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16 Abstract 

17 Epidemics are often initiated by emerging and re-emerging infectious diseases caused by viruses of 

18 animal origin. It is thus important to identify the reservoirs of potentially zoonotic viruses and 

19 understand the dynamics of their host shifts. The flu viruses belong to the virus family 

20 Orthomyxoviridae, which also contains “Isavirus”, “Quaranjavirus” and “Thogotovirus”. Many 

21 members from this virus family are known to be pathogenic to humans. To be well prepared for future 

22 epidemics caused by animal-originated or zoonotic Orthomyxoviridae,  this study identified 96 novel 

23 Orthomyxoviridae members with the discovery of two new lineages of virus, one sister to Isavirus and 

24 the other sister to Influenza + Thogotovirus. Furthermore, our phylogenetic analysis did not recognize 

25 a monophyletic Quaranjavirus. By ancestral state and host association analysis, we have discovered at 

26 least four instances of host shifting from arthropods to chordates and one incident of host shifting event 

27 from Cnidaria+Ctenophora to Mollusca. Hence host shifts between Arthropoda and Chordata were the 

28 most frequent, and the Orthomyxoviridae virus is capable of invading diverse hosts from chordates.  

29  

30 Background  

31 The current pandemic caused by SARS‐CoV‐2 virus has spread globally for three years with billions of 

32 cases and millions of deaths so far (Saeed, et al. 2021). The devastating effect has caused us to 

33 understand the terror of emerging infectious diseases. Most if not all emerging and re-emerging 

34 infectious diseases such as SARS, MERS and influenzas are associated with viruses of zoonotic origins, 

35 i.e., that they are transmitted from animals to humans (McArthur 2019; Zhu, et al. 2020). During the 

36 initial outbreak of SARS‐CoV‐2, the early detection, diagnosis, and treatment strategies were based on 



37 the lessons learned from previously known coronaviruses (Guo, et al. 2020), while the origin of 

38 SARS‐CoV‐2 was linked and identified quickly thanks to the large scale coronavirus screening from 

39 animals over the past two decades (Zhou, et al. 2020). This indicates the importance of screening novel 

40 virus lineages from animals so as to brace ourselves for the next zoonotic-originated pandemic.  Another 

41 virus group that is famous for repeatedly jumping from animals to human is the “Influenza”, which 

42 includes the swine flu and avian flu (Dhama, et al. 2012; Tanner, et al. 2015) and has already caused 

43 six pandemics in the last 140 years (Potter 2001). All influenza viruses belong to the virus family 

44 “Orthomyxoviridae” (Dowdle, et al. 1975) which consists of three genera other than the influenzas, 

45 namely “Isavirus”, “Quaranjavirus” and “Thogotovirus”. Both ‘Influenza’ and ‘Isavirus’ are being 

46 hosted only in vertebrates, while Isavirus is infamous for traumatizing the aquaculture industry by 

47 killing farmed fishes (Rimstad and Markussen 2020). For quaranjaviruses and thogotoviruses, 

48 invertebrates are their “reservoirs”, or “natural hosts”. However, both types of viruses are able to cross 

49 species barriers and cause diseases in humans (Taylor, et al. 1966; Kosoy, et al. 2015; Savage, et al. 

50 2018; Mourya, et al. 2019) as well as other vertebrates such as ducks (Kessell, et al. 2012) and sheep 

51 (Lledo, et al. 2020) as vector-borne diseases, capable of inducing pathological condition and cytokine 

52 responses same as the highly virulent influenza (Li, et al. 2008). A plausible explanation is that the viral 
53 proteins might undergo genetic recombination in the shared host due to antigenic drift, and thus evolve 

54 rapidly to evade immune mechanisms (Geoghegan, et al. 2017). Despite the capability of these 

55 Orthomyxoviridae members in causing multiple pandemics through various independent animal to 

56 human jumps, most studies have focused on influenzas only. There are limited studies focusing on the 

57 other three genera (Da Silva, et al. 2005; Briese, et al. 2014; Contreras-Gutierrez, et al. 2017; Cholleti, 

58 et al. 2018; Pettersson, et al. 2020). Moreover, there has been no study on the entire family in a holistic 

59 matter, with no literature review available. Therefore, most members of the Orthomyxoviridae family 

60 and their evolutionary histories are poorly documented.  

