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Abstract 
The rise of birds represents one of the major evolutionary transitions in the history of life. Yet, much remains obscure about the origins and 
diversification of viruses in birds. Endogenous retroviruses (ERVs), relics of past retroviral infections, provide molecular fossils for 
interrogating the evolution and ecology of retroviruses. Here, we perform phylogenomic mining of ERVs within the genomes of 758 bird 
species and identify more than 470,000 ERVs, revealing a highly diverse and complex retrovirus repertoire in birds. These ERVs greatly 
expand the diversity of retroviruses in birds, indicating that exogenous retroviruses characterized in birds to date are highly underestimated. 
The evolution of retroviruses in birds is shaped by both coevolution and cross-species transmission. Tens of retrovirus lineages originated 
during the early evolution of birds, four of which contribute to more than 90% of complete ERVs in birds. We also observe recent ERV activity 
across the bird phylogeny (particularly in Passeriformes). Moreover, we find that ERVs can mediate genome rearrangements, potentially 
facilitating the genome evolution of birds. Many bird retroviruses recruited genes of cellular provenience, which might drive the evolution of 
the genome complexity of retroviruses. Together, these results unveil a diverse and complex retrovirosphere in birds and provide insights into 
the intricate evolution of retrovirus–bird interaction.
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Introduction
Birds (the class Aves), with more than 10,000 extant species, 
evolved from theropod dinosaurs probably during the 
Middle–Late Jurassic period (Jarvis et al. 2014; Xu et al. 
2014; Brusatte et al. 2015). Modern birds are classified into 
two major groups, namely Palaeognathae (the volant tina
mous and flightless ratites) and Neognathae (Jarvis et al. 
2014; Brusatte et al. 2015; Prum et al. 2015; Feng et al. 
2020). Neognathae can be further divided into two subgroups, 
namely Galloanserae (the fowls, including ducks, chicken, and 
pheasants) and Neoaves (a diverse clade encompassing all the 
other living birds) (Jarvis et al. 2014; Brusatte et al. 2015; 
Prum et al. 2015; Feng et al. 2020). The rise of birds represents 
one of the major evolutionary transitions in the history of life 
on Earth. Over hundreds of millions of years of evolution, 
birds have achieved exceptional diversity in morphology, be
haviors, ecological niches, and microbe associations (Xu 
et al. 2014; Brusatte et al. 2015). Whereas diverse viruses 
have been reported and isolated in birds, it remains largely ob
scure how these viruses originated and diversified during the 
rise and evolution of birds.

Retroviruses have long been known to infect birds, as exem
plified by the landmark discovery of Rous sarcoma virus 
(RSV) more than 100 years ago (Rous 1911; Weiss and 
Vogt 2011). Yet, only tens of exogenous retroviruses 
(XRVs) have been characterized in birds, manly in the fowls. 
Among them, about 12 retroviruses have been formally classi
fied by the International Committee on Taxonomy of Viruses 

(ICTV) (Coffin et al. 2021). Therefore, our current knowledge 
on the diversity of retroviruses remains highly fragmental and 
biased in birds.

The replication of retroviruses requires reverse transcrip
tion and integration into host genomes. When retroviruses in
fect germ line cells, the integrated retroviruses can be 
transmitted vertically, passing on to offspring and becoming 
endogenous retroviruses (ERVs) (Stoye 2012; Johnson 2019; 
Zheng et al. 2022). ERVs thus partially record retroviral infec
tions that occurred in past and provide molecular fossils for 
studying the diversity and evolution of retroviruses as well 
as the evolution of interaction between retroviruses and their 
hosts (Stoye 2012; Johnson 2019; Zheng et al. 2022). ERVs 
have been found to be ubiquitously distributed in the genomes 
of vertebrates (Hayward et al. 2013; Hayward et al. 2015; Xu 
et al. 2018; Zheng et al. 2021; Chu et al. 2023; Wang and Han 
2023), but ERVs were analyzed only in the genomes of a very 
limited number of birds or certain groups (such as Darwin’s 
finches) of birds (Bolisetty et al. 2012; Cui et al. 2014; 
Hayward et al. 2015; Hill et al. 2022; Chen et al. 2024). 
The recent dense sequencing of bird genomes (Jarvis et al. 
2014; Feng et al. 2020; Stiller et al. 2024) provides opportun
ities to interrogate the origin, diversification, and evolution of 
retroviruses during the rise and evolution of birds.

In this study, we leveraged phylogenomic approaches to 
mine ERVs in the genomes of 758 bird species, covering 
97.5% of the orders of modern birds, and identified more 
than 470,000 ERVs. These ERVs greatly expand the diversity 
of retroviruses infecting or having infected birds. Our analyses 
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reveal that the evolution of retroviruses in birds is shaped by 
both coevolution and host switching. We reconstructed the 
possible evolutionary scenarios for many retroviral lineages. 
Moreover, we found that ERVs can mediate host genome re
arrangements, potentially shaping the genome evolution in 
birds. ERVs also captured diverse cellular genes, which might 
drive the evolution of the genome complexity of retroviruses. 
Together, these results provide a snapshot of the highly diverse 
and complex retrovirosphere in birds and have implications in 
understanding the evolution of bird–retrovirus interaction.

