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Abstract

Host age influences the ecology of many microorganisms. Thisis evident in one-host — one virus
systems, such as influenza A virusin Mallards, but also in community studies of parasites and

mi crobiomes. We used a meta-transcriptomic approach to assess whether host age is associated with
differences in the abundance and diversity of avian viromes. We used samples from cohabiting
Ruddy Turnstones (Arenaria interpres) across three age groups, collected at two contrasting points
in their annual migratory cycle. Overall, we identified 14 viruses that likely infect birds, 11 of
which were novel, including members of the Reoviridae, Astroviridae, Picornaviridae, and
Phenuiviridae. Strikingly, 12 of the viruses identified were from juvenile birds sampled in the first
year of their life, compared to only two viruses in adult birds. Similarly, both viral abundance and
alphadiversity were higher in juvenile than adult birds. Notably, time of sampling had no
association with virome structure such that the migratory period may not play amajor role in
structuring avian viromes. As well as informing studies of virus ecology, that host age impacts viral

assemblagesis a critical consideration for the future surveillance of novel and emerging viruses.
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34 Introduction

35 Vertebrate animals of different ages also differ in their exposure and susceptibility to

36 microorganisms[1]. The importance of host age for the epidemiology and ecology of

37  microorganisms has been demonstrated by differences in the diversity and prevalence of parasites
38 [2], bacteria[3, 4], and viruses [5-8] among hosts of different ages. In the case of wild birds, host
39 ageisassociated with a higher prevalence of virusesin juvenile compared to adult birds. These

40  include beak-and-feather disease virus in parrots [9], avian pox virusin albatross and tits [10, 11],
41  avian avulavirus-1 in cormorants and waterfowl [12, 13], infectious bronchitis virus in poultry [14]

42  andinfluenza A virusin wild waterfowl [8].

43  Despiteasimilar potential for exposure, viral susceptibility varies among adult and juvenile birds.
44 Thisisbelieved to be due to an increase in the immune repertoire with age, with the age-related

45  accumulation of immunity to influenza A virus in Mute swans (Cygnus olor) an informative casein
46  point [15]. Thisincrease of immunity in adults, coupled with juvenile immunologically naive birds
47  entering populations, may explain the significant increase in the prevalence of influenza A virusin
48  juveniles compared to adults [7, 8], regardless of the time point of sampling [16-21]. Thisis

49  evident when repeatedly sampling sentinel ducks, in which individuals have multiple influenza A
50 virusinfectionsin the first 6 months of age, compared to no or only short infectionsin the

51  subsequent year of life, despite similar viral exposure [22]. In addition to varying susceptibility,

52  exposure to viruses may similarly vary in wild birds. For example, in migratory birds such as

53  shorebirds, adults and juveniles undertake southward migrations at different times, and in some

54  species use markedly different routes, resulting in different virus exposure potential [23, 24].

55  Ashost age impacts the presence and prevalence of arange of specific viruses, we ask here whether
56  host ageis also associated with modulating communities of viruses carried by birds? To this end,

57  we used the virome-scale data obtained from metagenomic next-generation sequencing as means to
58  go beyond the“one-host, one virus’ model and provide key data on the abundance and diversity of
59 all the viruses present in aparticular species. We used Ruddy Turnstones (Arenaria interpres) asa
60 model species asthey are known to be important reservoir hosts for viruses such as influenza A

61 virusaswell asfor an abundance of other viruses [25, 26]. In the East Asian-Australasian Flyway,
62 thisspeciesbreedsin Arctic Siberia and following migration, spends its non-breeding period along
63  theshorelines of Australia. Accordingly, we sampled individuals across three age groups at two

64  different pointsin their annual cycle, just after migration, upon arrival in Australia and again shortly
65 before departureto their Arctic breeding grounds. From these data we demonstrate that juvenile

66  birds have significantly higher viral abundance and diversity compared to adult birds and that

67 different time pointsin their migratory cycle had no apparent effect on virome strucutre.
3
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68 Methods
69  Ethics statement

70  Thisresearch was conducted under approval of the Deakin University Animal Ethics Committee
71 (permit numbers A113-2010 and B37-2013). Banding was performed under Australian Bird

72 Banding Scheme permit (banding authority number 8001). Research permits were approved by the
73 Department of Primary Industries, Parks, Water and Environment, Tasmania (permit number FA
74 13032).

75  Samplecoallection

76  All birds were captured and sampled as part of along-term study program on King Island,

77  Tasmania, Australia (39°55'52"S, 143°51'02"E). Birds were captured by cannon netting at two time
78  points: November 2014 following arrival from migration, and March 2015 prior to departure for

79  migration to Siberia. Birds were aged using plumage characteristics and divided into three age

80 categories: (i) 10 - juvenile birds hatched the previous breeding season, (ii) 20 — adolescent birdsin
81 their second year of life that overwintered on King Island (these birds could only be identified in

82  November) and (iii) 3+ - adult birds, classified as those that are 3 years and older (Fig 1). A

83  combination of oropharyngeal and cloacal samples were collected using a sterile tipped applicator
84  and placed in virus transport media (VTM; Brain-heart infusion broth containing 2 x 106 U/L

85  penicillin, 0.2 mg/ml streptomycin, 0.5 mg/ml gentamicin, 500 U/ml amphotericin B, Sigma).

86  RNA library construction and sequencing

87  RNA library construction, sequencing and RNA virus discovery was carried out as described

88  previously [25, 27]. Briefly, RNA was extracted from swabs using the MagMax mirVana'" Total
89  RNA isolation Kit (ThermoFisher Scientific) on the KingFisher™ Flex Purification System

90 (ThermoFisher Scientific). Extracted samples were assessed for RNA quality using the TapeStation
91 2200 and High Sensitivity RNA reagents (Aligent Genomics, Integrated Sciences). The 10 samples
92  with the highest concentration were pooled using equal concentrations and subsequently

93  concentrated using the RNeasy MinElute Cleanup Kit (Qiagen) (Table S1).

94  Libraries were constructed using the TruSeq total RNA library preparation protocol (I1lumina) and
95 rRNA was removed using the Ribo-Zero-Gold kit (Illumina). Paired-end sequencing (100bp) of the
96 RNA library was performed on the HiSeq2500 platform. All library preparation and sequencing was
97  carried out at the Australian Genome Research Facility (AGRF, Melbourne). All reads have been

98  deposited in the Sequence Read Archive (SRA; BioProject XXX).