61 To prepare the world for future pandemics, it is of vital importance to screen and understand potential 

62 emerging infectious viruses and novel members from the Orthomyxoviridae of zoonotic origins. Here, 

63 we identified novel virus species from the emerging infectious virus family – Orthomyxoviridae from 

64 different animal hosts, uncover their evolutionary history and host shift dynamics by analyzing high-

65 throughput RNA data.  

66  

67 Results and discussions  

68 Phylogenetic relationships within Orthomyxoviridae 

69 To assess how Orthomyxoviridae dispersed in metazoans, we analyzed 3813 transcriptomes covering 

70 2827 metazoan species from the Transcriptome Shotgun Assembly (TSA) Database (Sayers, et al. 2019). 



71 Then, 114 transcribed RNA sequences from 96 species were identified to be related to 

72 Orthomyxoviridae PB1 genes (RNA-directed RNA polymerase catalytic subunit) which were not 

73 reported before. The known Orthomyxoviridae members were used to infer the classification of the 

74 newly identified viruses [Figure 1]. We found two new lineages of virus, one sister to Isavirus and the 

75 other sister to Influenza + Thogotovirus. These viruses were identified from various metazoan lineages, 

76 including some basal lineages such as Ctenophora (commonly known as comb jellies), Cnidaria 

77 (composed of jelly fishes, hydras and corals), Mollusca (shellfish), and Xenacoelomorpha (specifically, 

78 Symsagittifera_roscoffensis, which is the only animal that is capable of photosynthesis). Cnidaria and 

79 Ctenophora are two of the most primitive metazoan lineages which have been proposed to be the sister 

80 group of all other animals (bilaterians) and are very important for studying the early evolution of 

81 animals and the origin of multicellular organisms (Rytkonen 2018; Daley and Antcliffe 2019; Nielsen 

82 2019).  

83 In addition, we identified new viruses belonging to Thogotovirus and Quaranjavirus. However, our 

84 phylogenetic analysis did not recognize a monophyletic Quaranjavirus.  

85 The occurrence of Orthomyxoviridae in multiple ancient metazoan lineages indicates ancestral 

86 Orthomyxoviridae might have been infecting and co-existing with animals since the dawn of Metazoa, 

87 or there might be frequent host shift events happened throughout the co-evolution of animals and 

88 Orthomyxoviridae. Further, apart from newly identified viruses belonged to the named genera of 

89 Orthomyxoviridae, several novel viruses were found to cluster together and formed completely new 

90 clades, suggesting the discovery of new lineages of Orthomyxoviridae. In short, Orthomyxoviridae are 

91 widely dispersed in a wide range of metazoans, including ancient animal lineages. 

92 Ancestral states of the novel viruses and host associations analysis 

93 We used the maximum parsimony model in Mesquite (Maddison and Maddison, 2023) to infer the 

94 ancestral states (taxonomic group of the host). The ancestor of orthomyxovirids was found to infest 

95 arthropods (predominantly hexapods)[Figure 2]. Subsequently, host shift mainly occurred from 

96 arthropod hosts. We identified at least four incidents of shift from arthropods to chordates with one 

97 incident of host shifting event from Cnidaria+Ctenophora to Mollusca identified. Hence, host shifts 

98 between Arthropoda and Chordata were most frequent, and orthomyxovirid virus is capable of invading 

99 diverse hosts from chordates.  

100 Clade A shows a higher frequency of host shift and invading a broader taxonomic spectrum of hosts 

101 than the basal lineages, which consist mainly of Quaranjavirus. The ancestor of Clade A was inferred 

102 to infest chordates. Hence, orthomyxovirids might have evolved the ability of frequent host shift after 

103 invading chordates, and the ability could attributed to (1) protein evolution that enable to quickly adapt 

104 to new hosts, and (2) the mobility and wide distribution of chordates, when compared with hexapods, 



105 facilitated physical dispersal of the virus across taxonomic groups. The two hypotheses are not mutually 

106 exclusive, and might have occurred simultaneously or sequencially with positive feedback. Such 

107 mechanisms, and especially the first hypothesis, warrarant empirical tests. Nonetheless, the fast 

108 evolution antigen of influenza A (Morens and Taubenberger 2019), which belong to Clade A, might 

109 lend supports to this hypothesis.  

