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Abstract  
Transposable elements of endogenous retroviruses and long interspersed 
nuclear elements code for viral-like protein domains, called endogenous viral 
elements (EVEs). A large proportion of EVEs lose their open reading frames 
(ORFs), while some maintain them and have been exapted by the host species. 
However, it remains unclear how ORF-possessing EVEs (EVE-ORFs) have 
evolved while developing new functions in the process. To address these issues, 
we examined 19 mammalian genomes and investigated characteristics of 
approximately 600,000 EVE-ORFs containing high-quality annotations of 
viral-like protein domains. The observed divergence of EVEs from their 
consensus sequences suggested that a large number of EVE-ORFs either 
recently, or anciently, inserted themselves into mammalian genomes. 
Alternatively, very few EVEs lacking ORFs, were found to exhibit similar 
divergence patterns. In addition, the EVE-ORFs were determined to be less 
abundant downstream of transcription initiation sites, and DNase I 
hypersensitive sites, which was in contrast to EVEs lacking ORFs, indicating that 
the purifying selection process may serve to suppress unexpected expression of 
EVE-ORFs. In spite of such observations, we identified more than 1,000 
EVE-ORFs in human and mouse RNA-sequencing data. This suggested a 
possibility to identify and express uncharacterized EVE-ORFs hidden within 
mammalian genomes, most of which have been confirmed to be lineage specific. 
We also demonstrated that fractions of each EVE-ORF-encoded viral-like 
protein domain varied among mammalian lineages. Together, our analyses 
suggest that EVE-ORFs, many of which have not uncovered yet, may be 
co-opted in a host-species specific manner and are likely to have contributed to 
mammalian evolution and diversification. 

 

Significance Statement 
Transposable elements (TEs), known as jumping genes, occupy up to 70% of 
mammalian genomes. Recently, TEs encoding viral-like protein domains have 
been reported to have acquired new functions during evolution. However, it is 
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unclear how these TEs possessing open reading frames (ORFs) have evolved 
while simultaneously obtaining new functions within their host species. We 
discovered that segments of each viral-like protein domain varied among 19 
mammalian species. Furthermore, through expression analysis in humans and 
mice, more than 1000 TEs were detected as transcripts. These results suggest 
that many newly identified mammalian TEs possessing ORFs, may have been 
co-opted in a lineage-specific manner, and served to contribute to mammalian 
diversification. 
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Introduction 
Transposable elements (TEs), also known as “jumping genes”, 

constitute large portions of mammalian genomes. It has been reported that up to 

70%, of the human genome is originated from TEs (1-3). Generally, TEs are 

categorized as junk DNA (4); however, many studies have shown that TEs have 

contributed greatly to mammalian evolution. Furthermore, TEs promote 

rearrangements of chromosomal DNA (5), and can become sources of both 

coding and regulatory sequences during the evolution of host genomes (6-9). In 

particular, specific types of long terminal repeat (LTR) retrotransposons, 

including endogenous retroviruses (ERVs), have been shown to develop the 

ability to function as genes in several mammalian tissues (10-14). One of the 

most well-studied TE-co-opted genes is syncytin. Specifically, the human 

syncytin-1 (ERVW-1) gene, which is derived from an env (envelope) gene in 

human endogenous retrovirus type W (HERV-W), was exapted for cell fusion 

during placental development (15-18). Interestingly, many of the molecular 

functions of TE-co-opted genes remain the same as those in viruses (13-15). 

TE groups that code viral-like protein domains are made up of LTR 

retrotransposons, including ERVs, and long interspersed nuclear elements 

(LINEs). Such groups of TEs, which are also called endogenous viral elements 

(EVEs), occupy approximately 30% of the human genome (1-3). Many EVEs 

lose their open reading frames (ORFs) by accumulating deletions or mutations 

after integration. Thus, it is unclear what percentages of EVEs in mammalian 

genomes possess viral-like protein ORFs and have maintained high 

transcriptional potential. Thus far, genome-wide comparative analyses using 

epigenomic and transcriptomic data have examined the regulatory regions of 

ERVs (19), however have failed to characterize their protein-coding. Recently, 

many whole transcriptome sequencing (RNA-seq) datasets have been 

accumulated in public databases. One of the most comprehensive RNA-seq 
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datasets was generated by the genotype-tissue expression (GTEx) study using 

31 human tissues (20). The data was used to assemble a similar pipeline in the 

Comprehensive Human Expressed SequenceS (CHESS) project and served to 

generate 20,352 potential protein-coding genes, and 116,156 novel transcripts 

in the human genome (21). A comparative analysis study focusing on the 

protein-coding region of EVEs using the new transcript data, in combination with 

cap analysis of gene expression (CAGE) data (22), and epigenomic data will 

provide new insight into the transcriptional potential, and functionality of these 

regions. 

To understand the characteristics of possible protein-coding EVEs that 

possess ORFs for viral-like protein domains (EVE-ORFs) in mammalian 

genomes, we comprehensively examined EVE-ORFs in 19 mammalian species. 

We previously developed a database called gEVE 

(http://geve.med.u-tokai.ac.jp) containing more than half a million EVE-ORFs 

containing at least one functional viral gene motif found in 19 mammalian 

genomes (23). In this study, we analyzed EVE-ORFs in the gEVE database 

using various transcriptome and epigenomic data in humans and mice including 

the abovementioned data. Several systematic searches were performed to 

obtain EVE-ORFs at the domain level; these studies were designed to detect 

ERVs in the human genome (24-27), and LINEs in both humans and mice (28). 

However, most of these studies were limited to protein-coding EVEs in humans 

or mice, and primarily examined EVE sequences that contained nearly 

full-length ORFs or specific domains. Importantly, EVE-derived genes have also 

been described that do not possess intact ORFs yet continue to play important 

roles in specific situations (29). Moreover, multi-exon genes have been identified 

that contain exons partially derived from EVE sequences (30). Note that 

EVE-ORFs stored in the gEVE database do not always possess full-length 

original ORFs with lengths ≥80 amino acid (aa); however, all must contain 
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viral-like protein domains that were predicted using Hidden Markov models 

(HMMs). The identified ORFs were primarily from four ERV genes [gag (viral 

core proteins), pro (proteases), pol (polymerase), and env (envelope)] and one 

LINE gene (orf2), all of which are commonly found in viral amino acid sequences. 