99  RNAvirusdiscovery


https://doi.org/10.1101/2020.08.23.263103
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.23.263103; this version posted August 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

100  Sequence reads were demultiplexed and trimmed with Trimmomatic followed by de novo assembly
101  using Trinity [28]. No filtering of host/bacterial reads was performed before assembly. All

102  assembled contigs were compared to the entire non-redundant nucleotide (nt) and protein (nr)

103  database using blastn and diamond blast [29], respectively, setting an e-value threshold of 1x10™° to

104  remove potential false-positives.

105  Abundance estimates for all contigs were determined using the RSEM algorithm implemented in
106 Trinity. All viral contigs that returned blast hits with paired abundance estimates were filtered to
107  differentiate those with invertebrate [30], lower vertebrate [31], plant or bacterial host associations
108  using the Virus-Host database (http://www.genome.j p/virushostdb/). The list was further cross-

109 referenced against aknown list of viral contaminants [32].
110  Virusgenome annotation and phylogenetic analysis

111  Contigs greater than 1000bp in length were inspected using Geneious R10 (Biomatters, New

112  Zeaand), and open reading frames (ORF) corresponding to predicted genome architectures based
113  on the closest reference genomes were interrogated using the conserved domain database (CDD,
114  https://www.nchi.nlm.nih.gov/Structure/cdd/cdd.shtml) with an expected e-value threshold of 1x10°
115  °. Reads were subsequently mapped back to viral contigs using bowtie2 [33]. Viruses with full-

116  length genomes, or incomplete genomes possessing the full-length RNA-dependant RNA

117  polymerase (RdARp) gene, were used for phylogenetic analysis. Briefly, amino acid sequences of the
118  polyprotein or gene encoding for the RARp were aligned using MAFFT [34], and gaps and

119  ambiguously aligned regions were stripped using trimAL [35]. The best-fit model of amino acid
120  substitution was then determined for each data set, and maximum likelihood trees were estimated
121 using IQ-TREE [36]. In the case of coronaviruses, avastroviruses, and avian avulavirus,

122 phylogenies were also estimated using the nucleotide sequences of complete or partia reference
123  genome sequences to better place virusesin context of currently described avian viral diversity.

124 Novel vira species were identified as those that had <90% RdRp protein identity, or <80% genome
125  identity to previously described viruses. Newly identified viruses were named after shipwrecks

126  surrounding King Island, Tasmania. Genome sequences have been deposited in NCBI GenBank

127  (accession numbers XX-XX).
128  Viral diversity and abundance acrosslibraries

129  Relative virus abundance was estimated as the proportion of the total viral reads in each library
130  (excluding rRNA). All ecological measures were estimated using the data set comprising viruses

131  associated with birds and mammals, albeit with all retroviruses and retrovirus-like elements
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132 removed (hereafter, “avian virus data set). Analyses were performed using R v 3.4.3 integrated into
133  RStudio v 1.0.143, and plotted using ggplot2.

134  Both the observed virome richness and Shannon effective (alpha diversity) were calculated for each
135 library at the virus family and genus levels using modified Rhea script sets [37], and compared

136  between avian orders using t-tests. Beta diversity was calculated using the Bray Curtis dissimilarity
137  matrix and virome structure was plotted as a function of nhonmetric multidimensional scaling

138  (NMDS) ordination and tested using Adonis tests using the vegan [38] and phyloseq packages [39].

139  To mitigate the reporting of false-positives due to metagenomic index-hopping, contigs were

140  assumed to be the result of contamination from ancther library if the read count representing the
141  abundance was less than 0.1% of that representing the highest count for that virus among the other
142 libraries. Short, low abundance contigs from viral genera not detected in any other library

143  sequenced on the same lane were retained.
144

145  Results

146 Overall virus abundance and diversity

147  We characterized the total transcriptomes of Ruddy Turnstones from different age categories upon
148  arrival and prior to departure of migration (Fig 1, Table S1). All individuals were captured in

149  March/November, regardless of age category, and on the same beaches on King Island, Tasmania.

150 Therewasalargerangein tota viral abundance (0.16— 9.91% viral reads) and putative avian viral
151  abundance (0.0071- 1.13% vira reads) in each library (Table S1, Fig. S1). In addition to viral reads
152  that were likely associated with bona fide avian viruses, libraries had numerous reads matching
153  invertebrate, plant and bacterial viruses as well as retroviruses (Fig. S1). Although these

154  retroviruses are likely associated with birds, the challenge of differentiating between endogenous
155  and exogenous retroviruses meant that they were excluded from the analysis, as were those viruses
156  most likely associated with arthropods, plants, and bacteria. In total, 11 of the 14 viruses identified
157 inthisstudy likely represent novel avian viral species (Table S2, Fig. 2). Novel species were

158 identified in the double-stranded RNA viruses (Reoviridae, genus Rotavirus and genus

159  Orthoreovirus), positive-sense single-stranded RNA viruses (Astroviridae, Picornaviridae genera
160  Hepatovirus, Gallivirus, and unassigned genera), and negative-sense single-stranded RNA virus

161  whichis potentially an arbovirus (Bunyavirales, Phenuiviridae).

162  Novd double-stranded RNA viruses
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We identified two novel virusesin two genera of the family Reoviridae - Rotavirus and
Orthoreovirus. Maypo virus, a Rotavirus, was at very low abundance (0.01% reads) and no full
segments were identified with the exception of VP7 that was used for classification within rotavirus
species. Maypo virus was separated by along branch from a clade containing rotavirus G, B, | and
viruses identified previously in metagenomic studies (Fig S2). Cataraqui virus, an Orthoreovirus,
fell asasister lineage to arecently described avian orthoreovirus - Tvarminne virus (Fig 3A).
Cataraqui virus was detected in two libraries - juvenile (10) and adolescent (20) birds sampled
concurrently - with similar abundance levels (0.5% and 0.25% of reads in each library, respectively)
showing viral sharing across these age groups (Fig 3A, Fig 6). The two genomes recovered were
highly similar, with only ~1 nucleotide difference in each of the lambda segments. While we could
not assembl e this genome from adult 3+ birds, contigs of Cataraqui virus were also found,
comprising 0.0023% of the library. Asthis represents >0.1% of the read abundance of the library in

which this virusis at its highest abundance we tentatively exclude index-hopping.
Novel single-stranded RNA viruses

Three novel avastroviruses were identified in this analysis, two in the library of 10 birds sampled in
March and one in the 20 birds sampled in November. Specifically, although Neva virus and
Carnarvon virus occupy different phylogenetic positions, both are related to viruses previously
classified as avastrovirus 2 (which includes avian nephritis virus), while Blencathra virus is a sister

lineage to an astrovirus recently described in the pink-eared duck [40] (Fig 3B, Fig S3).