Results
A Highly Diverse and Complex Retrovirosphere in 
Birds
We used a similarity search and phylogenetic analysis com
bined approach (Xu et al. 2018; Zheng et al. 2021) to mine 
ERVs in the genomes of 758 birds, including Palaeognathae 
(6 orders, 20 species), Galloanserae (2 orders, 51 species), 
and Neoaves (31 orders, 687 species) (supplementary material 
dataset S1, Supplementary Material online). These birds cover 
∼97.50% of bird orders and ∼7.12% of bird species. We iden
tified a total of 478,274 ERVs, among which 38,720 are com
plete or nearly complete ERVs with canonical retrovirus genes 
(gag, pol, and env) and long terminal repeats (LTRs) flanking 
at their 5′- and 3′-termini. Due to difference in the quality of 
genome sequencing, these numbers should be taken with cau
tion. Nevertheless, our phylogenomic mining shows that 
ERVs are present in the genomes of all the birds analyzed in 
this study, which is consistent with the ubiquitous distribution 
of ERVs in vertebrates previously demonstrated through phy
logenomic analyses (Bolisetty et al. 2012; Hayward et al. 
2013; Cui et al. 2014; Hayward et al. 2015; Xu et al. 2018; 
Zheng et al. 2021; Hill et al. 2022; Chu et al. 2023; Wang 
and Han 2023; Chen et al. 2024).

To classify bird ERVs, we further identified ERVs that are 
phylogenetically closely related to bird ERVs or nest within 
the diversity of bird ERVs across the genomes of 1,371 verte
brates outside birds, including 446 mammals, 118 reptiles, 41 
amphibians, 2 lobe-finned fishes, 742 ray-finned fishes, and 13 
cartilaginous fishes (supplementary material dataset S2, 
Supplementary Material online). Phylogenetic analyses show 
that bird ERVs cluster into numerous groups of various size 
dispersed with ERVs from nonavian vertebrates (Fig. 1 and 
supplementary figs. S1 to S3, Supplementary Material online; 
see supplementary fig. S2, Supplementary Material online for 
several examples). Based on their phylogenetic relationship to 
retroviral genera and ERV classes, bird ERVs were broadly 
classified into seven major groups in this study, designated 
ERV-apha/beta-related-Aves (A/B for short), ERV-gamma- 
related-Aves (G), ERV-epsilon-related-Aves (E), ERV-ERV- 
L-related.1-Aves (L1), ERV-ERV-L-related.2-Aves (L2), 
ERV-ERV-L-related.3-Aves (L3), and ERV-spuma-related- 
Aves (S) (Fig. 1 and supplementary fig. S1, Supplementary 
Material online). The beta-like 1, beta-like 2, gamma, and 
SnRV-like clades of ERVs identified in Darwin’s finches 
were classified into A/B, A/B, G, and L1, respectively (Hill 
et al. 2022). Most of the bird ERVs lack known XRV counter
parts, indicating that the XRVs characterized in birds to date 
are highly underestimated or many XRVs have gone extinct al
ready. Bird ERVs can be classified into 145, 1,390, and 31,646 
clusters based on the reverse transcriptase (RT) amino acid 
identity (AAI) thresholds of 0.3, 0.5, and 0.7, respectively 

(Nayfach et al. 2021) (Fig. 2b). Rarefaction curves show 
that the number of ERV clusters based on the AAI thresholds 
of 0.5 and 0.7 increases monotonically with the number of 
bird genomes, whereas the number of ERV clusters based on 
the AAI threshold of 0.3 appears to be nearly saturated 
(Fig. 2b). The number of viral clusters varies greatly among 
different bird orders (supplementary fig. S4, Supplementary 
Material online). Together, our results reveal an unexpectedly 
diverse and complex retrovirosphere in birds.

We mapped the host distribution of complete ERVs across 
the bird phylogeny (Fig. 2a). While the S, L2, and L3 major 
group ERVs appear to be only sporadically present in the 
bird genomes, the A/B, G, E, and L1 major group ERVs 
were identified in a wide variety of birds (Fig. 2a). The number 
of complete ERVs varies among different bird orders (Fig. 2a), 
but the copy number should be taken with caution due to dif
ferent genome assembly qualities. Interestingly, the number of 
A/B, L1, and G major group ERVs seems to exhibit similar 
trends across the bird phylogeny. To statistically verify this 
pattern, we selected 91 avian species with a high genome as
sembly quality (scaffold N50 > 10 Mb and all at the chromo
some level) (supplementary table S1, Supplementary Material
online) and tested the correlation in copy number among 
ERVs of the A/B, L1, G, and E major groups. We found signifi
cant positive correlation between the A/B and the G major 
groups (Pearson’s r = 0.480, P-value = 1.73 × 10−6), between 
the L1 and the G major groups (Pearson’s r = 0.455, P-value = 
6.60 × 10−6), and between the L1 and the A/B major groups 
(Pearson’s r = 0.344, P-value = 8.87 × 10−4) (Fig. 2c). 
However, no significant correlation was observed between 
the number of complete ERVs and the N50 values, indicating 
genome assembly quality has limited impact in the number of 
complete ERVs detected. Moreover, no significant correlation 
was found between major groups E and A/B (Pearson’s 
r = 0.159, P-value = 0.13), L1 (Pearson’s r = 0.171, P-value = 
0.11), or G (Pearson’s r = 0.021, P-value = 0.84), further con
firming that the observed correction might be not attributed to 
genome assembly quality. Together, these results indicate that 
the A/B, G, and L1 major groups might have undergone ex
pansion and contraction in concert during the evolutionary 
course of birds.