In this study, we performed genome-wide comparisons on the number, 

divergence, genomic distribution, and transcriptional potential for each protein 

domain in the EVE-ORFs of mammals. Our findings are expected to improve the 

understanding of the evolution and potential roles of unannotated EVE-derived 

genes. 
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Results 

 

Characteristics of EVE-ORFs in 19 mammalian species 

To characterize EVEs that are expressed as proteins in mammalian 

species, we first compared 614,488 possible protein-coding EVEs -ORFs from 

19 mammalian species obtained from the gEVE database (23). EVE-ORFs 

include ORFs that contain ≥80 amino acid (aa) residues and are derived from 

protein domains in retrovirus-like genes, such as, gag, pro, pol, and env, or from 

a LINE ORF2 gene that contains a virus-like motif of reverse transcriptase (RT). 

The number of EVE-ORFs vary among mammalian genomes (Figure 1A), as we 

have reported previously (23). In each genome, the percentage of possible 

protein-coding ERVs and LINEs (ERV-ORFs and LINE-ORFs, respectively) 

relative to the total ERVs and LINEs, were found to range from 0.05% to 0.15% 

(Figure 1A). Specifically, within mice and cows, the proportion of detectable 

EVE-ORFs was higher compared to other species. Moreover, the proportion of 

EVE-ORFs was significantly correlated with the total EVE genome length 

(ERV-ORF: r = 0.71, p < 5.51 x 10-4; LINE-ORF: r = 0.46, p < 0.045). 

Distributions of the ERV-ORF and LINE-ORF lengths among mammals are 

shown in Figures S1A-S1C.  

We further compared mammalian ERV-ORFs at the level of gene 

domains. To reduce the influence of genome qualities on the number of domains 

detected, we calculated the relative fraction change (∆F) from the mammalian 

average for each domain fraction (Figure 1B). The most species-specific 

characteristics observed in the ∆F values were determined to be in the gag gene, 

which exhibited a ∆F of more than ±1.5 in several species (Figure 1B). In 

addition, the pro gene, in mice expressed a dramatic increase (∆F = 1.8). 

Furthermore, platypuses showed quite unique compositions in their gag and pro 

genes with very small ∆F values (0.14 and 0.12, respectively). Alternatively, the 
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∆F values for pol were similar among mammalian species, all of which had 

expression levels that were determined to be within ±1.5 of each other. 

Interestingly, although no species showed ∆F values greater than ±1.5 in the env 

gene, the values were relatively higher within non-human primates, specifically 

within rhesus macaque, which had a ∆F of nearly 1.5. 

We next examined which TE groups from the Repbase database (31) 

were enriched in human and mice EVE-ORFs (herein we employ the term 

“group” rather than the Repbase classification of “clades” for LINEs, and 

“families/sub-families” for ERVs to avoid confusion with species classification). A 

large proportion of the detected ERVs in humans were found to be HERV-H and 

HERV-K, and IAPE (Intracisternal A-type Particles elements with an Envelope) 

in mice (Figure 1C). HERV-H represents the ancient HERV group, which was 

inserted into the common ancestral genome of simians and prosimians (32), 

while HERV-K is described as containing younger HERVs (33,34). In addition, 

the IAPE in mice is one of the ERV groups that continue to be active in mice (35). 

The most prominent LINE-ORFs were derived from L1, specifically members of 

the L1PA primate retrotransposon, which contain more recently identified 

families of L1PA2-6 in humans, and L1Md_T and L1Md_F in mice as well as 

older members, including L1Mus1 and L1Mus2 also in mice (36; Figure S2).  

We identified divergent fragments of EVE-ORFs using the Repbase 

consensus sequences, and compared them with EVEs, excluding EVE-ORF 

regions (non-EVE-ORFs). We hypothesized that newer elements would be 

closer to the consensus, and older ones would be further. Thus, we were able to 

estimate the age of EVE-ORFs by comparing the divergence spectra to their 

consensus sequences. We first determined modes of EVE divergence based on 

kernel density estimates (KDE). For non-ERV-ORFs and non-LINE-ORFs, the 

modes of divergence were found to be approximately 20% and 30% in all 

mammalian genomes, respectively (Figures 2 and S3). However, the modes of 
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divergence for EVE-ORFs were quite different from those of non-EVE-ORFs. 

The ERV-ORFs showed clear bimodal distributions in many mammalian species, 

with modes of approximately 2~7% (younger) and 30~33% (older). It should be 

noted that in specific species the distribution patterns revealed weak or biased 

bimodality. Specifically, the bimodality was found to be weak and biased in dogs, 

sheep, and opossum, and small divergences were observed in humans. 

Although these distribution patterns were relatively similar among closely related 

species, such as non-human primates and rodents, overall, the distributions 

varied significantly between species (Figure 2). Furthermore, differences were 

noted in the divergence distributions between gene domains (Figure S3). 

Specifically, within the pro domain of primates (save for marmosets), rodents, 

and horses a high frequency of low divergence distribution was observed 

compared to that of other domains. Further, the pol domain exhibited a higher 

frequency of the older mode. Unlike the ERV, the modes of divergence in both 

LINE-ORFs and non-LINE-ORFs were determined to be unimodal (Figure S4). 

The mode values for LINE-ORFs were quite small compared to those for 

non-LINE-ORFs (<9%), which were relatively consistent across all examined 

mammals. 

