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ABSTRACT Retroviruses are widely distributed in all vertebrates, as are their endoge-
nous forms, endogenous retroviruses (ERV), which serve as “fossil” evidence to trace the
ancient origins and history of virus-host interactions over millions of years. The retroviral
envelope (Env) plays a significant role in host range determination, but major informa-
tion on their genetic diversification and evolution in anamniotes is lacking. Here, by
incorporating multiple-round in silico similarity search and phylogenomic analysis, more
than 30,000 copies of ERV lineages with gamma-type Env (GTE), covalently associated
Env, were discovered by searching against all fish and amphibian genomes and tran-
scriptomic assemblies, but no beta-type Env (BTE), noncovalently associated Env, was
found. Furthermore, a nine-type classification system of anamniote GTE was proposed
by combining phylogenetic and domain/motif analyses. The elastic genomic organiza-
tion and overall phylogenetic incongruence between anamniotic Env and its neighbor-
ing polymerase (Pol) implied that early retroviral diversification in anamniotic vertebrates
was facilitated by frequent recombination. At last, host cellular opioid growth factor re-
ceptor (OGFr) gene capturing by anamniotic ERVs with GTE was reported for the first
time. Overall, our findings overturn traditional Pol genotyping and reveal a complex ev-
olutionary history of anamniotic retroviruses inferred by Env evolution.

IMPORTANCE Although the retroviral envelope (Env) protein in amniotes has been
well studied, its evolutionary history in anamniotic vertebrates is ambiguous. By ana-
lyzing more than 30,000 copies of ERV lineages with gamma-type Env (GTE) in anam-
niotes, several important evolutionary features were identified. First, GTE was found
to be widely distributed among different amphibians and fish. Second, nine types of
GTE were discovered and defined, revealing their great genetic diversity. Third, the
incongruence between the Env and Pol phylogenies suggested that frequent recom-
bination shaped the early evolution of anamniote retroviruses. Fourth, an ancient
horizontal gene transfer event was discovered from anamniotes to ERVs with GTE.
These findings reveal a complex evolution pattern for retroviral Env in anamniotes.

KEYWORDS gamma-type envelope, endogenous retrovirus, expressed retroviruses,
evolution, recombination, opioid growth factor receptor, anamniote

etroviruses (RVs) (family Retroviridae), which were first discovered more than a hun-

dred years ago (1), are medically and economically important because some are
associated with severe infectious diseases, cancer, and immunodeficiency (2-4). RVs
occasionally integrate into the germ line of the host and become endogenous retrovi-
ruses (ERVs), which serve as historical genomic “fossils” for investigating viral origins
and the history of virus-host interactions over millions of years (5, 6). Due to the
increasing number of sequenced vertebrate genomes, numerous ERVs have been
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uncovered, and some of these ERVs are distinct from the current exogenous RVs, as
reflected by their genomic structure and sequence similarity, which indicates the an-
cient origin and long-term evolution of RVs (5).

Typical RVs contain three major protein-coding genes: group-specific antigen (gag),
polymerase (pol), and envelope (env) genes. For the phylogenetic reconstruction of ret-
roviral lineages, well-conserved Pol protein sequences, particularly the reverse tran-
scriptase (RT) domain, are typically used, which allows the alignment of multiple ERVs
or exogenous RVs from various vertebrates and can thus be used to infer the deep evo-
lutionary history of RVs as a whole (7). Based on the RT phylogeny, ERVs can be classi-
fied into three broad classes: (i) class I, which is related to epsilonretroviruses and gam-
maretroviruses (GVs); (ii) class Il, which is related to deltaretroviruses, lentiretroviruses,
betaretroviruses, and alpharetroviruses (AVs); and (iii) class Ill, which is related to spu-
maretroviruses (8). Although an analysis based solely on Pol or RT has a distinct
advantage, it also has a clear disadvantage in that it ignores many fine distinctions in
other regions (such as Env) of genomes among viruses (9-11).

env, the encoded protein of which mediates entry into the host cell and thus deter-
mines the host range (11), exhibits markedly higher variability than pol. This gene enc-
odes two subunits: the surface subunit (SU) and the transmembrane fusion subunit
(TM). While SU is the most variable region of the genome, TM is relatively well con-
served across many RVs (11-13). Env can be divided into two major types: covalently
associated (gamma-type Env [GTE]) and noncovalently associated (beta-type Env [BTE])
(12). These types can be readily distinguished by sequence similarity and the presence
or absence of two regions: the immunosuppressive domain (ISD) and the CX6CC motif.
A GTE variant from an alpharetrovirus (GTE-AV), which has an internal fusion peptide
(FP) flanked by a pair of cysteines, has also been well characterized (11). BTEs are typi-
cally harbored by betaretroviruses and lentiviruses and can be found only in mammals
(12). In contrast, GTEs are harbored by gammaretroviruses, deltaretroviruses, alphare-
troviruses, and betaretroviruses (recombinant RVs, including Mason-Pfizer monkey vi-
rus [MPMV] and simian retrovirus [SRV]) and can be found in all five major classes of
vertebrates (fishes, amphibians, reptiles, birds, and mammals) (9-11, 14, 15).