110 Emerging infectious diseases are often characterised by viral host switching events (Geoghegan, et al. 

111 2017), which entails strong and stringent adaptive evolution on the virus as they colonize a new niche 

112 (Simmonds, et al. 2019). Understanding how viruses overcome ecological and genetic barriers in host 

113 shifts is of paramount importance in disease control.  

114 Conclusion 

115 This study identified 96 novel Orthomyxoviridae members with the discovery of two new lineages of 

116 virus, one sister to Isavirus and the other sister to Influenza + Thogotovirus. The other 89 new viruses 

117 were identified belonging to Thogotovirus and Quaranjavirus. However, our phylogenetic analysis did 

118 not recognize a monophyletic Quaranjavirus [Figure 1]. By ancestral state and host association 

119 analysis,we have discovered at least four instances of host shifting from arthropods to chordates and 

120 one incident of host shifting event from Cnidaria+Ctenophora to Mollusca. Hence host shifts between 

121 Arthropoda and Chordata were the most frequent, and the Orthomyxoviridae virus can infect a variety 

122 of hosts from chordates, while Clade A shows a higher frequency of host shift and invaded a broad 

123 taxonomic spectrum of hosts. [Figure 2].  

124  

125  

126  



127  

128  

129 Figure 1. Maximum likelihood phylogeny of Orthomyxoviridae. Branch colors and colors of the tip 

130 labels denote the four orthomyxovirid genera. Viruses that were not named are labelled as “new” and 

131 in blue color except for ASM94088.1 being named as ‘Barns Ness dog whelk orthomyxo-like virus 1’ 

132 (Waldron, et al. 2018). The GenBank IDs and virus names (where applicable) are shown at the tips. 

133 Bars on the right represent the hosts infected by the corresponding viruses. Ultrafast bootstrap supports 

134 of the nodes are indicated by the color of the circle at each node. 

135  

136   

137  

138  



139  



140 Figure 2. Ancestral host reconstruction of orthomyxovirid viruses. The color of branches 

141 represents host taxonomic group, while the color of tips represents classification of viruses.  

142  

143 Methods 

144 Data collection 

145 The PB1 protein, which exhibits RNA-dependent polymerase activity, is the most conserved protein in 

146 Orthomyxoviridae (Chu, et al. 2012), and is thus suitable for evolutionary analyses of viruses, which 

147 generally have high substitution rates. All 3813 transcriptomes covering 2827 metazoan species from 

148 the Transcriptome Shotgun Assembly (TSA) Database (Sayers, et al. 2019) were used for analyzes in 

149 July 2021. These RNA sequences were matched with PB1 protein sequences of known 

150 Orthomyxoviridae downloaded from NCBI virus database in July 2021 (Sayers, et al. 2019) by 

151 TBLASTN (Gertz, et al. 2006) with the expected threshold of 0.05 using BLOSUM62. Then, 114 

152 transcribed RNA sequences from 96 species were identified for the first time to be related to 

153 Orthomyxoviridae PB1 genes (RNA-directed RNA polymerase catalytic subunit) which were not 

154 reported before as belonging to known virus after cross checking them with virus database 

155 [Supplementary table 1]. The taxonomy of the 96 host species was identified by NCBI Taxonomy tool 

156 (Schoch, et al. 2020) [Supplementary figure 1]. These RNA sequences were then translated to protein 

157 sequences according to the matched frame by Clustal X (Larkin, et al. 2007) and aligned by MAFFT 

158 (Katoh and Standley 2013) together with other Orthomyxoviridae PB1 proteins downloaded from NCBI 

159 virus database. After comparing with known complete PB1 protein sequences (~700 AA long), 25 

160 newly identified Orthomyxoviridae PB1 proteins with relatively high protein completeness (at least 650 

161 AA) were retained and a neighbor-joining phylogenetic tree with gaps ignored was constructed with 

162 other known Orthomyxoviridae PB1 proteins and SARS-CoV-2 RNA-dependent RNA polymerase as 

163 outgroup [Figure 1]. The known Orthomyxoviridae members were used to position the lineage of the 

164 new viruses. 