Finally, we determined how many EVE-ORFs act as raw materials for 

the assembly of multi-exon genes. Comparison of our observed EVE-ORFs with 

those in Ensembl gene and protein annotations revealed that 13, and 24 

EVE-ORFs were constituents of ordinary multi-exon genes in humans and mice, 

respectively (Figure S5 and Table S1). It is also intriguing that large numbers of 

these multi-exon genes were found in horses (180 genes), sheep (337 genes), 

and opossum (737 genes). Specifically, within horses and sheep, the number of 

multi-exon genes containing EVE-ORFs, as predicted by HMM not 

RepeatMasker (3), were quite large (25: horses, 18: sheep, Figure S5). 
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Overlap between various genomic features 

To predict whether EVE-ORFs are expressed as proteins, we 

performed comparative analyses using a wide-range of transcriptome data 

generated by next-generation sequencing. We compared observed EVE-ORFs 

from our study with quantified transcriptome data derived from 31 human tissues 

generated in the GTEx study (20) from the CHESS database (21). We found that 

a total of 343 EVE-ORFs (282 in ERVs and 61 in LINE-ORFs) overlapped with 

transcripts in the CHESS database. Of these, 7 EVE-ORFs were found to 

correspond to genes containing exons derived from EVE sequences 

predicted only by HMM, not by RepeatMasker (Table S1). The proportion of 

ERV-ORFs overlapping with CHESS transcripts in each domain were 3.0, 2.9, 

3.5, and 4.7 in gag, pro, pol, and env, respectively. This suggests that the env 

segment was relatively large compared to the other domains, however, this 

result was not statistically significant (chi-square test p < 0.16). 

Since EVEs are exclusively expressed during embryogenesis and 

cell differentiation in all mammals (37, 38), the RNA-seq data acquired by the 

GTEx project is insufficient to obtain accurate information on EVE-ORFs 

because it only analyzes samples taken from fully differentiated human 

tissues. We, therefore, also analyzed RNA-seq data from human and mouse 

differentiating myoblasts. The relevant expression data from human primary 

myoblasts (12 runs) and mouse C2C12 cells (16 runs) were collected from the 

sequence read archive (SRA) database (see Supplementary Table 2 for details). 

Following gene mapping and quantification, 170 and 694 EVE-ORFs were 

identified as having at least 10 normalized read counts in the human and 

mouse myoblasts, respectively. Furthermore, the RNA-seq data were 

analyzed from 4 (Days 0-3) and 3 (Days 0, 3, 6) time points after the 

differentiation had begun in humans and mice, respectively. Principal 

component analysis (PCA) plots successfully captured the difference in 
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EVE-ORF expression at each time point (Figures 3A and S6). It is noteworthy 

to mention that in EVE-ORFs expressed during human muscle cell 

differentiation, only 37 of the 170 (21.8%) were also identified in GTEx 

transcripts. Furthermore, in humans, the number of expressed ERV-ORFs 

and LINE-ORFs were relatively similar (Figure 3B). Further, some EVE-ORFs 

exhibited high expression levels throughout the entire differentiation process, 

many of which were identified as env-derived transcripts (Figure 3B). 

Alternatively, in mice, there were significantly higher levels of ERV-ORFs 

expressed compared to LINE-ORFs. For example, while only 86 ERV-ORFs 

(50.1% of the total EVE-ORFs) were detected in humans, 602 ERV-ORFs 

(86.6%) were detected in mice (Figure S7).  

To further investigate whether EVE-ORFs are expressed as mRNAs, 

we examined the relationship between the presence of transcription start sites 

(TSS) and EVE-ORFs using the cap analysis of gene expression (CAGE) data in 

the FANTOM5 database (22). CAGE data are derived from 1,816 human 

samples from various tissues, primary cells, and cell lines. Using the data, we 

assessed the relationship between ERV-ORFs located within 10 known 

EVE-derived single-exon genes and the closest TSSs in humans and mice; 

these ERV-ORFs were located approximately 7,000 bp from the TSS (Table S1). 

Four ERV-ORFs were located within 1,000 bp of the TSS; however the rest, 

specifically those within the pol and env domains, were found 1,821 bp to 7,086 

bp downstream of the TSS (Table S1). Within mice, the ERV-ORFs 

demonstrated a similar pattern as that observed in humans (Table S1). This 

suggests that the structure of EVE affects the location at which it integrates into 

the host genome, and vice versa. We applied this analysis to all our EVE data 

sets, and further identified EVEs with or without ORFs that were located 

downstream of the TSS. We first calculated the number of EVE-ORFs and 

non-EVE-ORFs found within each bin of 1,000 bp from the TSS, and found that 
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the percentage of EVE-ORFs was smaller than that of non-EVE-ORFs (Figures 

3C and S6). Interestingly, the number of ERV-ORFs and LINE-ORFs appearing 

close to TSSs varied significantly in humans; specifically, there were significantly 

fewer ERV-ORFs and LINE-ORFs located within 19,000 bp, and 2,000 bp of the 

TSS compared to non-ERV-ORFs and non-LINE-ORFs, respectively. 

Comparatively, in mice, the distance from TSSs that exhibited reduced 

expression of EVE-ORFs was relatively small compared to those in humans; 

ERV-ORFs and LINE-ORFs were markedly reduced within 9,000 bp and 3,000 

bp of TSS, respectively (Figure S8). Similar results were achieved following 

analysis using DNase I hypersensitive sites (DHSs) from 1,511 human and mice 

cells, obtained from the ChIP-Atlas database (39). DHSs are genomic indicators 

for accessible chromatin regions, which is directly related to transcriptional 

activity (40-42). Further, TSSs and potentially all expressed genes are marked 

by DHS (42). In both humans and mice, the proportion of EVE-ORFs located 

within a DHS was found to be significantly less than for non-EVE-ORFs 

[chi-squared < 0.01, false discovery rate (FDR) corrected, Figure S9]. 

We next investigated which cell types contain active TSSs located 

upstream of EVE-ORFs in human expression profiles within CAGE data in the 

FANTOM5 database. We performed PCA analyses using profiles from 38 

different cell lines or tissues types, all of which had a minimum of 10 available 

samples for analysis, and found that these active TSSs located near EVE-ORFs 

were segregated into clearly defined groups for different cell types. Principally, in 

the expression profile of ERVs, embryonic stem (ES) cells, embryoid body (EB) 

cells, and induced pluripotent stem (iPS) cells were separated into 3 groups 

(Figure 3D). Conversely, in the LINE-ORF profile, these cell lines were 

separated but were not clearly demarcated (Figure 3D). Distinct groups were 

also identified in the profiles of EVE-ORF in osteoblasts, blood, and brain 

samples. Specifically, within the ERV profile, osteoblasts. Alternatively, in the 
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LINE-ORF profile, blood cells formed a distinct group spanning a large range, 

and was partly overlapped by osteoblasts. Moreover, human body tissue 

samples such as, ovary, muscle, and retinal pigment epithelium (RPE) formed 

individual groups, many of which overlapped with each other, and merged to 

form one large group in the profile of ERVs (Figure 3D). This tendency became 

much more pronounced in the LINE-ORF profile with body tissues, excluding 

brain samples, not being clearly separated into distinct groupings (Figure 3D). 