Although a substantial number of RVs-GTE (retroviruses with a gamma-type Env)
have been identified across the evolutionary history of vertebrates (14, 16-18), these ret-
roviruses in anamniote vertebrates remain poorly understood. Hence, in this study, by
incorporating genomic and transcriptomic data and performing comprehensive phylo-
genomic analyses, we were able to identify hundreds of RV-GTE lineages, which signifi-
cantly increased the known set of RVs-GTE in anamniote vertebrates. Most importantly,
by combining phylogenetic and genomic structure characterization, we uncovered the
structural complexity and phylogenetic diversity of GTEs and redefined the classification
of Env. Additionally, some unique evolutionary features were revealed, which signifi-
cantly increased our understanding of the diversity and evolution of RVs.

RESULTS

Identification of ERVs-GTE, ERVs-BTE, expressed RVs-GTE, and expressed RVs-
BTE in amphibians and fish. To systematically identify ERVs-GTE (endogenous retrovi-
ruses with gamma-type Env) and ERVs-BTE (endogenous retroviruses with beta-type
Env), all 974 available fish and 19 amphibian genomes (see Table S1 at figshare [https://
doi.org/10.6084/m9.figshare.19235721.v2]) were screened using a combined multiple-
round similarity searching approach (Fig. 1). First, host genomes were screened to detect
ERVs-GTE and ERVs-BTE using tBLASTn, and all Env sequences of representative RVs-GTE
and RVs-BTE (see Table S2 at figshare [https://doi.org/10.6084/m9.figshare.19235721.v2]),
which included the vast majority of exogenous and endogenous RVs-GTE and RVs-BTE,
were used as queries. Second, the significant hits were concatenated based on the host
genomic location and alignment positions with reference RV proteins. These concaten-
ated proteins were then further confirmed using phylogeny, and only sequences that
clustered with RVs-GTE or RVs-BTE were included. Third, the same genomes were sub-
jected to a second round of screening by tBLASTn using the confirmed concatenated
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FIG 1 Schematic diagram of the pipeline to identify ERVs-GTE and ERVs-BTE. First, host genomes were
screened to detect ERVs-GTE and ERVs-BTE using tBLASTn, and all reference GTE and BTE sequences were
used as queries. Second, the significant hits were concatenated based on the host genomic location and
alignment positions with reference proteins. Then, these concatenated proteins were further confirmed
using phylogeny, and only sequences that clustered with GTE or BTE were included. Third, the same
genomes were subjected to a second round of screening by tBLASTn using the confirmed concatenated
protein sequences of Env. Fourth, the significant hits which were also confirmed by phylogeny were
extended to identify the full-length genome and classified into different lineages based on sequence
similarity. Finally, the full-length viral genomes of each lineage were used as queries for a BLASTn search

against the genome to determine the copies of each lineage.
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Env protein sequences. Fourth, the significant hits that were also confirmed by phylog-
eny were extended to identify the full-length genome and classified into different line-
ages based on sequence similarity. Finally, the full-length viral genomes of each lineage
were used as queries in a BLASTn search against the genome to determine the copies of
each lineage (detailed in Materials and Methods). This analysis led to the discovery of
37,552 copies of ERV lineages with GTE in 37 vertebrate species, including 13 amphib-
ians, 18 ray-finned fish, and 6 cartilaginous fish, and no ERVs-BTE were found, which was
consistent with the results of previous research showing that noncovalently associated
Env (beta-type Env) could be found only in mammals (12) (see Data Set S1 at figshare
[https://doi.org/10.6084/m9.figshare.19235727.v1]). These retroviral sequences were
named in accordance with a previous nomenclature proposed for ERVs (8).

To better understand the expression of potential RVs-GTE, we also searched all available
378 fish and 61 amphibian transcriptome sequencing (RNA-seq) data sets in the transcrip-
tome sequence assembly (TSA) database (see Table S1 at figshare [https://doi.org/10.6084/
m9.figshare.19235721.v2]). Notably, we found 1,093 retroviral Env contigs in 145 vertebrate
species, including 29 amphibians, 113 ray-finned fish, and 3 cartilaginous fish (see Data Set
S1 at figshare [https://doi.org/10.6084/m9.figshare.19235727.v1]). These viral sequences
were named in accordance with a previous nomenclature proposed for expressed RVs
(expRVs) (19). However, 133 of 145 species harboring such expRVs did not have any
genomic data support. We still found that 5 amphibians (Rana catesbeiana, Rhinatrema bivit-
tatum, Microcaecilia unicolor, Pyxicephalus adspersus, and Rhinella marina) and 7 ray-finned
fish (Astyanax mexicanus, Larimichthys crocea, Oncorhynchus kisutch, Oncorhynchus tshawyt-
scha, Salmo trutta, Salvelinus alpinus, and Seriola dumerili) harbored both endogenous and
expressed forms of retroviral elements, and some of these shared high similarity (>95%)
among the DNA and RNA copies in each host, which indicated the potential ability to
express such viral elements. In addition, we found 4 copies of Env RNA contigs in R. catesbei-
ana, 1 copy in P. adspersus, 10 copies in A. mexicanus, 2 copies in O. tshawytscha, 2 copies in
S. trutta, and 10 copies in S. alpinus; these copies were distantly related to the DNA copies
that shared less than 50% similarity with each other, which implied the potential existence
of exogenous forms of such viruses because most of these (21/29) encoded intact open
reading frames (ORFs).