Evolutionary Dynamics of ERVs in Birds
Upon the integration of an ERV into the host genome, its 5′- 
and 3′-LTRs are identical. Then, the two LTRs accumulate 
mutations independently. Therefore, the genetic distance be
tween 5′- and 3′-LTRs of an ERV can be used to estimate its 
integration time (Johnson 2019; Zheng et al. 2022). To ex
plore the evolutionary dynamics of ERVs in birds, we esti
mated the distance between 5′- and 3′-LTRs flanking a 
complete ERV. Overall, the activity of ERVs varies greatly 
among different bird species, even among closely related spe
cies within the same genus (Fig. 3b). For instance, ERV activity 
exhibits contrasting patterns in seven species pairs with high 
genome quality (scaffold N50 > 10 Mb), each of which belong 
to the same genus (Ammodramus caudacutus vs. A. savanna
rum pratensis, Melospiza georgiana and M. melodia, 
Amazona collaria vs. A. aestiva, Spheniscus humboldti vs. 
S. demersus, Falco naumanni vs. F. tinnunculus, Accipiter 
gentilis vs. A. cirrocephalus, and Anser cygnoides vs. 
A. indicus). In these species pairs, the LTR–LTR distance dis
tribution indicates that ERVs are actively proliferating in one 
species, but not in the other (Fig. 3b). The LTR–LTR distance 
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distribution largely follows power law, indicating that new 
ERVs are frequently generated, and meanwhile, older ERVs 
are removed from the host genome through recombination be
tween LTRs or degradation due to mutations (Fig. 3; see 
supplementary fig. S5, Supplementary Material online for dis
tribution at the species level). We also observed recent activity 
of ERVs across the bird phylogeny (Fig. 3a and supplementary 
fig. S5, Supplementary Material online). The LTR–LTR dis
tance for ∼6.58% of complete ERVs is equal to 0, and the 
peak of LTR–LTR distance distribution for the majority of 

avian orders also lies at 0 (examples are shown in Fig. 3c), sug
gesting that many retroviruses might be circulating or have 
been circulating very recently in birds. However, the estima
tion of integration time based on LTR–LTR distance comes 
with caveats: (i) Recombination between ERVs influences 
the calculation of LTR–LTR distance (Zheng et al. 2022). 
Therefore, all recombinational ERVs were excluded for 
LTR–LTR distance analyses in this study. (ii) The actual mu
tation rate of ERVs may be different from the mutation rate 
of hosts (Zheng et al. 2022), and mutation rates also vary 

Fig. 1. The diversity of ERVs in birds. The phylogenetic relationship of representative ERVs from birds and nonavian vertebrates was reconstructed 
based on RT protein sequences and rooted with Odin retrotransposons and lokiretroviruses as outgroups. The inner circle indicates the host distribution of 
ERVs, the middle circle represents the classification of bird ERVs defined in this study, and the outer circle represents the traditional ERV classification. 
Representative retroviruses were specified, and their abbreviations are provided in supplementary table S4, Supplementary Material online. Bird ERVs are 
labeled using filled circles. Ultrafast bootstrap values are shown as a gradient and shown near the selected nodes. The full, detailed tree is provided in 
supplementary fig. S1, Supplementary Material online.
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across host species (Zhang et al. 2014). Therefore, we directly 
compared LTR–LTR distance rather than converting it to time. 
Together, our results reveal a highly lineage- or species-specific 
activity of ERVs during the evolution of birds, which can ex
plain the variation in ERV copy number across birds (Fig. 2a).

Bursts of ERV Activity in Passeriformes
Our initial analyses indicate that birds of the Passeriformes order 
seem to host an overall higher number of ERVs than other birds 
(Fig. 2a), which is consistent with the recent research (Cui et al. 
2014). Further analyses confirm that Passeriformes birds harbor 
a significantly higher number of complete ERVs than 
non-Passeriformes birds (P < 2.2e−16, Mann–Whitney U test) 
(supplementary fig. S6a, Supplementary Material online) and 
birds of other orders (P = 3.11×e−11 for comparing with 
Accipitriformes; P = 3.27×e−14 for Psittaciformes; P < 2.2×e−16 

for Charadriiformes; Mann–Whitney U test) (Fig. 4a). Within 
Passeriformes, the number of complete ERVs also varies greatly 
among different families (P = 9 × 10−3, Kruskal–Wallis test) 
(supplementary fig. S6b and c, Supplementary Material online). 

The families with higher ERV number are dispersed across the 
Passeriformes phylogeny, revealing that bursts of ERV activity 
are lineage-specific. We then analyzed the evolutionary dynam
ics of ERVs within one species from each of the top four families 
with the highest number of complete ERVs (Fig. 4c). Within 
each species, we observed several independent amplifications 
of ERVs that pertain to different viral lineages (Fig. 4d-g). 
Therefore, ERVs in these four Passeriformes species are not de
rived from a single ancient retrovirus invasion, but from inde
pendent integration and amplification of multiple retroviruses. 
The invasion of ERVs into the genomes of these four species ap
pears to be ongoing (Fig. 4c to g).