The Repbase annotations for EVE-ORFs found near FANTOM TSSs or 

within CHESS transcripts were identified as different from those of all other 

EVE-ORFs in the human genome (Figure 3E). In the ERV-ORF near the TSS, 

there was an enrichment of HERV-E and HERV-H compared to all other 

ERV-ORFs. Conversely, HERV-H was significantly under-expressed in the 

ERV-ORFs detected in the CHESS database compared to all other ERV-ORFs. 

Similarly, differences were observed in the Repbase annotations for the 

ERV-ORFs located near TSSs, and within CHESS transcripts. For example, high 

levels of HERV-E were observed in ERV-ORFs from the CHESS database, 

however, were not seen in ERV-ORFs found near TSSs. Conversely, HERV-H 

was found to be highly expressed in FANTOM TSSs compared to those detected 

in CHESS datasets. FANTOM datasets contains a larger variety of samples, 

including cell lines such as iPS, ES, and cancer cells, while CHESS datasets are 

obtained from human tissues alone. The observed differences in the annotations 

of EVE-ORFs may result from differences in sample types used in each project. 

We thus limited the FANTOM TSSs located within 2,000 bp of EVE-ORFs, to 

those that were determined to be active in human tissues alone. As a result, the 

fraction of HERV-E increased from 9.9% to 14.6%, and the fraction of HERV-H 

decreased from 27.0 to 16.3% (Figure S10) in the Repbase annotation of 

EVE-ORFs located near active tissue TSSs, which were found to be similar to 

those of EVE-ORFs detected using the CHESS database.  
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Our analyses, thus far, using expression data such as RNA-seq and 

CAGE data, have shown that only a small fraction of EVE-ORFs become 

transcribed, which suggests that the remaining EVE-ORFs may not be 

transcribed. To determine if this is true, we examined genomic regions 

containing EVE-ORFs and compared them with the same regions in “ordinary” 

genes. In a cell nucleus, chromosomes occupy their own territories (43, 44) and 

recent studies on 3D genome structure have revealed that chromosomes in the 

mammalian genome are compartmentalized into active (open: A-type) and 

inactive (closed: B-type) chromatin domains (45), which are called topologically 

associated domains (TAD) (46, 47). Recent advances in high-resolution TAD 

maps allowed for further organization of human chromatin into six smaller 

contact domains, which are associated with distinct patterns of the histone 

markers; A1, A2, and B1 to B4 (48). Both A1 and A2 are gene-dense, and 

actively transcribed regions, however, A1 replication is complete at the 

beginning of S phase, whereas A2 continues replicating into mid S phase. 

Furthermore, B1 is composed of facultative heterochromatin and replicates 

during the middle of S phase. Histones B2 and B3, however, do not being 

replication until the end of S phase. B2 contains pericentromeric 

heterochromatin and is enriched in the nuclear lamina and nucleolus-associated 

domains. B3 is enriched only in the nuclear lamina. In addition, subcompartment 

B4 contains many Krüppel associated box-containing zinc-finger repressor 

proteins (KRAB-ZNF) superfamily genes, which exhibit a highly distinct 

chromatin pattern containing both active and heterochromatin-associated 

markers. All six of these subcompartments were detected using human 

lymphoblastic cells, and the contact map was also found to be often conserved 

among human cell lines and in mice (48). 

Using the genome structural information from human lymphoblastic 

cells as described above, we examined the genomic regions where EVE-ORFs 
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are located in the human genome. We calculated the fraction of EVE-ORFs 

found in the six histone-based subcompartments and compared them with those 

in Ensembl genes (Figure 3F, top). For comparison, we examined an additional 

30 known genes that contain EVE-ORFs (EVE genes), which were also detected 

in our EVE-ORF data (see list in Table S1). We found that the distribution of 

EVE-ORFs in each subcompartment differed from that of Ensembl genes as well 

as EVE genes, and the distribution of Ensembl and EVE genes also differed 

from each other (Figure 3F). Moreover, large fractions of Ensembl genes were 

found to be located within sub section A1, while most of the EVE genes were 

located in A2 and B2. Unlike these known genes, large segments of EVE-ORFs 

were found in B3. The distribution of ERV-ORFs and LINE-ORFs was similar 

compared to those of known genes. However, when compared with 

non-EVE-ORFs, distribution patterns for EVE-ORFs occurred in opposite 

directions in all subcompartments save for in B1 (Figure 3F, middle and bottom). 

Further, all observed ERV-ORFs and LINE-ORFs were significantly enriched in 

A-type and B-type states when compared to non-ERV-ORFs and 

non-LINE-ORFs, respectively. Also, at the gene domain level in the ERV-ORF, 

the gag domain was found to be significantly enriched in A1, and depleted in B3 

when compared to the expected values that were based on non-EVE-ORF 

fractions (p < 0.001, FDR corrected) (Figure S11). Conversely, pol domains were 

significantly depleted in A1 and enriched in B3 (p < 0.01, FDR corrected), while 

env domains were found to be depleted in B3 (p < 0.05, FDR corrected). 

Alternatively, the pro domains showed no significant change in any 

subcompartments. However, similar to the pol genes in ERV-ORFs, LINE-ORFs 

were enriched in A1 and depleted in B3 (p < 10-5, FDR corrected). 

We further compared the genomic loci of EVE-ORFs and ordinary 

genes within the human genome. We plotted the number of EVE-ORFs in a bin 

size of 500 kb on the human genome (Figure S12). Results show that the 
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EVE-ORF distributions in the human genome were significantly different from 

those of ordinary genes obtained from the Ensembl database (Figure S12C). 

Genomic regions containing a high density of ERV-ORFs were also found to be 

different from those of LINE-ORFs. Ten high-density bins were identified 

containing ERV-ORFs in chromosomes 1, 4, 7, 8, 19, and Y (Figure S12A). 