We also identified five picornaviruses (family Picornavirdae). Three of these - Waterwitch virus,
Whister virus, and Loch Leven virus —fall as sister lineages to members of the genus Hepatovirus
and Tremovirus and were found exclusively in 1o birds, with Waterwitch virus and Whister virus
forming adistinct clade (Fig $4). In contrast, British Admiral virus fell as adivergent sister-group
to the Gallivirus genera, while Netherby virus, the only picornavirus found in a3+ bird, fell into a

currently unassigned clade comprising a chicken and a quail phacovirus (Fig $4).

We also identified anovel virusin the family Phenuiviridae, Bruthen virus. Thisvirusfell in a
group of unclassified viruses that are the sister-group to members of the genus Phlebovirus that
contains numerous tick-borne viruses (Fig 4). In the phylogeny Bruthen virusis most closely related
to Laurel Lake virus sampled from Ixodes scapularisticks in the USA [41]. However, because of
the long branch lengths across the tree as a whole, including that leading to Bruthen virus, it is
currently unclear whether this virusis a strictly arthropod virus or an arthropod-borne virus that

may infect birds (Fig 4).
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196 Identification of previously described avian viruses

197  Weidentified two members of the Coronaviridae — Duck coronavirus 2714 (genus

198  Gammacoronavirus) and avirus here referred to as Shorebird deltacoronavirus (genus

199  Deltacoronavirus) (Fig 5, Fig S5-S6). These viruses are common in wild waterbirds, although most
200 sequencedatais limited to short fragment of the RdRp (Fig S8, S9) [42]. In the ORF1ab phylogeny,
201  the Duck coronavirus 2714 sequence (subgenus Igacovirus) was most closdly related to a sequence
202 identified in gullsin Canada [43], however based on a phylogeny comprising 400bp of the RdRp,
203  the seguence revealed here fell in a clade dominated by viruses previously identified in Australia,
204  and most closely related to viruses identified in Ruddy Turnstones from King Island, sampled in
205 2016 (Fig 5, Fig S5) [44]. In the ORF1ab phylogeny the Shorebird deltacoronavirus fell as a sister
206 lineage to the subgenus Buldacovirus. Based on a phylogeny comprising 400bp of the RdRp, for
207  which more sequences are available, this virus was most closely related to viruses previously

208 identified in Australia, including shorebirds from Victoriaand Ruddy Turnstones from King Island
209 in 2016 (Fig S6) [44]. The genome of Shorebird deltacoronavirus revealed here comprises the first
210  full genome of this putative viral species, and the detection of two different coronaviruses from

211  these hirds suggests Ruddy Turnstones may be important reservoirs for both gamma and

212  deltacoronaviruses.

213  Thevariant of avian avulavirus 2 identified here (AAvV-2/Ruddy turnstone/Tasmania/2015) was a
214  (weakly supported) sister-group to a clade of viruses described in wild birdsin China (Fig S7), and
215  we speculate that this likely represents a lineage that is more common in wild birds than poultry.
216  Unlike the case of avian avulavirus 1 (Newcastle Disease), the polybasic cleavage site within the F
217 geneisnot adeterminant of the pathogenicity of avian avulavirus-2in chickens [45, 46]: as such, we
218 have not performed cleavage site annotation. This virus had a very high abundance in the library
219  comprising adult (3+) birds sampled in March (comprising 99% of all avian viral reads and 0.2% of
220 dl reads). Reads for this virus were also identified in the juvenile (10) birds simultaneously

221  sampled, and adolescent (20) birds sampled in November, although with very low abundance

222 (0.00079% reads and 0.00014% reads, respectively, but above the assumed index-hopping threshold
223 of 0.1% of the most abundant virus).

224 Age affects both virome diversity and abundance

225  Regardless of sampling period, juvenile (10) birds had higher viral abundance and diversity than
226  adult (3+) birds at the viral family, genus and species levels. First, viral abundance was higher in
227  juvenilethan adult birds, with a 10-fold difference in November (1.12% compared to 0.007% avian
228  viral reads) and March (0.2% compared to 0.02% avian viral reads). Adolescent (20) birds, which

229  overwintered on theisland rather than making a return trip to the Arctic breeding grounds like the
8
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230 3+ birdsdid, aso had very high viral abundance in November (0.7% avian viral reads) (Fig 6A).
231  Second, this trend remained when assessing diversity within each sample (i.e. alpha diversity).

232 Observed richness and Shannon diversity was higher in juvenile than adult birds, in which observed
233 richness was significantly higher in 1o birds at the viral genuslevel (Fig S8) (t =5.8138, df =

234 1.4706, p= 0.049). At the viral species level, there was a significant difference in the number of

235  viral speciesin juvenile compared to adult birds (t = 9, df = 1, p= 0.05): in November and March we
236 identified five and six viruses in juvenile birds, respectively, compared to one virus from each of the
237  libraries comprising adult birds, with adolescent birds exhibiting intermediate values (two virus

238  species described) (Fig 2, Fig 6). Although this study is clearly limited in sample size, the overall
239  trend remains across our biological replications (here different time periods). Sampling period was
240  not asignificant predictor of either observed richness or Shannon diversity at the virus family,

241  genus and species levels. For example, when assessing the number of viral species, we observed the
242  same number of viruses revealed (excluding the adolescent 20 birds as they were only sampled in
243  November) in both November (n=6) and March (n=7) (Fig 2).

244  To ensure this trend was not due to a sequencing artefact we tested for differencesin viral

245  abundance and alpha diversity in those viruses sampled from birds but that most likely infected
246  invertebrate hosts. These invertebrate viruses effectively comprise a null model: because they do
247  not actively replicate in birds we would expect to see similar abundance levels in both the juvenile
248  and adult birds. As expected, there was no statistical difference between juvenile and adult birds (t
249 =1.0022, p = 0.5). Furthermore, juvenile and adult birds exhibited similar levels of both alpha
250 diversity measures for invertebrate viruses (observed richness or Shannon diversity), regardless of
251  whether the measure was performed at the virus “cluster” level [30] (Observed Richnesst = -

252  1.3416, p = 0.3499; Shannon Diversity t = -0.6925, p = 0.5606) or at the virus family level (and
253  family-like when no family classification was available) (Observed Richnesst = 0.56569, p =

254  0.6693; Shannon Diversity t = -0.54246, p = 0.6425) (Fig S9).

