-netting, while larger flighted birds 
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were caught with high canopy mist-nets. Bird calls were used to attract the birds to the area and into the nets. Non-flying birds were 
caught by hand or hand-net. Skinks were caught using gee-minnow traps. Once caught, the animals were weighed and a cloacal swab 
was taken. The animals were then released without being transported anywhere and without being held captive for any length of 
time.

Reporting on sex The sex of the animals being sampled was not identified.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight This study had ethics approval from the University of Auckland reference number 002198.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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