However, LINE-ORFs were more uniformly distributed in all chromosomes, and 

showed only 4 high-density bins. Most significant, LINE-ORF enriched regions 

were found in chromosome X (Figure S12B). 

 

Cluster analysis of EVE-ORFs 

To understand long-range relationships between mammalian EVEs, we 

conducted a genome-wide cluster analysis on EVE-ORFs using CD-HIT (49). 

Since the current annotations by Repbase are based on nucleotide identity, 

analysis of the amino acid sequences enabled us to better understand the 

relationship between EVE sequences. Cross-species EVE clustering also 

provided important predictions for the number of sequence types (different 

amino acid sequences) in the 19 examined mammalian species, as well as 

deeper evolutionally relationships. The CD-HIT program clusters sequences by 

finding the longest reference sequence in each cluster group, and performs 

subsequent calculations to identify all sequences that contain the reference 

sequence (49). This clustering step was repeated in a round-robin fashion for 

each EVE domain category. After clustering EVE-ORF sequences, we obtained 

123,035 to 4,092 clusters at the levels of ≥90% to ≥30% sequence identity, 

respectively (Figure 4A). The fewest unique sequences, and thus the highest 

level of clustering, were identified in the LINE-ORF analysis (Figure 4A), which 

suggests that the sequence similarity between LINE-ORFs was quite high. This 

is congruent with the results obtained through divergent analysis (Figures 2 and 

S3). Furthermore, among ERV genes, the number of clusters identified for gag 
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genes (Figure 4A) were more variable, while that for pro genes was less variable. 

We assigned cluster IDs for each cluster by corresponding the number of 

sequences in the cluster with the length of the reference sequences (Figures 

S13 and S14). In our analyses, cluster IDs below 200 generally contained long 

EVE-ORF sequences (≥ 500 aa in length). 

The cluster analysis identified many clusters shared between multiple 

species, which had not been detected by clustering of nucleotide EVE 

sequences. Many clusters were shown to be lineage specific; at ≥60% identity, 

many clusters were found to be shared between primates, rodents, or bovids, 

whereas less, or almost no, shared clustering occurred in opossum and 

platypuses (Figure 4B). Using the clusters and human RNA-seq data, we 

determined the degree of shared EVE-ORFs detected in human RNA-seq by 

examining whether the EVE-ORFs were derived from human, primate, or 

multi-species clusters. Many of the human EVE-ORFs found in transcripts in the 

CHESS database were also found in clusters of primates (apes and old-world 

monkeys) at the level of ≥60% identity (Figure 4C). Furthermore, more than half 

of the ERV clusters contained ≥100 sequences from various mammalian species 

that contained ERVs found in the CHESS database. Overall, the clustering of 

gag and env domains were shared between similar species; many of which were 

shared among closely related species such as primates, while other gag clusters 

were shared among distantly related species. Additionally, the pro domain 

cluster, containing transcripts found in the CHESS database, was relatively small, 

and appeared to be more specific to apes compared to other gene categories. 

By contrast, LINE-ORFs found within clusters containing transcripts from the 

CHESS database, were mostly shared among a broad range of mammals 

including even-toed ungulates, carnivores, and primates. The clusters that 

contained human EVE-ORFs and overlapped with CHESS transcripts with 

known annotations as EVE genes, are highlighted in Figure 4C. (red triangles in 
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the figure). Many of these genes, save for syncytin-1, were found in clusters 

made up of a smaller number of sequences (≤100). Of the total 33,966 human 

EVE-ORFs examined in this study, only 223 sequences were human-specific 

(un-clustered unique sequences or human-specific clusters). Moreover, in the 

EVE-ORFs overlapping with CHESS transcripts, only 4 sequences were found 

to be human-specific ones.  

To understand the relationship between sequence similarity and 

functionality in each cluster, we analyzed a cluster containing ERVW-1 that 

encodes syncytin-1 as a representative of a functional EVE gene. We extracted 

44 unique EVE-ORF sequences with ≥30% similarity and that were ≥250 aa in 

length from the cluster containing ERVW-1 gene (Figure 4C, env panel), and 

generated a maximum likelihood phylogeny by using the amino acid sequences 

using RAxML (50: Figure 4D). Syncytin-1 has been found only in apes, and thus 

ERVW-1 formed a small clade with apes, not with monkeys (Figure 4D). 

Additionally, the branch length for apes within the syncytin-1 clade were shorter 

compared to other clades in the tree, which may be a sign of evolutional 

conservation of sequences. We also found another small clade containing short 

branch lengths among apes. The human EVE-ORF in this clade was also 

identified in the CHESS database as well as via RNA-seq myoblast 

differentiation (Figure 4D, red circle). Note that other EVE-ORFs overlapping 

with CHESS transcripts had no clade at this specific cut-off, but it did have a 

similar EVE-ORF in chimpanzees when the length cut-off was relaxed (the 

length of chimpanzee EVE-ORF was 229 aa), and exhibited a short branch 

length. In addition, we examined the relationship between the human 

EVE-ORFs in the phylogeny and TSSs using FANTOM5 datasets, and found 

that 4 human EVE-ORFs were located 2,000 bp downstream of the TSSs 

(Figure 4D, purple circle). 

Many human EVE-ORFs identified via RNA-seq analysis were found to 
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be shared among primates, while some EVE-ORFs were found in multiple 

shared clusters. Indeed, of the clusters at the level of 60% identity, we identified 

156 clusters that were shared among ≥8 mammalian species (Figure 5). 

Approximately half of these shared clusters contained LINE-ORFs (79 clusters). 

The second largest shared EVE-ORF domain category was for the pol gene, 

which had 44 clusters shared between species. The remaining ERV gene 

domains contained a similar number of cross-species clusters (12, 11, and 10 for 

gag, pro, and env, respectively). Although 12 clusters contained known 

annotated genes or reported transcripts (Figure 5 and Table S1), many of the 

EVE-ORFs identified in the clusters were previously unreported. Interestingly, 21 

of these multi-species clusters did not contain human EVE-ORFs. It is also 

worthy to note that 14 of these clusters remained following the extraction of ≥8 

shared species clusters at the level of ≥80% identity, and 58 clusters remained 

when extracting clusters shared among ≥10 mammalian species (Figures S15A 

and S15B). Further, there were fewer multi-species EVE-ORF clusters identified 

in rodents and opossum. Instead, these species exhibited larger numbers of 

species-specific clusters and unique EVE sequences (Figure 5, right panels). 