255  No obvious trends were observed with respect to beta diversity (Fig S10). Specifically, neither age
256 (R?=0.49, p=0.33) nor sampling time point (R?=0.2, p=1) was associated with avian virome

257  structure at the viral genus or family levels. There was very limited viral sharing (i.e. connectivity)
258 among birds of different age categories even though they were sampled on the same beaches at the
259 sametime. The only viral species that we were able to annotate from more than one library was
260 Cataraqui virus, identified in juvenile and adolescent birds at the November time point: however,
261 readsfor this virus were also present in the adult birds in November (Fig 2, Fig 3A). While the full
262 genome of avian avulavirus-2 was only identified in the adult birds in March, reads were present in

263  juvenile birds from March. Despite this, due to cohabitation, virus connectivity was far lower than

9
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expected. We suggest that adult birds may already have antibodies against many of these viruses,

resulting in no detectable infections in this age category.

Discussion

We used a meta-transcriptomic approach to help reveal the role of host age in shaping the avian
virome. Through this, we identified 14 viruses, of which 11 are novel, in apparently healthy wild
migratory birds from a single sampling location in Australia. The largest diversity of viruses were
from the families Astroviridae, Coronavirdae, Picornaviridae and Reoviridae, from which more

than one putative virus species was identified in each case.

Based on studies of the ecology of both avian influenza A virus[1, 7, 8], and more recently, of virus
communitiesin bats [47], we predicted that juvenile birds would have high viral abundance and
diversity compared to adult birds. During the non-breeding period, Ruddy Turnstones on King
Island, Tasmania spend time in small (~50 birds) groups comprising both adult and juvenile birds,
and are often restricted to small stretches of coastline (~1 km). Importantly, our sampling collection
and selection strategy means that within each sampling period (November, and March) we compare
birds of different age groups that are cohabiting, enabling us to identify any viruses that are shared
between age groups within a given sampling period. Indeed, we observed high viral abundance and
diversity in juvenile birds compared to very low abundance and diversity in adult birds. Adolescent
birds shared aviral species, Cataraqui Virus, with co-sampled juvenile birds, demonstrating a
degree of viral sharing among these two age categories. The high viral diversity and abundancein
juvenile birds, but low levels in conspecific adult birds, strongly suggests that adult birds have
immunity against these viruses. As a consequence, our results raise important questions about the
robustness and longevity of antibodies against viruses in wild birds, such as the Ruddy Turnstone.
Work on avian influenza A viruses suggests that short-lived species, such as dabbling ducks, may
have short lived antibodies [48] and may therefore be reinfected many times [49], in comparison to
long lived species such as swans [15] and shearwaters [50] that had detectable, neutralizing
antibodies for years. Our data suggest that Ruddy Turnstones may fit into the latter category,
although this needs to be clarified by antibodies studies.

Due to limited sample size, we utilized a biological replicate to test the impact of age. Specifically,

we sampled birds following their arrival on King Island and prior to their departure following their

non-breeding staging period. Despite only being four months apart, we found no evidence of viral

connectivity between these two time points. This clearly demonstrates the transient nature of the

avian virome, in which there was no consistent detection of viral species across sampling points.
10


https://doi.org/10.1101/2020.08.23.263103
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.23.263103; this version posted August 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

297  Further, we found no difference in viral abundance or diversity of adult or juvenile birds when

298  comparing those captured in November (recently arrived) or the subsequent March (imminently
299  prior to departure of the 3+ adult birds). This not only shows the lack of a migratory cycle effect,
300 but also that the impact of age is strong, despite potentially large differences in physiology of

301 Ruddy Turnstones at these sampling events. Prior to migration, birds go through a period of

302  impressive mass increases; some species may more than double their body mass, with a 1-3%

303 increase per day [51, 52]. Indeed, birds captured in March had an additional 50% in mass compared
304 to November. Studiesin the microbiome of migratory birds found that the majority of bacterial taxa
305 arenot affected by migration when comparing resident birds and those under active migration

306 immediately upon arrival [53]. Other changes during active migration may be related to immune
307  responses. It has been suggested that migrating animals should boost their immune function during
308  migration [54, 55]. A wind tunnel experiment found no difference in immune function between
309 “migrating” Red Knots (Calidris canutus) and control birds [56]. In contrast, migratory Common
310 Blackbird Turdus merula individuals had a lower innate immune function during migration

311  compared with resident individuals [57]. Despite the different migration dispositions between the
312  November and February time points, we found a consistent age effect and no differencein

313  abundance, aphadiversity or betadiversity across time points. We also confirmed that this age
314  effect was not an artefact by using invertebrate-associated viruses, that do not replicate in birds, as
315 anintrinsic biological control. Importantly, we found that invertebrate associated viruses

316  demonstrated no differences in viral abundance or alpha diversity in juvenile compared to adult
317  birds, in marked contrast to the pattern in ‘true’ avian viruses. This observation is consistent with
318  previous studies of virus ecology, in which influenza A viruses exhibit higher prevalence in

319 juveniles compared to adults[7, 8], and juveniles have a greater number of infections and diversity
320  of subtypes over an autumn season compared to adult birds [22]. Similarly, caves hosting a larger
321  proportion of juvenile bats had a larger viral diversity as compared to those hosting alow

322  proportion of juvenile bats [47].

323  Our results allow usto reflect on the potential barriers to migration, specifically why some

324  individuals remain on non-breeding areas and do not migrate. Annual migrations are undertaken by
325  adult shorebirds, that also have with lower viral abundance and diversity. We can therefore

326  hypothesize that one of the reasons adolescent birds do not undertake a northward migration in their
327  second year may be increased virus susceptibility, itself due to lower age-dependant immunity.

328  Here, we show high viral abundance in both juvenile and adolescent birds. Even without obvious
329 disease, the infection status and intensity of some viral infections may have negative effects on

330 body stores, refuelling capacity, movement, phenology and survival [58]. These effects may result
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331 in“migratory culling” - the combined physiological effects of migration and infection mitigation
332  that may remove individuals from the population [59]. This hypothesis may be central to

333  understanding an important barrier to migration of juvenile and adolescent birds, given

334  demonstratively high viral abundance and diversity compared to adult conspecifics, and clearly
335  meritsfurther study.