Origins and Evolution of Retroviruses in Birds
Two evolutionary scenarios for the origins of retroviruses in 
birds could be conceived: (i) retroviruses were circulating in 
the progenitor of modern birds and become long associated 
with their bird hosts and (ii) retroviruses infect birds through 
subsequent cross-species transmission after the rise of modern 
birds. Our phylogenetic analyses show that bird ERVs and 

(c)

(b)(a)

Fig. 2. The distribution of complete ERVs in birds. a) The distribution of complete ERVs in birds at the order level. The bird phylogeny is based on the 
studies (Avise and Walker 1998; Amaral et al. 2006; Brumfield et al. 2008; Jiang 2019; Pan et al. 2019; Feng et al. 2020; Cuevas-Caballé et al. 2022; Wilcox 
et al. 2022; Zhao et al. 2023). The number of species and the number of complete ERVs from different major groups are shown. b) The rarefaction curve of 
ERVs in birds based on RT AAI thresholds of 0.3, 0.5, and 0.7. 95% CIs are shown in shadow. c) The correlation in copy number among four ERV major 
groups, namely ERV-A/B, E, G, and L1. The number in the box represents the correlation coefficient (Pearson’s r). The asterisks indicate significance 
levels: *** represents P-value < 0.001; ** represents P-value < 0.01; and * represents P-value < 0.05.
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(a)

(c)

(b)

Fig. 3. The evolutionary dynamics of ERVs in birds. a) The distribution of LTR–LTR distance of complete ERVs in birds at the level of orders. The bird 
phylogeny is based on the studies (Avise and Walker 1998; Amaral et al. 2006; Brumfield et al. 2008; Jiang 2019; Pan et al. 2019; Feng et al. 2020; 
Cuevas-Caballé et al. 2022; Wilcox et al. 2022; Zhao et al. 2023). The gradient represents the proportion of ERVs (0% to 100%) in the corresponding LTR– 
LTR distance interval for a given bird order. b) The distribution of LTR–LTR distance of ERVs for species pairs from seven bird genera. c) The distribution of 
LTR–LTR distance of ERVs for eight representative bird orders. The orders are highlighted in a) in colors.
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retroviruses from nonavian vertebrates exhibit complex mix
ing (Figs. 1 and 5a), suggesting that retroviruses infecting birds 
might have numerous independent origins. Based on phylo
genetic analysis, we further classified the majority of avian 
ERVs (∼99.08% of ERVs and ∼95% of complete ERVs) 
into 61 groups (Fig. 5a). We identified orthologous ERV inser
tions across the bird phylogeny, which reveals in the last com
mon ancestor of which species ERVs integrated, providing the 
minimum estimate for the age of a certain ERV group 
(supplementary table S3, Supplementary Material online). 

For seven groups (groups 5, 7, 14, 25, 28, 41, and 48), orthol
ogous ERV insertions were identified in species from both 
Neognathae and Palaeognathae. For three groups (groups 
55, 56, and 57), statistically significant congruence was ob
served between ERV and host phylogenies across the whole 
bird phylogeny at the level of order (supplementary table S2
and supplementary fig. S7, Supplementary Material online). 
With the exception of groups 5, 55, and 57, all the other 
groups were identified in over 80% of avian orders (Fig. 5b). 
These results indicate that at least 10 ERV groups might 

(a) (b)
(c)

(d) (e) (f) (g)

Fig. 4. The evolutionary dynamics of ERVs in Passeriformes. a) The comparison of the number of complete ERVs from Passeriformes, 
Accipitriformes, Falconiformes, Psittaciformes, and Charadriiformes. Dots indicate the numbers of ERVs in a species. The asterisks *** represents 
P-value < 0.001. b) The distribution of LTR–LTR distance of ERVs in Passeriformes. c) The distribution of LTR–LTR distance of ERVs from four species, 
which is indicated in the phylogeny of Passeriformes. The curves fitting of Gaussian mixture models are also shown. The phylogenetic trees of ERVs and 
the distribution of LTR–LTR distance of specific ERV clades are shown for Prinia subflava (d), Setophaga petechia (e), Eopsaltria australis (f), and Hirundo 
rustica rustica (g). The phylogenetic tree was reconstructed based on the full-length sequences of ERVs. The ultrafast bootstrap values are shown near 
the selected nodes. The LTR–LTR distance distribution of specific ERV clades along with the curve fitting of Gaussian mixture models are shown.
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have been circulating at least before the last common ancestor 
of modern birds and have long coevolved with birds. In add
ition, we identified orthologous insertions in species across 
Neognathae for groups 1 and 3 and across Neoaves for groups 
29, 30, and 49, indicating that these groups originated deep in 
the bird evolution, namely before the last common ancestor of 

Neognathae and Neoaves, respectively (Fig. 5b and 
supplementary table S3, Supplementary Material online). 
ERVs of all these ancient groups account for ∼94.22% com
plete ERVs in birds, and notably ∼91.36% of complete 
ERVs belong to groups 3, 7, 25, and 28. Interestingly, we 
found that many of these ancient ERV groups (for example, 