Characterization and classification of novel GTEs. To better understand the rela-
tionship among all GTEs, an Env protein phylogenetic tree was generated using the
reference GTEs and a representative GTE in each lineage, which is the consensus or the
longest and most complete GTE (Fig. 2A; see also Fig. S1 at figshare [https://doi.org/10
.6084/m9.figshare.19235721.v2] and Data Set S2 at figshare [https://doi.org/10.6084/
m9.figshare.19235727.v1]). The phylogeny revealed the diverse evolutionary status of
GTEs because they formed at least 9 major clades, including 2 well-defined GTE-C.5-AV
and GTE-C.9-GV clades. Most (90.1%) of our newly identified GTEs were in the well-sup-
ported Env-C.1 clade, which was distantly related to the well-defined AV and GV clades,
whereas other identified GTEs were divided into 6 novel monophyletic groups, indicat-
ing their different evolutionary statuses. Additionally, gamma-type Env previously
identified in ray-finned fish (16) were clustered in Env-C.2 with newly identified GTEs in
cartilaginous fish.

However, the phylogeny did not show a strong classification protocol for GTEs.
Therefore, we then compared the distributions of motifs and domains in different
GTEs. Five major domains/motifs were found in GTEs: fusion peptide (FP), ISD, CX6CC,
heptad repeat, and transmembrane region (TR). By checking the structure of all GTEs,
we found that ISDs and TRs were present in all GTEs, and heptad repeats could be
identified in all GTEs except GTE-C.9-GV (Fig. 2A). CX6CC had 3 subtypes, including
CX6CC, CXnCC, and CXnC, which were classified according to the functional residue
distribution. The first two cysteines in the CX6CC motif participate in the formation of
an intramolecular loop in the TM ectodomain, whereas the third cysteine is needed for
formation of a covalent bond between the TM and SU domains (20). Most (79.6%) GTEs
contained CX6CC, whereas others contained CXnCC and CXnC. However, the newly
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FIG 2 Characterization and classification of novel GTEs. (A) Phylogeny of GTEs. The left tree was inferred using amino acid sequences of the
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identified GTEs showed no similarity to GTE-C.5-AV and GTE-C.9-GV in the N terminus
of the TM, where the FP is usually located. Because the FP mostly contains an alpha-
helical or beta structure and is hydrophobic (21), the secondary structure and hydro-
phobicity of the TM were used to predict the presence of potential novel FPs. This anal-
ysis led to the identification of 3 novel FPs that showed no sequence similarity to other
viral FPs (Fig. 2B). By taking all of these findings into consideration, the structure of
GTEs can be mainly classified into 7 types, as shown in Fig. 2A. To better illustrate the
difference among all the GTEs, alignments of all major groups of GTEs are shown,
which reconfirmed the conservation of the I1SD, CX6CC, and TR and the diversity of FPs
(Fig. 2C; see also Data Set S5 at figshare [https://doi.org/10.6084/m9.figshare.19235727
.v1]). GTEs cannot be classified by phylogeny alone. Here, by combining the phylogeny
and TM structure, we proposed a nomenclature for GTEs (Fig. 2D).

Extensive recombination of ERVs-GTE. To further elucidate the relationship among
ERVs-GTE, expRVs-GTE, and those from other RVs, a phylogenetic analysis based on Pol
(>600 amino acids [aa]) was performed (see Fig. S2 at figshare [https://doi.org/10.6084/m9
figshare.19235721.v2] and Data Set S3 at figshare [https://doi.org/10.6084/m9.figshare
.19235727.v1]). This phylogeny revealed that our viral elements could be divided into three
different groups: (i) class | epsilon-related viruses, which can be divided into three clades,
namely, Pol-LE.1, Pol-LE.2, and epsilon; (ii) class | gamma-related viruses, which can also be
divided into three clades, namely, Pol-LG.1, Pol-LGE.1, and Gamma; and (iii) class Il ShnRV
(snakehead retrovirus)-related viruses. The pol and env phylogenies of selected full-length
ERVs-GTE (for selection details, see Materials and Methods) were then compared, and the
results indicated that recombination was widespread and frequently occurred among dif-
ferent RVs over long evolutionary timescales (Fig. 3A).

The genomic structure also reflected recombination among viruses. Epsilonretroviruses
are typical complex RVs that carry accessory genes, and their Env proteins are not GTEs or
BTEs (12). However, our epsilon-related class | ERVs contained GTEs instead of epsilon Envs
and did not carry any accessory gene, indicating potential recombination between epsilon-
retrovirus and ancient RVs-GTE (Fig. 3B). In contrast, our gamma-related class | ERVs were
much more highly conserved because they exhibited a typical GV structure and contained
all the conserved domains/motifs carried by exogenous RVs (e.g., Rauscher murine leukemia
virus [R-MuLV]).