336  Overal, we demonstrate alarge viral diversity in Ruddy Turnstones and markedly different viromes
337 that were detected in birds across age groups and between sampling periods. This, in turn,

338  highlightsthe transient nature of the avian RNA virome and the snap-shot nature of virome studies
339 todate. Both these characteristics have recently been observed in studies of bat viromes [47],

340 strongly suggesting thisis an important consideration in all ecological studies that utilise virome
341 data. Beyond ecological studies, thisisacritical consideration for future surveillance efforts for

342  novel and emerging viruses. Finally, we further demonstrate that apparently healthy wild birds are
343  ableto sustain high viral loads and diversity without obvious signs of disease. This, combined with
344  the continued detection of viral families previously associated with diseases such as gastroenteritis

345  or hepatitis [60, 61], suggests that many of the viruses may not be pathogens.

12


https://doi.org/10.1101/2020.08.23.263103
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.23.263103; this version posted August 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

346  Acknowledgements

347  Thesampling of birds in Australiaimportantly relied on the assistance of volunteers within the
348  Victorian Wader Study Group, particularly Clive Minton, Robyn Atkinson and Rob Patrick; and
349  members of the Centre for Integrative Ecology at Deakin University, notably Simeon Lisovski and
350 Bethany Hoye. The sampling was supported by NIH/NIAID (HHSN2662007 00010C), ARC

351  discovery grants (DP 130101935 and DP160102146) and an ARC Australian Laureate Fellowship
352 to ECH (FL170100022). MW is funded by an ARC Discovery Early Career Researcher Award
353 (DE200100977).

354

355 Competing interests

356  The authors declare that they have no conflict of interest.
357

358 References

3% 1L van Dijk JGB, Verhagen JH, Wille M, Waldenstrom J. Host and virus ecology as

360 determinants of influenza A virus transmission in wild birds. Curr Opin Virol. 2018;28:26-36.

6L 2 Chylinski C, Boag B, Stear MJ, Cattadori IM. Effects of host characteristics and parasite
362 intensity on growth and fecundity of Trichostrongylus retortaeformis infectionsin rabbits.

363  Parasitology. 2009;136:117-23.

364 3. Dhondt AA, States SL, Dhondt KV, Schat KA. Understanding the origin of seasonal

365  epidemics of mycoplasmal conjunctivitis. JAnim Ecol. 2012;81:996-1003.

366 4. McDonald JL, Robertson A, Silk MJ. Wildlife disease ecology from the individual to the
367  population: Insights from along-term study of a naturally infected European badger population. J
368 Anim Ecol. 2018;87:101-12.

369 5. Amman BR, Carroll SA, Reed ZD, Sealy TK, Balinandi S, Swanepoel R, et a. Seasonal
370  Pulses of Marburg Virus Circulation in Juvenile Rousettus aegyptiacus Bats Coincide with Periods
371 of Increased Risk of Human Infection. PLoS Pathog. 2012;8.

372 6. Hayman DTS. Biannual birth pulses alow filovirusesto persist in bat populations. Proc
373 Roya Soc B. 2015;282.

3714 7. Latorre-Margalef N, Tolf C, Grosbois V, Avril A, Bengtsson D, Wille M, et a. Long-term
375 variationininfluenza A virus prevalence and subtype diversity in a migratory Mallards in Northern
376  Europe. Proc Royal Soc B. 2014;281:doi: 10.1098/rsph.2014.0098

377 8. van Dijk JGB, Hoye BJ, Verhagen JH, Nolet BA, Fouchier RAM, Klaassen M. Juveniles
378 and migrants as drivers for seasonal epizootics of avian influenza virus. J Anim Ecol. 2014;83:266-
3719 75,

380 9. Eastwood JR, Berg ML, Ribot RFH, Raidal SR, Buchanan KL, Walder KR, et al.

381 Phylogenetic analysis of beak and feather disease virus across a host ring-species complex. P Natl
382 Acad Sci USA. 2014;111:14153-8.

383 10. Lachish S, Bonsall MB, Lawson B, Cunningham AA, Sheldon BC. Individual and

384  Population-Level Impacts of an Emerging Poxvirus Disease in a Wild Population of Great Tits. Plos
385  One. 2012;7.

386 11. YoungLC, VanderWerf EA. Prevalence of avian pox virus and effect on the fledging

387  success of Laysan Albatross. J Field Ornithol. 2008;79:93-8.

13


https://doi.org/10.1101/2020.08.23.263103
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.23.263103; this version posted August 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

388 12 Kuiken T, Leighton FA, Wobeser G, Danesik KL, Riva J, Heckert RA. An epidemic of

389  Newcastle disease in double-crested cormorants from Saskatchewan. J Wildlife Dis. 1998;34:457-
390 7L

391 13 Nallar R, Papp Z, Leighton FA, Epp T, Pasick J, Berhane Y, et al. Ecological Determinants
392  of Avian Influenza Virus, West Nile Virus, and Avian Paramyxovirus Infection and Antibody

393  Statusin Blue-Winged Teal (Anas Discors) in the Canadian Prairies. JWildl Dis. 2016;52:33-46.
394 14 Ignjatovic J, Sapats S. Avian infectious bronchitis virus. Rev Sci Tech Off int Epiz.

395  2000;19:493-508.

39 15 Hill SC, Manvell RJ, Schulenburg B, Shell W, Wikramaratna PS, Perrins C, et al. Antibody
397  responses to avian influenza viruses in wild birds broaden with age. Proc Royal Soc B.

398  2016;283:doi: 10.1098/rsph.2016.159.

399 16. Munster VJ, Baas C, Lexmond P, Waldenstrom J, Wallensten A, Fransson T, et al. Spatial,
400 temporal, and species variation in prevalence of influenza A virusesin wild migratory birds. PLoS
401  Pathog. 2007;3:e€61. doi: 10.1371/journal .ppat.0030061.

402 17. Ip HS, Hint PL, Franson JC, Dusek RJ, Derkson DV, Gill Jr RE, et al. Prevalence of

403 influenza A virusesin wild migratory birdsin Alaska: patterns of variation in detection at a

404  crossroads of intercontinental flyways. Virology J. 2008;5:71-81.

405 18.  Verhagen JH, Maoor F, Lexmond P, Vuong O, Kasemir G, Lutterop D, et al. Epidemiology
406  of influenza A virus among black-headed gulls, the Netherlands, 2006-2010. Emerg Infect Dis.
407  2014;20:138-41.