(a)

(b)

(c)

Fig. 5. Origins of retroviruses in birds. a) The phylogenetic tree of ERVs from birds and nonavian vertebrates, which is the same as Fig. 1. Groups and 
classification defined in this study are indicated. G is the abbreviation for Group. The full, detailed tree is provided in supplementary fig. S1, Supplementary 
Material online. b) Host distribution of different ERVs groups. The minimum time (indicated as the time to the last common ancestors of corresponding 
bird groups) was shown for specific ERV groups along the bird phylogeny. The minimum time for ERV groups in filled and empty squares was inferred 
based on orthologous ERV insertions and on virus–host coevolution, respectively. Phylogenetic congruence tests and orthologous ERV insertions are 
provided in supplementary tables S2 and S3, Supplementary Material online. The pie chart indicates the proportion of complete ERVs from a specific 
group in all the complete ERVs from birds. The heatmap on the right shows the host range of different ERV groups at the level of bird orders. The gradient 
indicates the proportion of species with a specific ERV group in a specific bird order. c) The distribution of LTR–LTR distance in certain ERV groups. The 
colors are the same as those in the pie chart of b).
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groups 3, 7, 25, and 28) are still or have been recently ampli
fying within the bird genomes (Fig. 5c). Together, our results 
suggest that the majority of ERVs in birds are derived from ret
roviruses that infected the progenitor of modern birds.

Retroviruses can infect birds through cross-species trans
mission after the rise of modern birds. The host distribution 
shows that 27 groups are only sporadically present in certain 
bird lineages, covering <15% of the bird orders (Fig. 5b), and 
some nest within the diversity of retroviruses from nonavian 
vertebrates (mostly reptiles or mammals). For instance, group 
6 exhibits a closer phylogenetic relationship to reptilian ERVs, 
while group 27 is more closely related to rodent ERVs, and 
group 8 shows a closer affinity to ERVs from various mamma
lian species (supplementary fig. S1, Supplementary Material
online). These findings suggest that the groups likely origi
nated through cross-species transmission of retroviruses 
from other nonavian vertebrates. However, it is challenging 
to reconstruct the exact evolutionary history for many bird 
retrovirus lineages due to incomplete sampling of species out
side birds. Nevertheless, our analyses indicate that both co
evolution and cross-species transmission shape the diversity 
and evolution of retroviruses in birds.

Birds Act as a Source for Retrovirus Transmission
Interestingly, we also found some ERVs from nonavian verte
brates fall within the diversity of bird ERVs. We deciphered 
the evolutionary history for three ERV groups (groups 10, 
14, and 25) (supplementary fig. S8, Supplementary Material
online). For all the three groups, ERVs from nonavian source 
(carnivores, turtles, and monotremes) fall within the diversity 
of bird ERVs, indicating that these nonavian retroviruses 
might have arisen through cross-species transmission from 
birds. A single cross-species transmission event from birds to 
carnivores can be inferred for group 10. For group 14, at least 
two cross-species transmission events from birds to turtles 
might have taken place. The evolutionary history for group 
25 is complex, involving multiple cross-species transmission 
from birds to turtles, carnivores, and monotremes. However, 
the actual scenarios may be more complex, because the ge
nomes of relevant host species might not be sequenced, or rele
vant retroviruses might not form endogenous counterparts. 
Nevertheless, our study suggests that birds may act as source 
for retrovirus transmission to nonavian vertebrates.

ERVs Mediated Genome Rearrangements in Birds
ERVs have the potential to mediate genome rearrangements 
through recombination between ERVs at distant loci 
(Hughes and Coffin 2001 ). Because it is technically challen
ging to identify recombination through phylogenetic analysis 
of LTRs from such a large number of ERVs, we first clustered 
LTRs based on their sequence identity. We identified at least 
3,044 ERVs whose LTRs belong to different sequence clusters, 
which might be generated through recombination between 
ERVs at different loci. It should be noted that this method is 
conservative because recombination between ERVs with 
high sequence identity could be overlooked. We then validated 
recombination events through RDP4 (Martin et al. 2020) and 
discordant target site duplication (TSD). Together, we identi
fied recombination signals in 998 ERVs (supplementary table 
S5, Supplementary Material online). These ERVs were distrib
uted in 118 bird species that belong to 18 out of 39 orders. 
Interestingly, we identified recombination events that 

occurred during the evolutionary course of Accipiter (before 
the last common ancestor of A. gentilis and A. melanochl
amys) and Buteo (before the last common ancestor of B. lago
pus, B. japonicus, B. lineatus, and B. regalis). The resulted 
genome rearrangements have been maintained for millions 
of years (supplementary fig. S9, Supplementary Material on
line) (Kumar et al. 2022). All these results suggest that recom
bination occurred between ERVs, which can mediate genome 
rearrangements in birds, potentially facilitating the evolution 
of bird genome complexity.