Conserved domain shared between GTEs and other divergent viruses. Filoviruses
{single-stranded RNA [ssSRNA(—)I}, particularly Ebola virus, were previously discovered to
share a similar ISD and CX6CC motif with GTEs (22). To search for other possible gene shar-
ing events among different viruses, we used all the discovered novel GTEs to perform a
search against the NCBI nr database and surprisingly found that F-env on HP35 of chelonid
alphaherpesvirus 5 (@ DNA virus) (23) shared 26.68% similarity and 92% coverage with
ERV-GA.a-Ara and 31.75% similarity and 68% coverage with ERV-GA.a-Cpu. By searching
against the conserved domain database (CDD), we found that this protein contained two
conserved domains: (i) the Ebola HIV-1-like HR1-HR2 superfamily domain (cl02885), a typi-
cal retroviral domain that plays a key role in the dynamic rearrangement of the trimer
during the process of fusion (11, 16), and (ii) the TLV coat superfamily domain (cl27694)
(Fig. 4A). An alignment comparison indicated that chelonid alphaherpesvirus 5 also con-

FIG 2 Legend (Continued)

ERVs-GTE and expRVs-GTE are labeled in red. The host information of each retrovirus is indicated using a shaded box. Bootstrap values lower
than 65% are not shown. Single asterisks indicate values higher than 65%, while double asterisks indicate values higher than 80%. The scale bar
indicates the number of amino acid changes per site. The typical GTE structures are shown on the right. The letters in parentheses beside the
clade name indicate which GTE is found. (B) Prediction results of secondary structure and hydropathicity scores of amino acids in TM. Prediction
results of all GTE types are shown here. The secondary structure is shown at the top, and the corresponding amino acid hydrophilic index is
shown at the bottom. Jnetpred is secondary structure prediction for TM. The alpha helix is labeled with a red box, and the beta fold is labeled
with a green box. Jnetconf shows the reliability of prediction accuracy, range from 0 to 9, and larger shapes mean more robustness. The blue
curve shows the calculated hydrophilic scores of amino acids. A positive number means the protein is hydrophobic and vice versa. Sequences
harboring putative FP are indicated by blue solid circles. (C) Alignment of FP, ISD, the CX6CC motif, and the flanking conserved domain of
representative ERVs-GTE and other exogenous viruses. FP is labeled with black boxes. (D) The nomenclature for GTEs. GTE-N, the novel gamma-
type Env; FP, fusion peptide; ISD, immunosuppressive domain; TR, transmembrane region. CX6CC represents the three-cysteine motif of GTEs.
RSV, Rous sarcoma virus; R-MuLV, Rauscher murine leukemia virus.
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FIG 3 Genetic exchange of ERVs-GTE. (A) Phylogenetic incongruence between Pol and Env of ERVs-GTE. The relationship between the two phylogenies is
displayed to maximize topological congruence. The classification of Pol and Env is shown at each node. (B) The comparison of genomic structure of exogenous
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FIG 4 Conserved domain sharing among divergent viruses. (A) Partial genomic map of chelonid herpesvirus and genomic structure of F-env in chelonid
herpesvirus. The predicted open reading frames (ORFs) or regions that encode conserved proteins are labeled with colored arrows or boxes. (B) Alignment
of FP, ISD, the CX6CC motif, and the flanking conserved domain of chelonid herpesvirus, ERVs-GTE which are most homologous to chelonid herpesvirus,
and other exogenous viruses.

tained homologous ISD, CX6CC motif, TR, and flanking conserved regions with lengths of
164 aa (Fig. 4B and see also Data Set S6 at figshare [https://doi.org/10.6084/m9.figshare
.19235727.v1]) but showed no significant similarity in other regions, including the FP.
However, other herpesviruses were also screened, and we found that they did not contain
such domains and motifs. This finding indicated that the transfer of ISD, CX6CC, and TR
could be a one-off event in reptiles.

The N terminus domain of the OGFr gene was captured by RVs-GTE in amphibians.
The opioid growth factor receptor (OGFr) gene, which plays an important role in the
regulation of cell growth and embryonic development, is a typical animal cellular gene
(24). Unexpectedly, by using CD-Search, we found that 51.2% of ERV-GA.a-Lle, 41.2% of
ERV-GA.b-Lle, 23.1% of expRVssi-GTE, and 25% of expRVIbo-GTE sequences harbored
the OGFr_N terminus domain, which was exclusively located in opioid receptors (24,
25), and all of these encoded the OGFr domain located between the RH superfamily
and the INT superfamily within their Pol gene ORF (Fig. 5B). Besides, their hosts all
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belong to Megophryidae. By checking the structure of viral OGFrs, we found that they con-
tained only exons (Fig. 5A and B). To further elucidate the relationship between host OGFr
and viral OGFr, a phylogenetic tree of all related amphibians and viral OGFr_N terminus
domain, which was the most conserved part, was constructed (Fig. 5C). This tree revealed
that viral OGFrs clustered together and formed a monophyletic clade, which was distant
from the OGFr of their hosts. Also worth noting was that the nucleotide identity of whole
genome among ERV-GA-Lle, expRVssi, and expRVIbo is 79.2% to 86.3% (ERV-GA.a-Lle ver-
sus expRVIbo, 86.3%; ERV-GA.b-Lle versus expRVssi, 79.2% to 80.2%), which further indi-
cated these OGFr-containing ERVs were homologous.