165 Phylogenetic analysis  

166 Sequences of PB1 proteins with more than 600 AA identified from NGS data, together with those 

167 available from NCBI virus (Hatcher, et al. 2017) [Supplementary table 2] , were aligned and then 

168 trimmed by ALICUT/ALISCORE (Misof and Misof 2009). The best substitution model was searched 

169 by ModelTest implemented in IQ-Tree 2 (Minh, et al. 2020), which was used for maximum likelihood 

170 phylogenetic reconstruction with 1000 ultrafast bootstrap replicates using the same software . 

171 Ancestral states of the novel viruses and host associations analysis 



172 To trace the evolutionary history of host association of Orthomyxoviridae, we conducted ancestral 

173 character reconstruction in Mesquite 3.8.1 (Maddison and Maddison, 2023) using the maximum 

174 likelihood tree constructed by IQtree. Host association was coded in five categories, namely, Arthropod, 

175 Chordata, Mollusca, Cnidaria+Ctenophora, and Xenacoelomorpha. We used the “trace ancestral 

176 character” function to estimate the ancestral state of the nodes using maximum parsimony model 

177 (Appendices S1). 
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284 Supplementary table 1. GenBank IDs of Orthomyxoviridae PB1 related RNA sequences. These 

285 transcribed RNAs contain 114 hypothetical Orthomyxoviridae PB1 genes that have not been reported 

286 or identified before. 

GenBank ID 
    

GHYI01006715.1 GEPO01050000.1 HAMG01033019.1 GDNI01055862.1 GFCT01006568.1 

GCWF01042188.1 GIBX01063257.1 GFME01046484.1 GEIL01040298.1 GCWP01016768.1 

GFUY01045714.1 GAPE01012446.1 GEEF01108865.1 GEIL01040297.1 GCWP01014586.1 

GGRD01105905.1 GEQT01000292.1 GEXY01504401.1 GHCV01012828.1 GEOI01020952.1 

GDES01014887.1 GHUE01031179.1 GFYV01256626.1 GCAH01015528.1 GCVZ01022955.1 

GIWR01317530.1 GDHQ01061288.1 GHUE01031182.1 GFAT01052308.1 GGIX01219007.1 

GIWR01068549.1 GFUB01185180.1 GEQP01111649.1 GHCT01108755.1 GCZE01054765.1 

GFDB01016754.1 GFUI01042170.1 GFWI01298935.1 IADR01000155.1 GDOD01006372.1 

GCXY01049348.1 GIET01070091.1 GEUH01026206.1 GIQZ01347520.1 HAMG01022083.1 

GFUY01038943.1 GHZM01177108.1 GFJU01146619.1 GFUK01055253.1 GFFB01049985.1 

GCBC01024963.1 GHCU01086526.1 GCSJ01016872.1 GDHF01033387.1 GCYG01007971.1 

JL173372.1 GAXS01004661.1 GDIO01020133.1 GGJM01068797.1 GHZM01148481.1 

GCXB01020719.1 GDOP01009886.1 GAKG01021029.1 GFRZ01104574.1 GEZB01015213.1 

GIJA01018702.1 GHFE01002498.1 GBES01001676.1 GFAT01014782.1 GCUD01022660.1 

GHUE01069787.1 GAXD01017262.1 GDPN01021634.1 GHXK01222901.1 GEQP01035960.1 

GIQZ01054476.1 GGKE01166827.1 GIOV01193485.1 GHXK01222902.1 GIXZ01027188.1 

GIPB01005140.1 GFPG01059188.1 GAZA02096166.1 GGPJ01211035.1 HAEN01034382.1 

GACR01007602.1 GGRG01030150.1 GHHE01077991.1 GEEF01058242.1 HAEX01038051.1 

GBMK01012070.1 GEBI01000117.1 GGBB01006510.1 GCTA01003798.1 GHUC01003666.1 

HACW01024387.1 GHMD01109019.1 HAMQ01018412.1 GCWL01021633.1 JP305384.1 

GFRL01050142.1 GEZY01007301.1 GECN01122152.1 GBPK01016966.1 GFRZ01104573.1 

GFGB01009210.1 HAMF01039940.1 GCYS01005111.1 GEZY01033642.1 GANM01015319.1 

GEOW01122366.1 HAEP01035468.1 HAET01043341.1 HAFI01055399.1 
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288  