The species-specific clusters in these species were abundant in pol genes, while 

there were no multi-species shared clusters observed in analysis of platypuses. 

 

Discussions 

We comprehensively identified EVE-ORFs in 19 mammalian species, 

with differences in their expression patterns noted between species (Figures 1A 

and 1B). This is the first report, to our knowledge, that presents data on the 

genome-wide prediction of EVEs that may code for viral proteins in a wide range 

of mammalian species. Interesting observations were made in mice, dogs, 

opossum and platypuses regarding the presence of EVE-ORFs. In particular, 

mice and platypuses exhibited extreme characteristics in the location and 
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number of EVE-ORFs. The high percentage of ERV-ORFs identified in the 

mouse genome is likely due to the presence of many active EVEs (35). This is 

supported by the observation that high densities of >500 aa long EVE-ORFs 

were observed in all examined domain, which was particularly significant in the 

mouse gag and pro domains (Figure S1C). Furthermore, the dominant groups of 

Repbase annotations in the mouse genome were found to be IAPE (Figure 1C). 

Alternatively, in the platypus genome, we identified very few ERV-ORFs (Figure 

1A), which is consistent with a previous report stating that ERVs account for only 

0.1% of the platypus genome (51). Moreover, in all species examined, we 

observed higher numbers of LINE-ORFs compared to ERV-ORFs, which may be 

due to the presence of active LINE-ORFs in mammals, and thus the presence of 

young sequences (Figures 1A, 2 and S3). Specifically, many mammals contain 

active L1 retrotransposons (52). In addition to expressing active L1, cows also 

contain the LINE, RTE-BovB, which has a high integration rate (53).  

All Identified EVE-ORFs may not be candidates for novel genes. It is 

possible that the observed ORFs were present by chance after being recently 

inserted into the host genome, as was observed with an endogenous 

bornavirus-like nucleoprotein element (EBLNs) expressed in Old World and New 

World monkeys (54). The observed positive correlation between the fraction of 

EVE-ORFs and the total EVE length may reflect this. To exclude EVE-ORFs that 

were simply present by chance and did not have an active function, we 

compared the divergence distribution of our observed EVE-ORFs to those 

presented by Repbase consensus sequences. We limited these EVE-ORFs to 

those located ≤2,000 bp downstream of the TSSs. These identified EVE-ORFs 

were, therefore, considered to exhibit high transcription potential. If the 

frequency of EVE-ORFs located near TSSs is determined to be either smaller or 

larger for a specific divergence than that of all EVE-ORFs in the genome, the 

EVE-ORFs at that divergence are presumed to contain more EVEs that occur 
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either by chance or targeted selection, respectively. When comparing 

divergence patterns, we observed an interesting change in the frequency of 

EVE-ORFs near TSSs. At a divergence of approximately 10% (7-10% for 

ERV-ORF, and 7-13% for LINE-ORF), the frequency of EVE-ORFs located near 

TSSs in humans and mice were determined to be higher than the total number of 

EVE-ORFs within these genomes (Figures S16A and S16B). Conversely, the 

reduced divergence frequencies observed in the EVE-ORFs near TSSs as well 

as for all EVE-ORFs in the genomes, were determined to species-specific. For 

example, we found that only the ERV-ORFs located near TSSs in mice exhibited 

a large reduction in the frequency of divergence at approximately 31%. Overall, 

in EVE-ORFs, the frequency of divergence at ≤5% tended to be smaller than 

those of all EVE-ORFs in the genomes. This confirmed that EVE-ORFs with 

relatively small divergence (approximately ≤5%), were likely recently inserted 

into the genomes, and may include EVE-ORFs that remained by chance alone.  

The EVE-ORF expression results may also suggest that the 

promoter regions of EVEs were co-opted rather than the ORFs. Previous 

studies have reported that promoter regions, especially for ERV LTRs, have 

been co-opted as tissue-specific, or alternative promoters in mammalian cells 

(55). In this analysis, we are not able to exclude this as a possibility. The LTR 

promoter usage in a given cell may also be inferred from RNA-seq data. When 

analyzing promoter usage, the expression levels were often accumulated and 

applied to each EVE group, such as HERV-K and MERV-L. Thus, if only a 

certain EVE-ORF is functional, this accumulated data may cause 

underestimation of the actual ORF expression levels. In our analysis of human 

myoblast RNA-seq data, we presented the expression of each EVE-ORF loci 

separately, and confirmed that the expression of each EVE-ORF loci was unique 

during muscle cell differentiation (Figure 3B). We believe this level of detailed 

expression analysis will assist in revealing the function of EVE-ORFs by 
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identifying individual EVE-ORF loci.  

The significant reduction in EVE-ORF located near TSSs in the 

FANTOM5 database showed that a selective pressure may have been present 

to induce mutation and destroy any EVE-ORFs within the transcriptionally active 

regions. However, our analysis of EVE-ORF using transcriptomic data from the 

CHESS database and myoblast RNA-seq data identified previously unreported 

EVE-ORFs which may function to express proteins in healthy human and mouse 

tissues. Importantly, we also determined that a higher fraction of ERV-ORFs 

exhibited the ability to be transcribed compared to LINE-ORFs. LINE-ORFs were 

found to be significantly enriched in heterochromatin (subcompartments B2 and 

B3)．This is consistent with the result in a previous study that stated that long L1s 

preferentially locate in subcompartments B2 and B3 (56; Figure 3E). In addition, 

the average lengths of LINE-ORFs were found to be longer than for 

non-LINE-ORF so that the long L1 described by Babenko et al (2017) is 

considered to correspond with the LINE-ORFs in this study. This is an interesting 

observation because in somatic tissues, the relaxation of heterochromatin is 

associated with increased transcription of retrotransposons (57).  