408 19.  Ferro PJ, Budke CM, Peterson MJ, Cox D, Roltsch E, Merendino T, et a. Multiyear

409  Surveillance for Avian Influenza Virus in Waterfowl from Wintering Grounds, Texas Coast, USA.
410 Emerg Infect Dis. 2010;16:1224-30.

411 20.  Hill NJ, TakekawaJY, Ackerman JT, Hobson KA, Herring G, Cardona CJ, et a. Migration
412 strategy affects avian influenza dynamics in mallards (Anas platyrhynchos). Mol Ecol.

413 2012;21:5986-99.

414 21.  Papp Z, Clark RG, Parmley EJ, Leighton FA, Waldner C, Soos C. The ecology of avian
415  influenzaviruses in wild dabbling ducks (Anas spp.) in Canada. PLoS ONE. 2017;12.

416 22. Tolf C, Latorre-Margalef N, Wille M, Bengtsson D, Gunnarsson G, Groshois V, et al.

417  Individua variation in influenza A virus infection histories and long-term immune responses in
418 mallards. PLoS ONE. 2013;8:€61201. doi: 10.1371/journal.pone.0061201.

419 23. Handel CM, Gill RE. Wayward Y outh: Trans-Beringian Movement and Differential

420  Southward Migration by Juvenile Sharp-tailed Sandpipers. Arctic. 2010;63:273-88.

421 24. Lindstrom A, Gill RE, Jamieson SE, McCaffery B, Wennerberg L, Wikelski M, et al. A
422  Puzzling Migratory Detour: Are Fueling Conditions in Alaska Driving the Movement of Juvenile
423  Sharp-Tailed Sandpipers? The Condor. 2011;113:129-39.

424 25, WilleM, Eden JS, Shi M, Klaassen M, Hurt AC, Holmes EC. Virus-virusinteractions and
425  host ecology are associated with RNA virome structure in wild birds. Mol Ecol. 2018;27:5263-78.
426  doi: 10.1111/mec.14918.

427  26. Krauss S, Stallknecht DE, Negovetich NJ, Niles LJ, Webby RJ, Webster RG. Coincident
428  ruddy turnstone migration and horseshoe crab spawning creates an ecological 'hot spot' for

429 influenzaviruses. Proc Royal Soc B. 2010;277:3373-9.

430 27. WilleM, Shi M, Klaassen M, Hurt AC, Holmes EC. Virome heterogeneity and connectivity
431 in waterfowl and shorebird communities. ISME J. 2019;13:2603-16.

432 28.  Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, et a. Full-length
433  transcriptome assembly from RNA-Seq data without a reference genome. Nature Biotech.

434 2011;29:644-52.

435  29. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using DIAMOND. Nat
436  Methods. 2015;12:59-60.

437 30.  Shi M, Lin XD, Tian JH, Chen LJ, Chen X, Li CX, et a. Redefining the invertebrate RNA
438  virosphere. Nature. 2016;540:539-43.

14


https://doi.org/10.1101/2020.08.23.263103
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.23.263103; this version posted August 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

439 31 Shi M, Lin XD, Chen X, Tian JH, Chen LJ, Li K, et a. The evolutionary history of

440  vertebrate RNA viruses. Nature. 2018;556:197-202.

441 32.  Asplund M, Kjartansdottir KR, Mollerup S, Vinner L, Fridholm H, Herrera JJAR, et .

442 Contaminating viral sequences in high-throughput sequencing viromics: a linkage study of 700
443  sequencing libraries. Clin Microbiol Infect. 2019.

444  33. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature Methods.
445  2012;9:357-U54.

446  34. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7:

447 improvements in performance and usability. Mol Biol Evol. 2013;30:772-80.

448 35. Capella-Gutierrez S, Silla-Martinez JM, Gabaldon T. trimAl: atool for automated alignment
449  trimming in large-scale phylogenetic analyses. Bioinformatics. 2009;25:1972-3.

450  36. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: A Fast and Effective

451  Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. Mol Biol Evol.

452  2015;32:268-74.

453  37. Lagkouvardos I, Fischer S, Kumar N, Clavel T. Rhea: a transparent and modular R pipeline
454  for microbia profiling based on 16S rRNA gene amplicons. PeerJ. 2017;5:62836. doi:

455  10.7717/peerj.2836.

456  38. Oksanen J, Kindt R, Legendre P, O’ Hara B, Stevens MHH, Oksanen MJ, et a. The vegan
457  package. Commun Ecol Package. 2007;10:631-7.

458 39. McMurdie PJ, Holmes S. phyloseq: An R package for reproducible interactive analysis and
459  graphics of microbiome census data. PLoS ONE. 2013;8:€61217. doi:

460  10.137Vjournal.pone.0061217.

461 40. ChuDK, Leung CY, Perera HK, Ng EM, Gilbert M, Joyner PH, et al. A novel group of
462  avian astroviruses in wild aquatic birds. J Virol. 2012;86:13772-8.

463 41. Tokarz R, Sameroff S, Tagliafierro T, Jain K, Williams SH, Cucura DM, et al. Identification
464  of Novel Viruses in Amblyomma americanum, Dermacentor variabilis, and Ixodes scapularis Ticks.
465 mSphere. 2018;3.

466 42.  WilleM, Holmes EC. Wild birds as reservoirs for diverse and abundant gamma- and

467  deltacoronaviruses. FEMS Microbiol Rev. 2020fuaa026. doi:

468  https://doi.org/10.1093/femsre/fuaa026.

469 43.  Canuti M, Kroyer ANK, Ojkic D, Whitney HG, Robertson GJ, Lang AS. Discovery and
470  characterization of novel RNA viruses in aguatic North American wild birds. Viruses. 2019;11:768:
471  doi: 10.3390/v11090768.

472 44, Chamings A, Nelson TM, Vibin J, Wille M, Klaassen M, Alexandersen S. Detection and
473  characterisation of coronaviruses in migratory and non-migratory Australian wild birds. Sci Rep.
474 2018;8:5980. doi: 10.1038/s41598-018-24407-X.

475 45, Subbiah M, Xiao S, Khattar SK, Dias FM, Callins PL, Samal SK. Pathogenesis of two
476  strains of avian paramyxovirus serotype 2, Y ucaipa and Bangor, in chickens and turkeys. Avian
477  Dis. 2010;54:1050-7.