ERVs Captured Diverse Cellular Genes
Retroviruses typically encode three proteins, namely Gag, Pol, 
and Env, and some retroviruses also possess dUTPase (Hizi 
and Herzig 2015). Interestingly, we identified 107 host-related 
domains in 254 ERVs from 121 bird species, including cold- 
shock domain (CSD) (accession no. pfam00313), major facili
tator superfamily (accession no. cl28910), and chromosome 
segregation ATPase (accession no. cl34174). The host-related 
domains were integrated at different locations within the 
retrovirus genomes (Fig. 6 and supplementary table S6, 
Supplementary Material online). Based on phylogenetic ana
lysis of RT proteins, these ERVs belong to ERV-A/B, 
ERV-G, and ERV-L major groups. Interestingly, some ERVs 
that carry a common host-related domain belong to different 
major groups. For example, 46 ERVs encode CSD, but these 
ERVs belong to ERV-A/B or ERV-G major groups, and their 
positions also vary among different ERVs (Fig. 6a and c and 
supplementary table S6, Supplementary Material online). 
Phylogenetic analysis of CSD sequences shows that CSDs 
were captured by retroviruses multiple times (supplementary 
fig. S10, Supplementary Material online). Similarly, seven 
transmembrane G protein-coupled receptors superfamily 
(7mt_GPCRs) (accession no. cl28897) encoded by ERVs 
from diverse birds clustered into multiple lineages, suggesting 
that it was repeatedly acquired during the evolution of retro
viruses in birds (supplementary fig. S10, Supplementary 
Material online). Together, our results suggest that bird retro
viruses occasionally capture cellular genes.

Discussion
Meta-transcriptomic studies have facilitated virus discovery, 
reframing our understanding of the diversity and evolution of 
viruses (Shi et al. 2016, 2018; Harvey and Holmes 2022). 
However, retroviruses have been routinely excluded in 
meta-transcriptomic studies, mainly because it is technically 
challenging to distinguish XRVs and expressed ERVs, and the 
significance of ERVs has been unappreciated. On the contrary, 
ERVs document past retroviral infections, providing molecular 
fossils for interrogating the diversity and evolution of retroviruses 
and their relationship to their hosts (Stoye 2012; Johnson 2019; 
Zheng et al. 2022). In this study, we performed phylogenomic 
mining of ERVs in the genomes of 758 birds that cover 
97.50% of bird orders and 7.12% of bird species. Birds were pre
viously thought to harbor limited diversity of retroviruses, with 
only 12 retroviruses in birds officially recognized by the ICTV 
that belong to Alpharetrovirus or Gammaretrovirus (Coffin 
et al. 2021). All the nine viral species within Alpharetrovirus ex
clusively infect birds, including avian leucosis virus and RSV, 
which can cause immunosuppression, growth retardation, and 
tumorigenesis, leading to significant economic losses (Fandiño 
et al. 2023). Recent studies with a limited number of birds or 
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certain groups of birds (such as Darwin’s finches) suggest that 
birds might host diverse ERVs related to Alpharetrovirus, 
Betaretrovirus, Gammaretrovirus, Epsilonretrovirus, ERV-L, 
and Spumaretrovirinae (Bolisetty et al. 2012; Cui et al. 2014; 
Hill et al. 2022; Zheng et al. 2022). Our analyses further reveal 
that bird ERVs cluster into numerous distinct groups, greatly 

expanding the diversity of retroviruses associated with birds. 
Many ERVs lack XRV counterparts, suggesting that the diversity 
of XRVs might be highly underestimated in birds, which is con
sistent with the finding that at least 76 retroviruses are invading 
the bird genomes (Wang and Han 2023). The possibility that 
some XRVs have gone extinct already cannot be excluded. 

(a) (b)

(c)

(d)

Fig. 6. Host-related domains in bird ERVs. a) The type and number of host-related domains identified in avian ERVs, with only those having a count >1 
displayed. b) The host distribution of CSD (including ribosomal protein S1-like RNA-binding domain (S1_like) [accession no. cl09927]) and 7mt_GPCRs 
(including 7tmA_OR14-like [accession no. cd15227]). c) Genomic structure and open reading frames (ORFs) of representative avian ERVs with CSD or 
7mt_GPCRs domains. d) Genomic structure and ORFs of representative avian ERVs with host-related domains.
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One caveat is that some, if any, ERVs identified in this study 
might be XRVs. However, the overall likelihood that an XRV in
tegrated into the genome of an individual and the individual was 
sequenced is very low. Nevertheless, our pan-Aves phylogenomic 
mining reveals a diverse and complex retrovirosphere in birds.

The activity of ERVs varies greatly among bird species, lead
ing to extensive variation in ERV copy number among bird 
species. We also observed recent bursts of ERV activity in 
Passeriformes, which were resulted from independent integra
tion and amplification of diverse retroviruses in Passeriformes. 
The invasion of ERVs appears to be ongoing in many species 
within the Passeriformes order and perhaps across birds (Figs. 
2 and 3) (Wang and Han 2023). The amplification of multiple 
ERV lineages within small time intervals in the Passeriformes 
order and the amplification of ERVs of different clades in con
cert across birds might be attributed to host biology rather 
than retroviruses themselves. Nevertheless, our results reveal 
the highly dynamic and lineage-specific nature of ERV activity 
in birds, as observed in mammals (Tarlinton et al. 2006; Anai 
et al. 2012; Elleder et al. 2012; Tsangaras et al. 2015; Blyton 
et al. 2022).