The most important characteristic of EVE-ORFs is the consistent 

harboring of viral-like protein domains. The percentage of EVE-ORFs that may 

function as potential candidates for functional genes was determined to be very 

small; in humans, we identified only 480 EVE-ORFs, using public transcriptomic 

datasets, that were transcriptionally active. An additional 2,525 EVE-ORFs were 

found to be located 2,000 bp downstream of TSSs, and thus a total of 2,881 

EVE-ORFs were determined to exhibit transcriptional potential, which accounts 

for approximately 8.8% of the total EVE-ORFs found in humans. Significant 

depletions of EVE-ORFs near the TSS may also supports the low transcription 

potential of EVE-ORFs. This suggests that the EVE-ORFs near TSSs may be 

subjected to purifying selection to avoid their being expressed. However, if 
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specific epigenetic changes occur in close proximity to EVE-ORFs with low 

transcription potential and they subsequently begin to be expressed, they 

may become functional, however, their expression may lead to development of 

diseases as described in previous studies (58, 59). This may be why 

EVE-ORFs are seen to be depleted close to TSS in transcriptionally active 

regions, to avoid potential detrimental secondary effects of the expression. 

Moreover, EVE-ORFs may function as the raw materials required for 

constructing new exons for multi-exon genes composed of non-EVE-derived 

exons. Indeed, we identified EVE-ORFs that were exonized in known Ensembl 

multi-exon genes. Further, the numbers of EVE-containing genes varied among 

mammalian species (Figure S5); horse, sheep, and opossum contained a larger 

number of these genes compared to other mammalian species. However, it is 

not clear whether this observation reflected the difference in EVE-ORF co-opted 

rates or just in gene annotation quality. Nevertheless, differences, although 

small, were observed in the number of EVE-ORFs identified in well-annotated 

human and mouse genomes (Figure S5). We also found that some EVE-ORFs 

partially overlapped with known gene exons (e.g. AKR1B15, UBXN8, and 

PPHLN1 in humans) that contain splice variants. This suggests that, as reported 

in a previous study (60), EVE-ORFs may be transcribed as alternative transcript 

variants. It is interesting to note that known multi-exon genes have been 

identified as containing EVE-ORFs as predicted by HMM alone, suggesting that 

these ORFs were newly identified. Moreover, similar numbers of these genes 

were identified in all examined mammals, save for horses, sheep, and 

platypuses. Considering that orthologs of these genes were found in different 

species (e.g. CNBP, GIN1, SUGP2, in chickens and CTSE in humans and mice), 

these EVE-ORFs may have been co-opted before the evolutionary divergence 

of birds and mammals.  

Combinatorial analysis of functional datasets and cluster analysis for 
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EVE-ORFs in humans revealed that many expressed EVE-ORFs were primate 

specific. This is consistent with previous studies which showed that specific ERV 

genes, such as ERVW-1, are only shared among apes. In addition, we 

demonstrated that fractions of each viral-like protein domain in EVE-ORFs 

varied among mammalian lineages.  

Together, our results suggest that mammalian EVE-ORFs, many of 

which were not previously described, may be co-opted in a cell lineage specific 

manner, and are likely to have contributed to mammalian evolution and 

diversification. However, functional data is currently very limited. Thus, further 

EVE-ORF studies employing the functional data from multiple species may 

provide a deeper understanding of mammalian evolution. 
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Materials and methods 

 

Extraction of EVE-ORFs 

All sequences and annotations for potential protein-coding EVE-ORFs from 19 

mammalian genomes that were used in this study were obtained from the gEVE 

database (23; http://geve.med.u-tokai.ac.jp). Species names and corresponding 

genome versions used in this study are summarized in Table S2. We classified 

EVE-ORF sequences by domains predicted by HMMER version 3.1b1 

(hmmer.org) with HMM profiles and/or RetroTector (61) as provided in the gEVE 

database. We further separated ERV pol and LINE-ORF2 domains as previously 

described (23). We first calculated the fraction of EVE-ORF domains within a 

species, and obtained the average for each domain across all 19 mammals. We 

then further divided the original domain fractions for each species by the 

mammalian average and obtained fold changes for all domains. 	

 

Divergence of EVE-ORFs 

In our previous study (Nakagawa and Takahashi, 2016), we used RepeatMasker 

(3) to identify EVE-ORFs in the mammalian genomes. From those 

RepeatMasker outputs, we obtained divergence information (% substitutions in 

matching region compared to the consensus) for EVE-ORFs. The R package 

version 3.4.4 (62) was used to calculate the means for each specie’s genome. 

We determined the modes of divergence using the R package LaplacesDemon 

version 16.1.1 (63). 

 

RNA-seq analysis 

RNA-seq data for human and mouse myoblast differentiation were downloaded 

from the NCBI Sequence Read Archive (SRA; https:// www.ncbi.nlm.nih.gov/sra). 

For humans, we used 12 RNA-seq datasets from skeletal muscle cells under the 
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SRA study number SRP033135 (64). We obtained 14 RNA-seq datasets from 

C2C12 cell differentiation under the SRA number SRP036149 to analyze mouse 

myoblast differentiation. The accession number of runs used in this analysis are 

summarized in Table S3. After trimming the sequences using fastp version 

0.12.5 (65) with the following set parameters: -q 20 -l 30, reads were mapped 

onto the human (GRCh38), and mouse (mm10) genomes using HISAT2 version 

2.1.0 (66) with the default option. StringTie version 1.3.4b (67) and DESeq2 

version 1.18.1 (68) were used to quantify and evaluate EVE expression. In this 

analysis, we performed mapping and quantification for EVE-ORF transcripts by 

using in-house EVE gene transfer format (GTF) files, which were available in the 

gEVE database. After normalizing for size and filtering the data (removing small 

read counts < 10 aa), we log transformed the count data using the rlog 

transformation function of the DESeq2, which minimizes the detection of sample 

differences for transcripts with small counts, and normalizes the counts with 

respect to the library size. We then performed PCA analysis using the 

standardized read counts. PCA plots were generated using the built-in R 

function prcomp. For human RNA-seq data, expression data was sorted based 

on the total sum of each EVE-ORF expression profile, and the extracted top 100 

EVE-ORF transcripts. The standardized counts were then represented in a 

heatmap, which was generated using the R package pheatmap version 1.0.10 

(69). 

 

Analysis using CHESS 

To investigate the functionality of EVE-ORF, we obtained RNA-seq datasets 

from the GTEx project (20) in GFF format from the CHESS v.2.1 database (21). 