478  46. Subbiah M, Khattar SK, Callins PK, Samal SK. Mutations in the Fusion Protein Cleavage
479  Site of Avian Paramyxovirus Serotype 2 Increase Cleavability and Syncytium Formation but Do
480 Not Increase Viral Virulence in Chickens. J Virol. 2011;85:5394-405.

481  47. Bergner LM, Orton RJ, Benavides JA, Becker DJ, Tello C, Biek R, et al. Demographic and
482  environmental drivers of metagenomic viral diversity in vampire bats. Mol Ecol. 2019;28:XX-XX.
483  48. Magor KE. Immunoglobulin genetics and antibody responses to influenzain ducks. Dev
484  Comp Immunol. 2011;35:1008-16.

485 49, Wille M, Latorre-Margalef N, Tolf C, Stallknecht DE, Waldenstréom J. No evidence for
486  homo- or heterosubtypic immunity of influenza H3 in Mallards following vaccination in a natural-
487  experimental system. Mol Ecol. 2016;26:1420-31.

488  50. Ramos R, Garnier R, Gonzalez-Solis J, Boulinier T. Long Antibody Persistence and

489  Transgenerational Transfer of Immunity in a Long-Lived Vertebrate. Am Nat. 2014;184:764-76.

15


https://doi.org/10.1101/2020.08.23.263103
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.23.263103; this version posted August 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

490 51. PiersmaT, Gill RE. Guts don't fly: Small digestive organsin obese Bar-tailed Godwits.

491  Auk. 1998;115:196-203.

492 52, Lindstrom A. Fuel deposition rates in migrating birds: Causes, constraints and

493  consequences. Avian Migration. 2003307-20.

494 53 Risely A, Waite D, Ujvari B, Hoye B, Klaassen M. Active migration is associated with
495  gpecific and consistent changes to gut microbiotain Calidris shorebirds. J Animal Ecol. 2017doi:
496  10.1111/365-2656.12784.

497 54, Moller AP, Erritzoe J. Host immune defence and migration in birds. Evol Ecol.

498  1998;12:945-53.

499  55. Buehler DM, Tieleman BI, Piersma T. How Do Migratory Species Stay Healthy Over the
500 Annua Cycle? A Conceptual Model for Immune Function and For Resistance to Disease. Integr
501 Comp Biol. 2010;50:346-57.

502 56. Hasselquist D, Lindstrom A, Jenni-Eiermann S, Koolhaas A, PiersmaT. Long flights do not
503  influence immune responses of a long-distance migrant bird: a wind-tunnel experiment. The Journal
504  of Experimental Biology. 2007;210:1123-31.

505 57.  Eikenaar C, Hegemann A. Migratory common blackbirds have lower innate immune

506  function during autumn migration than resident conspecifics. Biol Letters. 2016;12.

507 58. Risely A, Klaassen M, Hoye BJ. Migratory animals feel the cost of getting sick: A meta-
508 analysisacross species. JAnim Ecol. 2018;87:301-14.

509 59. Altizer S, Bartel R, Han A. Animal migration and infectious disease risk. Science.

510 2011;331:296-302.

511 60. BorosA, Pankovics P, Adonyi A, Fenyvesi H, Day JM, Phan TG, et a. A diarrheic chicken
512  simultaneously co-infected with multiple picornaviruses: Complete genome analysis of avian

513  picornaviruses representing up to six genera. Virology. 2016;489:63-74.

514 61. Todd D, Smyth VJ, Ball NW, Donnelly BM, Wylie M, Knowles NJ, et a. Identification of
515  chicken enterovirus-like viruses, duck hepatitis virus type 2 and duck hepatitis virus type 3 as

516  astroviruses. Avian Pathol. 2009;38:21-30.

517

518

16


https://doi.org/10.1101/2020.08.23.263103
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.23.263103; this version posted August 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

519
o 4 20 3+ ‘b‘ 4\ "\,_\:?}
atci breedin Ly . P —
- . AT APRIL
ocT o
O
Q
9 .
O
520

521  Figure 1. Sampling scheme. Birds occupied three age categories. juvenile (10) birds were

522 individuals hatched in Siberiathat had performed asingle migration leg to King Island; adolescent
523  (20) (that could only be identified based on their plumage in November) were individuals who had
524  overwintered in Australia; and adult (3+) birds that perform an annual migration to Siberia and back
525  to breed each year. Ruddy Turnstones arrive on King Island in October and can be found on rocky
526  shores of the western coastline of the island throughout the Australian summer period. Small groups
527  of ~50 birds with high site fidelity occupy beaches, with surveyed beaches denoted in small white
528  circles. In autumn, following a period of intense weight gain, adult birds depart on migration to

529 their breeding areas in March/April. Samples used in this study were collected in November 2014
530 and March 2015.
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532  Figure 2. Bipartite network illustrating species for which complete viral genomes were found in
533  each library, comprising 10 individuals. Each library is represented as a central node, with a

534  pictogram of the respective age cohort of Ruddy Turnstone, surrounded by each viral species.

535  Wheretwo libraries share a virus species, the networks between the two libraries are linked.

536  Placement of librariesis arranged by sampling date on the y-axis and age on the x-axis. Virus

537  colour correspondsto virus taxonomy. A list of viruses from each library is presented in Table S2,

538 and phylogenetic trees for each virus family and species can be found in Fig 3-5, Fig S2-S7.
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540 Figure 3. (A) Phylogenetic tree of the LambdaB segment, containing the RdRp, of orthoreoviruses.
541  Piscinereovirusisset as the outgroup. (B) Phylogenetic tree of the ORF1ab, including the RdRp, of
542  avastroviruses. Avastrovirus 3 is not shown as there are no full genomes available, but is presented
543  in Fig S2 which shows a phylogeny inferred from a short region of the RdRp. The tree was

544  midpoint rooted, corresponding to division between mammalian and avian viruses. The sequences
545  generated in thisstudy are indicated by afilled circle and arein bold. Bootstrap values >70% are

546  shown for key nodes. The scale bar indicates the number of amino acid substitutions per site.
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NG 03 2g2 Hubei lepidoptera virus 1 strain LCM141331
NC 031313 Wuhan horsefly Virus strain JJ2 1
NC 043477 Mothra bunyavirus strain JG1
o0 NC 043051 Gouleako virus strain A5 Cl 2004
—a 043045 Cumuto virus strain TR7904 i