289 Supplementary table 2. Known virus sequences from NCBI Virus database used for phylogenetic 

290 analysis in this study. 

Virus name Gene name Sequence ID 
Araguari virus polymerase PB1  ASR92124.1 
Aransas Bay virus PB1 protein  AHB34061.1 
Barns Ness dog whelk orthomyxo-like 
virus 1 

putative polymerase PB1 subunit  ASM94088.1 

Beihai orthomyxo-like virus 1 polymerase PB1  APG77865.1 
Bourbon virus polymerase subunit PB1  QCF29600.1 
Chum salmon influenza-like virus polymerase basic 1  QOE76825.1 
Dhori thogotovirus polymerase subunit PB1  YP 009352882.1 
Guadeloupe mosquito quaranja-like 
virus 1 

polymerase PB1  QRW42591.1 

Influenza A virus 
(A/California/07/2009(H1N1)) 

polymerase PB1  YP 009118628.1 

Influenza B virus (B/Lee/1940) polymerase PB1  NP 056657.1 
Influenza C virus (C/Aichi/1/81) polymerase 1  BAV18498.1 
Influenza D virus 
(D/bovine/France/2986/2012) 

PB1  CEE50061.1 

Jingshan Fly Virus 1 (Quaranjavirus) polymerase PB1  APG77897.1 
Johnston Atoll quaranjavirus polymerase basic 1 protein  YP 009996585.1 
Lestrade virus PB1  QED21504.1 
Neke harbour virus PB1  QKK82921.1 
Ornate chorus frog influenza-like virus polymerase basic 1  QOE76794.1 
Oz virus polymerase basic subunit 1  YP 009553280.1 
Pilchard orthomyxovirus putative basic polymerase 1  QJQ28580.1 
Quaranfil quaranjavirus polymerase PB1  YP 009508043.1 
Rainbow trout orthomyxovirus-1 putative polymerase basic 1  AQM37674.1 
Salamander influenza-like virus polymerase basic 1  QOE76809.1 
Severe acute respiratory syndrome 
coronavirus 2 

RNA-dependent RNA polymerase  YP 009725307.1 

Siamese algae-eater influenza-like 
virus 

polymerase basic 1  QOE76801.1 

Sinu virus PB1 protein  APP91612.1 
Soybean thrips quaranja-like virus 1 putative polymerase PB1, partial  QPZ88431.1 
Soybean thrips thogotovirus 1 RNA-dependent RNA polymerase subunit 

PB1  
QQN90103.1 

Thogoto thogotovirus PB1 protein  YP 145794.1 
Tjuloc virus polymerase PB1  AFN73049.1 
Upolu virus polymerase basic subunit 1  AHB34055.1 
Uumaja virus PB1  QKK82920.1 
Wenling hagfish influenza virus PB1  AVM87635.1 
Whidbey virus PB1  AQU42764.1 
Wuhan asiatic toad influenza virus PB1  AVM87629.1 
Wuhan carp Isavirus 1 PB1  AVM87639.1 
Wuhan carp Isavirus 2 PB1  AVM87640.1 



Wuhan spiny eel influenza virus PB1  AVM87621.1 
Isavirus  RNA-directed RNA polymerase subunit P1  Q8V3T6.1 
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293 Supplementary Figure 1. The animal host lineage diversity with taxonomy and species name of 

294 newly identified Orthomyxoviridae viruses. 
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297 Supplementary Figure 2. (A) The posterior probrabilities of the identification of ancestral states 

298 of the novel viruses in Orthomyxoviridae. The size of the branch's circle represents the branch's 

299 confidence level, that is, the posterior probability. 
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