Furthermore, we also found that some ERVs-GA-Lle contained intact ORFs, which
indicated that they had the potential to express. Accordingly, we collected data from
all 72 available transcriptomes of Leptobrachium leishanense to further investigate their
expression and compared them with the host OGFrs. We found that the minority (9/
2,313) of the OGFrs of ERV-GA.a-Lle were expressed, whereas all OGFrs of ERV-GA.b-Lle
were not expressed. Additionally, one OGFr of ERV-GA.a-Lle located on chromosome 6
was expressed at a markedly higher level than the others (see Data Set S7 at figshare
[https://doi.org/10.6084/m9.figshare.19235727.v1]). Overall, both viral and host OGFrs
were expressed in different tissues, and the expression of the latter was higher than
that of the former across all tissues (Fig. 5D). Interestingly, the host OGFr was highly
expressed in the ovary, whereas the viral OGFr was seldom expressed.

Taking these findings into consideration, OGFr capture more likely occurred during
infection with a common exogenous ancestor RV-GTE of these viruses occasionally
than during infection with these viruses independently (Fig. 5E).

Estimation of the time of ERV-GTE insertion. We also used vertical transmission
to infer the ERV-GTE insertion time. By comparing the flanking sequences and long ter-
minal repeat (LTR) similarity, we found 46 and 2 orthologous ERV groups in the genera
Chiloscyllium and Seriola, respectively (see Table S3 at figshare [https://doi.org/10
.6084/m9.figshare.19235721.v2]). However, no divergence time could be found for the
genus Chiloscyllium. We were able to estimate the insertion of only the latter group,
which occurred 4.4 to 22.2 million years ago (MYA) (Fig. 6).

DISCUSSION

In this study, we developed a phylogenomic approach by regarding env genes as
seeds for the detection of ERVs and expRVs. Instead of using Pol alone, we traced the
evolutionary histories of RVs by combining Pol and Env, which allowed us to observe
many fine distinctions and unique patterns during the macroevolution of RVs. We
found that GTEs were widely distributed in vertebrates, and many of these showed di-
versity in well-defined GTE-C.5-AV and GTE-C.9-GV, as reflected by their phylogeny and
genomic motif/domain distribution (Fig. 2). On the one hand, the majority of GTEs of
anamniotic RVs were found to lie on Env-C.1, which is phylogenetically divergent from
the GTEs of amniotic RVs, showing host restriction regarding the transmission of viral
progenitors of RVs-GTE. On the other hand, GTEs can be placed into different phyloge-
netic clades, representing the dynamics of the evolutionary status of GTEs. RVs in dif-
ferent classes of hosts could also share similar GTEs, showing the occasional possibility
of cross-class transmission. Furthermore, numerous incongruences were observed in
the Env and Pol phylogenies, which implied the occurrence of frequent recombination

FIG 5 Legend (Continued)

OGFr_N terminus domain. Viral OGFr_N terminus domains are labeled in red and are linked by dashed lines with OGFr_N terminus domains of their animal
hosts. Single and double asterisks denote bootstrap values 65-80% and >80% respectively. (D) The expression level of viral and host OGFrs in L. leishanense.
The expression level was evaluated by log,(FPKM + 1). A box plot of the expression of viral OGFr is shown at the top, while a bar chart for the expression of
host OGFr is shown at the bottom. For each box plot of viral OGFr, the locus expression values were calculated based on three biological replicates (see Data
Set S7 at figshare [https://doi.org/10.6084/m9.figshare.19235727.v1]). The middle black box indicates the median of the expression values. The upper and
lower terminal lines of a box represent the 25th and 75th percentiles, respectively. Lines extending vertically from the boxes (whiskers) indicate variability
outside the upper and lower percentiles. All the sequenced transcriptomes from L. leishanense were divided into 2 genders and 3 developmental stages: A,
subadult period; B, adult breeding period; and C, postbreeding stage. DS, dorsal skin; MS, maxillary skin. (E) Evolution scenario of retrovirus capturing the host
OGFr_N terminus domain. The OGFr_N terminus domain is labeled with a pink box.

April 2022 Volume 96 Issue 8 10.1128/jvi.02072-21 10


https://doi.org/10.6084/m9.figshare.19235727.v1
https://doi.org/10.6084/m9.figshare.19235721.v2
https://doi.org/10.6084/m9.figshare.19235721.v2
https://doi.org/10.6084/m9.figshare.19235727.v1
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.02072-21

Evolution of Anamniote GTE Journal of Virology

A Microcaecilia Unicolor
+_:: Geotrypetes seraphini
® Rhinatrema bivittatum
® Xenopus laevis
C Rhinella marina
Bufo gargarizans

® Limnodynastes dumerilii

Nanorana parkeri
Rana catesbeiana

Lo Pyxicephalus adspersus

® Spea multiplicata

@ Leptobrachium leishanense

® Ambystoma mexicanum
: Colossoma macropomum
A .
styanax 'mex:canus
@ Mallotus villosus
Coregonus sp. ‘balchen’

—e Hucho hucho
Oncorhynchus kisutch

Oncorhynchus tshawytscha

Oncorhynchus nerka
Salvelinus alpinus
Salmo trutta

/e @ Myripristis murdjan
Sparus aurata
Larimichthys crocea

Argyrosomus japonicus
e Seriola rivoliana
Seriola dumerili

Scophthalmus maximus

Acipenser ruthenus
Pristis pectinata

@

Amblyraja radiata

Scyliorhinus torazame

XX

F————— Rhincodon typus
| v | —® Chiloscyllium punctatum

| —@ Chiloscyllium plagiosum

| Paleozoic Mesozoic Cenozoic | Eras

Time (MYA)

| | | | |
473 400 300 200 100 0
Group 1: |
Group 47:

Group 48:

I I ERV I LTR 1000bp flanking sequence |

FIG 6 ERV-GTE orthologous insertions in Chiloscyllium and Seriola. (A) ERV-GTE integration events during fish evolution. The
species tree was constructed with TimeTree. Different classes are marked with colored fonts. Arrowheads indicate the events

(Continued on next page)

April 2022 Volume 96 Issue 8 10.1128/jvi.02072-21 11


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.02072-21

Evolution of Anamniote GTE

involving various RVs (Fig. 3A). For example, ERV-SA.a-Ppe harbored Pol of class Il and
GTE of class |, as has also been observed previously (26). By taking these aspects into
consideration, our studies suggest that the Env analyses provide additional informa-
tion that cannot be obtained via Pol analyses and thus expand our understanding of
the complex macroevolution of RVs.

Our studies also suggest the genomic complexity and elasticity of GTEs. First, the
motifs/domains in GTEs tend to be highly variable. By combining the second structure
and hydrophobicity predictions, 3 novel predicted retroviral FPs were identified in this
study, and these showed no similarity to any other viral FP, as determined by BLASTp
(Fig. 2). This finding could reflect the possible multiple origins of GTE segments and
indicate the limitation of a similarity-based search for viral counterpart identification.
Additionally, three major variants of CX6CC have also been characterized based on
consensus viral GTE comparisons and the function of each cysteine. However, we
admit that further experimental confirmation is needed for such identification. Second,
the motif/domain distribution of GTEs is more flexible. GTE mainly has 5 major motifs/
domains, including the FP, heptad repeat, ISD, CX6CC, and TR. In this study, we found
that the ISD, CX6CC, and TR are relatively conserved and carried by nearly all GTEs,
whereas the FP and intact heptad repeats are not necessary counterparts. However,
these domains play crucial roles during the process of fusion (27-30). Overall, these
findings indicate that GTEs may have their own complex evolutionary history, which
involves multiple internal recombination events of different regions and results in the
observed diversity.

Both GTEs and BTEs were screened in this study. However, no BTE was found, which
may be due to its narrow host range (mammals) (11), whereas a large number of GTEs
were found in amphibians and fish in an unbalanced manner (see Data Set S1 at fig-
share [https://doi.org/10.6084/m9.figshare.19235727.v1]). Most importantly, the major-
ity of amphibians harbored ERVs-GTE, with considerable numbers of copies among dif-
ferent species. Previous research also found that many amphibians harbor other rare
ERVs (19, 31). Thus, amphibians appear to be better reservoirs for diversified RVs with
different evolutionary routes. However, further study is merited because only 19 am-
phibian genomes and 61 transcriptomes are currently available.

Horizontal gene transfer from RVs to hosts is widely distributed and well docu-
mented. However, this transfer is rare between unrelated viruses with distinct genome
types. Homologous GTEs have been found in both arenaviruses and filoviruses (13, 22,
32), and herpesviruses can also acquire RV genes (superantigens [sAgs]) (33). Here, we
found that chelonid alphaherpesvirus 5 can also harbor a similar partial GTE that con-
tains intact ISD and CX6CC (Fig. 4 and see also Data Set S6 at figshare [https://doi.org/
10.6084/m9.figshare.19235727.v1]). However, no other herpesviruses were found to
contain such domains or motifs. Herpesviruses typically infect hosts indefinitely and
move from latent to lytic replication during periods of immunosuppression (33). A host
infected with RVs is more likely to be in an immunocompromised state that provides
an ideal environment for gene transfer in an activated and replicating herpesvirus.
Because reptiles can be infected by both RVs-GTE and herpesviruses, the acquisition of
ISD and CX6CC motifs could be an occasional horizontal gene transfer event that
occurs during coinfection in reptiles. In addition, the results further reconfirm that
gene exchange can occur among divergent viruses (33).

Numerous experimental studies have confirmed that RVs can be coopted by their
host (34-36). Here, we reconfirmed that host genes could also be captured by RVs-GTE
(37) and fully depicted the evolutionary scenario of such events (Fig. 5E). Four viral line-
ages in 3 hosts were confirmed to carry OGFrs. In regard to ERV-GA.a-Lle and ERV-GA.b,

FIG 6 Legend (Continued)

of ERV-GTE integrations. Integration events are labeled numerically. Dotted lines indicate only the genetic relationship and
do not imply the divergence time of these species. (B) Examples of orthologous insertions for ERVs-GTE. Rectangles from
left to right represent 1,000-bp flanking sequence, 5’ LTR, internal genes of an ERV, 3’ LTR, and 1,000-bp flanking

sequence, respectively. Dashed boxes indicate missing corresponding regions.
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2,331/4,552 copies and 21/51 copies contained the intronless OGFr gene, respectively,
which indicates that gene capture occasionally occurred in RVs-GTE during infection
rather than their endogenization. We also found that most of these had intact env
genes, indicating that the proliferation of such viruses was more likely to be caused by
repeated infection rather than transposons. It seems that such a cooption event
occurred in a common ancestor of a single OGFr-encoding viral lineage. OGFr is
thought to be related to cancer because previous studies have indicated that the up-
regulation of OGFr represses the growth of cancer cells in culture and in nude mice
(38). On the one hand, the proliferation of OGFr could help the host repress cancer and
could prolong the life span of the host. On the other hand, OGFr might help RVs pro-
duce and proliferate within hosts. It appears that the “cooption” of OGFr is a win-win
situation for both hosts and viruses. Such events benefit our understanding of the
interaction between the host and viruses. However, we also admit that further studies
on the functional influence of viral OGFr on animal hosts is warranted.