NC 031320 Yicha Insect virus strain YCYCO1

ruthen Virus W
C 043679 Laurel Lake virus isolate RTS65
NC 032158 Hubei diptera virus 3 strain SCM17647
NC 032280 Hubei diptera virus 4 strain SCM94992
NC 031298 Wuhan Fly Virus 1 strain SYY1 9
NC 032276 Hubei diptera virus 5 strain SCM245062
NC 038262 Phasi Charoen like virus isolate Rio
NC 038257 Badu virus isolate TS6347

NC 031317 Wutai Mosquito Virus strain QN3 5
NC 031138 Huangpi Tick Virus 2 strain H114 17
NC 040494 Kaisodi virus isolate G14132
NC 036604 Kabuto mountain virus
NC 005214 Uukuniemi virus

wor NC 027140 Bhanja virus strain ibAr2709
L NC 022630 Razdan virus strain LEIV Arm2741
NC 024495 Heartland virus isolate Patient1
NC 043611 Guertu virus strain DXM
NC 043450 Severe fever with thrombocytopenia syndrome virus strain HNXH
NC 018136 SFTS virus HB29
NC 043510 Mukawa virus
NC 033848 Tapara virus strain BeAr413570
NC 015451 Aguacate virus
NC 029127 Adana virus strain 195
NC 023635 Arumowot virus
NC 029082 Arrabida virus strain PoSFPhlebV 126 2008

NC 006319 Toscana virus
NC 029901 Zerdali virus strain 37
NC 033844 Ambe virus strain BeAr407981
NC 014397 Rift Valley fever virus
NC 033836 Anhanga virus strain BeAn46852
NC 033830 Munguba virus
NC 015412 Sandfly Sicilian Turkey virus
NC 029903 Toros virus strain 21
NC 015374 Candiru virus
NC 033849 Uriurana virus strain BeArd79776

NC 033841 Urucuri virus strain BeAn100049

Phlebovirus

547 0.6
548  Figure4. Phylogeny of the polyprotein of the Phenuiviridae. The tree was midpoint rooted for

549  clarity only. Viruses described in this study are marked in bold, adjacent to afilled circle. Bootstrap
550 values >70% are shown for key nodes. The scale bar indicates the number of amino acid

551  substitutions per site.
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H —— NC 016994 Night heron coronavirus HKU19
Deltacoronavirus NC 016995 Wigeon coronavirus HKU20 h_
.18 //—.Shorebird deltacoronavirus/Ruddy Turnstone
Hardecovirus 95 —— NC 016996 Common moorhen coronavirus HKU21 A
Andecovirus 100~ NC 011550 Munia coronavirus HKU13 3514
100 NC 016993 Magpie-robin coronavirus HKU18

100 NC 016992 Sparrow coronavirus HKU17

Buldacovirus]®* NC 039208 Porcine coronavirus HKU15

EF584908.1 Asian leopard cat coronavirus Guangxi F230 2006
LC364345 Quail coronavirus UAE HKU30 411F
LC364346 Quail coronavirus UAE HKU30 1101F
MG812375 Sparrow deltacoronavirus strain 1ISU690 4
MG812376 Sparrow deltacoronavirus strain ISU690 7
MG812377 Sparrow deltacoronavirus strain ISU42824
NC 011547 Bulbul coronavirus HKU11 934
NC 011549 Thrush coronavirus HKU12 600
10 NC 016991 White eye coronavirus HKU16
Gentoo Penguin deltacronavirus
100l MK204388 Sharp-tailed Sandpiper Coronavirus translated
LC364342 Falcon coronavirus UAE HKU27 988F
1.0 LC364343 Houbara coronavirus UAE HKU28 285F
LC364344 Pigeon coronavirus UAE HKU29 271F
100 @ Duck Coronavirus/Ruddy Turnstone
100 MN175554 Gull coronavirus strain GuCoV B29
MK204411 AvCoV Australian Shelduck MW
9 MK204393 AvCoV Grey Teal MW
MH453802 Avian coronavirus AvCoV Red necked Avocet 2013
KM454473 Duck coronavirus isolate DK GD 27 2014
. FN430414 Infectious bronchitis virus ITA 90254 2005
Igacovirus 2ol KY805845 Infectious bronchitis virus isolate IBV Ck EG CU 1 2014
Gamma- 100 MN512438 Infectious bronchitis virus isolate IBV Ck Can 18 049707
NC 001451 Avian infectious bronchitis virus
coronavirus NC 048213 Avian coronavirus 9203
\ 100 MH779860 Infectious bronchitis virus isolate Ark99
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100 NC 010800 Turkey coronavirus
[ JX195176 Infectious bronchitis virus strain ck CH LZJ 111113
KU900742 Infectious bronchitis virus strain SNU 11045
KX252780 Infectious bronchitis virus strain ck CH LLN 090312
MK359255 Canada goose coronavirus strain Cambridge Bay 2017
NC 010646 Beluga Whale coronavirus SW1
85 NC 004718 SARS coronavirus
Beta- —» | 100="NC 045512 Severe acute respiratory syndrome coronavirus 2
NC 019843 Middle East respiratory syndrome coronavirus
coronavirus 100—— NC 002645 Human coronavirus 229E

' le— NC 005831 H C i NLB3
552 Alphacoronavirus uman toronavirus

100 100

553  Figure5. Phylogenetic tree of the ORF1ab, containing the RdRp, of the Coronaviridae. The

554  sequences generated in this study are indicated by afilled circle and are in bold. Deltacoronaviruses
555  areset asthe outgroup, as per [42]. Only select members of the alpha- and betacoronaviruses are
556  included. Bootstrap values >70% are shown for key nodes. The scale bar indicates the number of
557  amino acid substitutions per site. Partial gammacoronavirus and deltacoronavirus phylogenies,

558 including numerous wild bird sequences, are presented in Fig S5 and S6, respectively.
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560 Figure 6 Effect of age on abundance and alphadiversity. (A) Viral abundance is higher in 10 birds
561 compared to 3+ birds. (B) Alphadiversity at the viral family level, here measured as observed

562  richness and Shannon diversity, is higher in 10 birds compared to 3+ birds. Alphadiversity at the
563  virus genuslevel ispresented in Fig S1. (C) Heatmap illustrating viral diversity, at the genus level
564 ineach library, with colour corresponding to viral abundance. Blue and purple correspond to viruses
565  with high abundance, and pink corresponds to viruses with low abundance. Asterisks indicate cases
566  inwhich at least one complete viral genome was obtained. Viral families marked with a hash

567  symbol indicate families where host association is unclear. Plots for the virus genus level are

568 presented in Fig S8.
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