Bird ERVs and retroviruses from nonavian vertebrates ex
hibit extremely complex phylogenetic mixing. We conclude 
that both coevolution and cross-species transmission shaped 
the origins and evolution of retroviruses in birds. Our analyses 
indicate at least 10 ERV groups originated before the last com
mon ancestor of birds. It should be noted that establishing or
thologous ERV insertions might be conservative, because 
ERVs evolved rapidly, and thus, the number of ancient ERV 
groups was underestimated. Nevertheless, the activity of these 
ancient ERV groups contributed to the majority of ERVs in 
the bird genomes. Moreover, we found a small portion of 
ERVs can undergo cross-species transmission between birds 
and nonavian vertebrates, which might be relevant to zoo
noses in the wild. However, ERVs identified in this study re
present only a subset of XRV that circulated or are 
circulating in by birds, and actual transmission is likely 
more complex.

Mutations frequently occur in ERVs, leading to their deg
radation. However, recent studies report numerous cases of 
cooption of ERV genes or regulatory sequences implicated in 
diverse cellular processes (Stoye 2012; Chuong et al. 2016; 
Wang and Han 2020; Frank et al. 2022; Zheng et al. 2022). 
In this study, we found evidence for recombination between 
ERVs at different loci, which can mediate genome rearrange
ments (Hughes and Coffin 2001). In some cases, the genome 
arrangement mediated by ERV recombination has been main
tained for a long time, indicating putative beneficial effects. It 
should be noted that the method we used to identify recombin
ation between ERVs is rather conservative. Thus, genome re
arrangements medicated by recombination between ERVs 
might be much more prevalent during the evolution of birds.

It is long been appreciated that many retroviruses can ac
quire oncogenes that stimulate cell growth or division to in
duce cancers from their hosts, for example, src gene in RSV 
(Stehelin et al. 1976). On the one hand, the host-related do
mains or proteins identified in this study provide a list of puta
tive oncogenes. Several domains are associated with known 
protooncogenes, such as ETS_PEA3_N, and some are relevant 
to cell cycle regulation, such as smc and RING-H2_TRAIP. 
On the other hand, several domains were acquired conver
gently, such as CSDs that function in posttranscriptional 
gene regulation (Mihailovich et al. 2010). Convergent 

evolution has long been taken as evidence of adaptation 
(Losos 2011). It follows that convergent acquisition of these 
host-related domains might contribute to the proliferation 
and infection of retroviruses, regardless of the host fitness. 
Together, the capture of cellular genes likely further compli
cates the interaction of retroviruses and their bird hosts.

Materials and Methods
ERV Identification
The bird genomes used in this study were retrieved from NCBI 
genome resources (https://www.ncbi.nlm.nih.gov/genome/). A 
total of 758 bird species were analyzed, including 
Palaeognathae (6 orders, 20 species), Galloanserae (2 order, 
51 species), and Neoaves (31 orders, 687 species) (supplemen
tary material dataset S1, Supplementary Material online). We 
used a similarity search and phylogenetic analysis combined 
approach (Xu et al. 2018; Zheng et al. 2021) to mine ERVs. 
Briefly, we first used the tBLASTn algorithm to search RT ho
mologs in the bird genomes with RT sequences of representa
tive retroviruses as queries and an e-value threshold of 10−5. 
Significant hits with a length of >150 amino acids were re
trieved. Because RT sequences of retroviruses and retrotrans
posons share detectable sequence similarity, we performed 
phylogenetic analyses of significant hits and RT sequences of 
representative retroviruses and retrotransposons (Xu et al. 
2018; Zheng et al. 2021; Wang and Han 2023). Significant 
hits that cluster within the diversity of retroviruses were retro
viruses and retrieved. RT sequences were aligned using 
MAFFT 7.505 (Katoh and Standley 2013) and refined using 
trimAl v1.4 (Capella-Gutiérrez et al. 2009). Large-scale phylo
genetic analyses were performed using the approximate max
imum likelihood method implemented in FastTree 2.1.10 
(Price et al. 2010). Each identified ERV was defined as a sep
arate ERV.

To mine complete or nearly complete ERVs, LTRs were 
identified using LTRharvest (Ellinghaus et al. 2008). Bird ge
nomes with a scaffold N50 value of <10 kb and a genome 
size of <0.9 Gb were excluded due to their low sequencing 
quality (Feng et al. 2020). A total of 732 birds from 38 orders 
were used to mine complete ERVs. ERVs were identified 
through phylogenetic analysis of RT proteins as aforemen
tioned. ERV genomes were annotated using CD-search 
(Wang et al. 2023) and the BLASTp algorithm. We defined 
complete ERVs as ERVs with canonical retrovirus genes 
(gag, pol, and env) and LTRs flanking at their 5’- and 
3’-termini.