The transcriptome data provided us with additional resources for discovering novel
exogenous and endogenous viruses. Regarding their flaws, on the one hand, major
genes (gag, pol, and env) of expRVs-GTE reside in different contigs and cannot be
assembled at the genomic level in most cases. Therefore, it is rather difficult to charac-
terize recombination among different viral elements. On the other hand, the efficacy of
viral discovery through transcriptomic analysis is highly dependent on the sequencing
depth and assembly quality. Thus, the absence of viral contigs in specific species can-
not be explained by the noninfectious nature of this virus. Regardless of this fact, the
pipeline presented in this work provides a refined procedure for discovering novel
expRVs.

In summary, by integrating genomics and transcriptomic data and incorporating a
multiple-round screening method and phylogenomic analysis, we revealed the hidden
diversity and genomic elasticity of GTEs, which were found to be widely distributed in
different vertebrates. Additionally, the incongruence between Env and Pol phylogenies
suggested that recombination frequently occurred between different RVs across taxo-
nomic barriers. These findings demonstrate the feasibility and practicability of using
Env to perform a phylogenetic analysis and reveal hidden evolutionary features, which
indicate the complex macroevolutionary history of RVs.

MATERIALS AND METHODS

Genome and transcriptome screening and identification of ERVs-GTE and expRVs-GTE. To dis-
cover potential targeted viral elements in fish and amphibian genomes, all 974 available fish and 19 am-
phibian genomes (see Table S1 at figshare [https://doi.org/10.6084/m9.figshare.19235721.v2]) were first
screened using the tBLASTn algorithm (39), and the Env proteins of all reference RVs-GTE and their en-
dogenous forms (see Table S2 at figshare [https://doi.org/10.6084/m9.figshare.19235721.v2]) were used
as probes. A 40% sequence identity over 40% of the region with an E value of 1TE—5 was used to filter
significant hits. Second, the significant hits confirmed by phylogeny were concatenated based on the
host genomic location and alignment positions with reference RV-GTE proteins. Third, the same
genomes were subjected to a second round of screening by tBLASTn using the protein sequences of
concatenated Env. Finally, the flanking sequences of significant hits obtained from the second round
that were confirmed by phylogeny were extended to identify viral pairwise LTRs using BLASTn (39),
LTR_Finder (40), and LTR_harvest (41). Full-length ERVs and their consensus sequences were used as
queries to search for ERV copies using BLASTn in each lineage. The hit parts of sequences longer than
3 kb with 80% identity were regarded as copies of each ERV-GTE lineage (see Data Set S1 at figshare
[https://doi.org/10.6084/m9.figshare.19235727.v1]), and these were named in accordance with the previ-
ous nomenclature proposed for ERVs (8). The ERV copy identifier (ID) was composed of three elements,
each separated by a hyphen, for example, ERV-GA.a.1-Lle. The first element indicates that the category is
ERV. The second element consists of three subcomponents—the first being the taxonomic group of ret-
roviruses which was based on Pol phylogeny (EA, epsilon-related viruses; GA, gamma-related viruses; SA,
SnRV-related viruses), the second being a lineage alphabet ID, and the third being a numeric ID that
uniquely identifies the ERV locus. The third element indicates the species in which the ERVs are found.

To identify potential expRVs, all 439 data sets in the transcriptome sequencing assembly database
(TSA) (see Table S1 at figshare [https://doi.org/10.6084/m9.figshare.19235721.v2]) were screened using
tBLASTN, and the Env proteins of the reference RVs-GTE, including the newly identified ERVs-GTE, were
used as probes. A 40% sequence identity over 40% of the region with an E value of 1E—5 was used to fil-
ter significant hits. The called hit contigs were then included in the phylogenetic analysis. The viral con-
tigs within the GTE clade were considered.
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Consensus genome construction and genome annotation. ERVs-GTE longer than 5 kb in each lin-
eage were aligned using MAFFT 7.222 (42) and then used to construct consensus sequences for each
ERV lineage by Geneious. The distributions of ORFs in copies of ERV and expERV contigs were deter-
mined using ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/) in the NCBI database and confirmed
by BLASTp (39). Conserved domains (including RT, RH, integrase, heptad repeat, ISD, and TR) for each
sequence were determined using CD-Search against the CDD (https://www.ncbi.nlm.nih.gov/cdd/) (43)
and BLASTp. The TM of the Env protein of representative ERVs-GTE in each type was used to predict the
secondary structure and hydropathicity scores with JPred 4 (http://www.compbio.dundee.ac.uk/jpred/)
and ExPASy (https://web.expasy.org/protscale/). The region which (i) was located at the N terminus of
TM, (i) contained alpha-helical or beta structure, and (iii) was hydrophobic was considered the FP
region. The predicted results are shown in Fig. 2B. The consensus sequences of ERVs-GTE can be found
in Data Set S4 at figshare (https://doi.org/10.6084/m9.figshare.19235727.v1).

Phylogenetic analysis. To investigate the evolutionary relationship between the RVs and viral ele-
ments found in this study, the protein sequences of the TM region, Env, and Pol were aligned using
MAFFT 7.222 (42). The regions in the alignment that aligned poorly were removed using trimAL (44) and
confirmed manually with MEGA X (45). A sequence was excluded if its length was less than 75% of the
alignments. The best-fit models (Env, LG+G4; Pol, LG+F+I1+G4) were selected using ProtTest (46), and
phylogenetic trees for these protein sequences were inferred using the maximum likelihood (ML)
method in IQ-Tree (Env and Pol phylogeny) (47) by incorporating 100 bootstrap replicates for the assess-
ment of node robustness. The phylogenetic trees were viewed and annotated using FigTree V1.4.3
(https://github.com/rambaut/figtree/). The alignments performed in this study can be found in Data Set
S2 and Data Set S3 at figshare (https://doi.org/10.6084/m9.figshare.19235727.v1). Two Pol trees in Fig.
3A and in Fig. S2 at figshare (https://doi.org/10.6084/m9.figshare.19235721.v2) are two separate similar
analyses. The topologies of the two trees are the same but are presented in different manners due to
the different constituent sequences (Fig. S2 at figshare [https://doi.org/10.6084/m9.figshare.19235721
.v2] included viral lineages that did not contain Env) and rooted sequences. The tree in Fig. S2 at figshare
(https://doi.org/10.6084/m9.figshare.19235721.v2) is composed of Pol from 7 classes of reference retrovi-
ruses and ERVs-GTE and expRVs-GTE, and is rooted to foamy retroviruses, while the Pol tree in Fig. 3A
included only ERVs-GTE and is a midpoint tree.

To identify proteins harboring the OGFr_N terminus domain, we used the OGFr_N terminus domain
as a probe to screen the proteome and genome of Anura. The OGFr_N terminus domain sequences of
viruses and hosts were used to construct corresponding ML phylogenetic trees. The regions in the align-
ment that aligned poorly were removed using trimAL (44) and confirmed manually with MEGA X (45).
The best-fit models (LG+G4) were selected using ProtTest (46), and the phylogenetic trees for these pro-
tein sequences were inferred using the maximum likelihood (ML) method in IQ-Tree (47) by incorporat-
ing 1,000 ultrafast bootstrap replicates for the assessment of node robustness. The phylogenetic trees
were viewed and annotated using FigTree V1.4.3 (https://github.com/rambaut/figtree/). The tree is
rooted in OGFrs of bony fishes which were not shown in Fig. 5C and in Data Set S8 at figshare (https://
doi.org/10.6084/m9.figshare.19235727.v1).

Examination of the recombination of ERVs-GTE. To exclude false-positive recombination events,
we included only consensus viral sequences and qualified full-length ERVs-GTE, which (i) harbored pair-
wise similar LTRs (with divergence of <10%) and (ii) contained three complete major genes (gag, pol,
and env) in the same transcriptional direction. In total, 56 consensus ERVs-GTE and 11 full-length ERVs-
GTE were used to construct corresponding ML phylogenetic trees (Pol and Env). The regions in the align-
ment that aligned poorly were removed using trimAL (44) and confirmed manually with MEGA X (45).
The best-fit models (Env, LG+1+G4; Pol, LG+F+R5) were selected using ProtTest (46), and the phyloge-
netic trees for these protein sequences were inferred using the maximum likelihood (ML) method in 1Q-
Tree (47) by incorporating 100 bootstrap replicates for the assessment of node robustness. The phyloge-
netic trees were viewed and annotated using FigTree V1.4.3 (https://github.com/rambaut/figtree/). The
phylogenetic tree match between Pol and Env was estimated manually. Consensus sequences and rep-
resentative ERVs-GTE were selected to analyze the recombinants of ERVs.

Dating analysis for determining the integration time of ERVs-GTE. To determine the potential
vertical transmission among all ERVs-GTE, we first extracted the flanking sequences of ERVs-GTE with
lengths of 1 kb at both sites. The sequences on both sides of an ERV-GTE and 300 bp of its LTRs were
then concatenated and compared with each other using dc-megablast with an E value of 1E—5.
Significant pairwise sequences were retrieved if the alignment coverage was over 50% and longer than
800 bp.

Gene expression analysis. Seventy-two L. leishanense RNA-seq samples, which are available in the
Sequence Read Archive (SRA) database (SRR8736149 to SRR8736220), were aligned with the reference
genome (ASM966780v1) using HISAT2 (48). The expression levels were then computed for each group
of samples after filtering the loci with low expression (more than 20 samples had no expression). The
OGFr expression level in each RNA-seq library was calculated as fragments per kilobase per million
(FPKM).

Data availability. All the data needed to support the conclusions detailed in the article are included
in the article itself and the supplementary data at figshare.
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