ERV Classification
To classify bird ERVs and explore the origins of bird ERVs, we 
also mined ERVs in the genome of 1,371 vertebrates outside 
birds, including 446 mammals, 118 reptiles, 41 amphibians, 
2 lobe-finned fishes, 742 ray-finned fishes, and 13 cartilaginous 
fishes (supplementary material dataset S2, Supplementary 
Material online). We defined nonavian vertebrate ERVs that 
cluster with avian ERVs as the “closely related” ERVs, and 
these ERVs were retrieved for further analyses. Then, we per
formed phylogenetic analysis of representative RT sequences 
of bird ERV, ERVs from nonavian vertebrates, and XRVs. 
RT sequences were aligned using MAFFT (Katoh and 
Standley 2013) with the L-INS-i strategy. Alignments were re
fined using trimAl (Capella-Gutiérrez et al. 2009). Phylogenetic 
analyses were performed using the maximum likelihood 
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method implemented in IQ-tree 2 (Minh et al. 2020). 
ModelFinder was used to select the best amino acid model 
(Kalyaanamoorthy et al. 2017). The ultrafast bootstrap ap
proximation (UFBoot) with 1,000 replicates was used to assess 
the support for nodes (Minh et al. 2013; Hoang et al. 2018). 
We identified ERV groups with UFBoot values of >70% and 
the number of host species of >2.

Correlation Analysis of ERV Groups
To explore the correlation among ERVs from different 
groups, we analyzed the number of complete ERVs for 91 
bird species with genome assembly at the chromosome level 
and a scaffold N50 value of >10 Mb (supplementary table 
S1, Supplementary Material online). The correlation among 
the copy number of ERVs of different major groups was ana
lyzed using the phylogenetically independent contrast method 
implemented in the ape package (Paradis and Schliep 2019).

ERV Clustering
MMseqs2 (Steinegger and Söding 2017) was used to cluster 
the RT sequences of ERVs into clusters based on their AAI 
threshold of 0.3, 0.5 and 0.7, with the e-value threshold of 
10−5 and the coverage model of 5, which ensures that the cov
ered region of the shorter sequence is entirely covered by the 
longer sequence.

Evolutionary Dynamics of ERVs
We estimated the genetic distance between 5’- and 3’-LTRs 
flanking a complete ERV, which reflects its integration time 
(Johnson 2019; Zheng et al. 2022). Phylogenetic analyses of 
LTRs from complete ERVs were performed, and only 5’- 
and 3’-LTRs that cluster together were used for analyses. 
LTRs were aligned using MAFFT (Katoh and Standley 
2013). Genetic distance of 5’- and 3’-LTRs flanking a com
plete ERV was calculated using Kimura two-parameter substi
tution model (Kimura 1980).

Congruence Test Between ERV and Bird 
Phylogenies
Jane 4 (Conow et al. 2010) was used to compare the congru
ence between avian ERVs and phylogeny at order level. The 
cost values for cospeciation, duplication, duplication with 
host switch, loss, and failure to diverge were set at 0, 1, 2, 1, 
and 1, respectively (Zheng et al. 2021). P-values were esti
mated using random parasite tree and random tip mapping 
methods with a sample size of 50.

Identification of Orthologous ERV Insertions
To determine the minimum insertion time of bird ERVs, we re
trieved the 1,000-bp sequences flanking complete ERVs with
in each group and performed similarity search against the 
whole genomes of one species from different orders using 
BLASTn with the flanking sequences and LTRs as queries, 
an e-value threshold of 10−5, and a coverage threshold of 
50%. Within 10,000-bp regions spanning both upstream 
and downstream of each significant hit of flanking sequences, 
we used tBLASTn to identify RT proteins. We then performed 
phylogenetic analysis of the identified RT proteins and repre
sentative bird ERVs. If RT proteins that share homologous 
flanking sequences cluster together or LTRs and their flanking 
regions are homologous within the same group, they are 

orthologous ERV insertions. We used MAFFT 7.505 (Katoh 
and Standley 2013) to align the sequences and FastTree 
2.1.10 (Price et al. 2010) to perform phylogenetic analyses.

Recombination Analysis of ERVs
LTRs of complete ERVs were first subject to all-to-all BLASTn 
with an e-value threshold of 10−5. Clustering analysis was 
then performed using the Markov clustering algorithm 
(Dongen 2008) based on the e-values of BLASTn with infla
tion of 2. Clusters with only one sequence were excluded for 
further analyses. Putative recombination was detected when 
two LTRs of an ERV do not cluster together. Recombinant 
ERVs were further confirmed using RDP4 (Martin et al. 
2020) and discordant TSD. To reconstruct phylogenetic rela
tionship of LTRs, target LTRs were searched against all the 
bird genomes using BLASTn. LTRs were aligned using 
MAFFT with the L-INS-i strategy (Katoh and Standley 
2013). Phylogenetic analysis was performed using IQ-tree 2 
as aforementioned (Minh et al. 2020).

Identification of Host-Related Domains in ERVs
All the complete bird ERVs were annotated using CD-search 
(Wang et al. 2023) and HMMER 3.3 (Potter et al. 2018). 
We also investigated the source of certain cellular domains. 
The domain sequences were retrieved from the Pfam 
(Paysan-Lafosse et al. 2023) and nonredundant protein se
quence (nr) databases. Domain sequences were aligned using 
MAFFT (Katoh and Standley 2013). Phylogenetic analyses 
were performed using the approximate maximum likelihood 
method implemented in FastTree (Price et al. 2010).

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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