We then identified overlapping EVE-ORFs with exonic regions of transcripts in 

the GFF file using the intersect function of BEDTools version 2.26.0 (70). 
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Analysis using FANTOM data 

To predict which EVE-ORFs can be transcribed, we analyzed CAGE data from 

FANTOM5 (22). Human and mouse CAGE data (bed files, read count data, and 

sample information table) were retrieved from the FANTOM5 data repository. We 

converted EVE-ORF coordinates into hg19 assembly using the UCSC LiftOver 

tool (71), and identified the EVE-ORF and non-EVE-ORF located downstream of 

TSSs using the closest function in BEDTools version 2.26.0. To determine of the 

differences in the numbers of EVE-ORF and non-EVE-ORF near TSS was 

significant, chi-square independence analysis was performed using built-in R 

function chisq.test. The expected number of EVE-ORF located ≤5000 bp 

downstream of TSSs with a bin size of 1000 bp was estimated using the fraction 

of non-EVE-ORF with the same bin size. To control for the false discovery rate 

(FDR), we performed multiple-test correction with FDR (72) using the p.adjust 

function in the R package. PCA analysis for TSS data was performed using the 

same procedure as described for the RNA-seq data. 

 

Subcompartmental analysis 

We obtained six subcompartment coordinates for human lymphoblastoid cells 

from the Gene Expression Omnibus (GEO) database with accession number 

GSE63525 (48). We converted these coordinates from hg19 to hg38 (GRCh38) 

using the UCSC LiftOver tool. We then identified overlapping EVE-ORF 

coordinates within six subcompartments using the intersect function of 

BEDTools version 2.26.0. Statistical analysis was performed using the built-in R 

function chisq.test. The expected number of EVE-ORFs found in each 

subcompartment was calculated using the fraction of non-EVE-ORF identified in 

the corresponding subcompartment.  

 

Cluster analysis 
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We obtained EVE-ORF alignments, and clustered each domain with the CD-HIT 

program (49) for 40-90% shared sequence identity, and we used the 

PSI-CD-HIT program (73) to detect ≤30% level identity. We then extracted the 

sequence that contained the highest level of homology with the reference 

sequence for each species within each cluster and generated matrices for 

heatmaps. Manipulation of this data was accomplished using in-house Perl 

scripts. Heatmaps was visualized using the geom_tile function of the R package 

ggplot2 (74). 

 

Phylogenetic analysis 

We first identified clusters that contained ERVW-1 in the env domain with ≥30% 

identity, and extracted amino acid sequences that were ≥200 aa in length from 

that cluster. After multiple alignments of the sequences with MAFFT version 

7.394 using the auto option (75), we generated maximum likelihood trees with 

RAxML version 8.2.11 and the following options: -f a -m PROTGAMMAJTTF 

-#500; 50. The phylogenetic tree was visualized using the R package ggtree 

version 1.10.5 (76). 

 

Data manipulations and visualizations 

For all analyses employed in this study, we used in-house programs developed 

with Perl, Python, AWK, and Shell script as well as R package dplyr (77) and 

rehape (78) for processing and manipulation of the data. For visualization, we 

used ggplot2 version 2.2.1 with RColorBrewer (79) in the R package. 
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Figure legends 

 

Figure 1. Number of identified ERVs and Repbase annotations in 19 

mammalian species 

A) The mammalian phylogeny showing the number of identified EVE-ORFs. 

Background colors for each specie’s names indicate that they have shared 

species classification equal or below the level of order. Colors in a bar represent 

each domain. The proportion of EVE-ORFs identified compared to all EVE 

sequences in each species, are shown on the right. Chimp: chimpanzee, 

Rhesus: rhesus macaque monkey. B) Relative change in the number of each 

protein domain identified compared to the mammalian average (∆F) is shown on 

the y-axis. Colors of protein domains and mammalian classification are the same 

as those used in panel A. Any ∆F that was determined to be more than ±1.5 are 

highlighted by red triangles. The ∆F for the env gene of rhesus macaques, which 

was approximately 1.5 (1.49), is also highlighted by an open triangle. C) Top 20 

Repbase annotations for ERVs in the human and mouse genomes. The x-axis 

represents the number of EVE-ORFs in each annotated group. In the Repbase 

annotation, ERV internal regions (non-LTR regions) are expressed as “-int”; 

however, only the group names without “-int” are shown due to the limited space.  

 

 

Figure 2. Divergence from Repbase consensus sequences  

The divergence frequencies for the consensus sequences in ERV-ORF (blue) 

and non-ERV-ORF (gray) are shown. Background colors for each panel 

represent the corresponding mammalian classification as indicated in Figure 1A. 

For each species, the mode and average values for ERV divergence are shown 

in blue and red, respectively.  
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Figure 3. Overlapping human EVE-ORFs with functional data in various 

tissues and cell lines 

(A) PCA plot illustrating the EVE-ORFs expressed during the 4 stages of human 

primary myoblast differentiation (3 replicates in each stage) on the first two 

principal components (PC1 and PC2). Differentiation status was indicated by 

color. D0: undifferentiated myoblasts, D1-3: 1-3 days after myoblast 

differentiation began. The percentage of contributing variables for a given PC is 

shown on the axes. B) Expression levels for EVE-ORFs with ≥10 normalized 

read counts during human primary myoblast differentiation. EVE type (ERV or 

LINE) are displayed on the left. The regularized logarithm (rlog) transformed 

read counts for EVE-ORFs are color-coded from blue (low expression) to red 

(high expression). Differentiation status is presented in the same color as in 

panel A. C) Percentages of EVE-ORFs downstream of TSS as obtained from 

FANTOM datasets in each 1,000 bp bin (light blue). EVEs without ORFs 

(non-EVE-ORFs) are shown for comparison (grey). The x-axis represents the 

distance between EVE-ORFs and the closest TSS. An asterisk (*) indicates 

statistically significant differences when comparing numbers of the observed 

EVE-ORF to those expected using fractions of the non-EVE-ORF for each bin 

(p<0.001, chi-squared test, FDR corrected). D) PCA plots for TSSs from CAGE 

datasets, located within 2,000 bp upstream of EVE-ORFs. Colors represent 

different tissues/cell lines. COBLa_rind: COBL-a (a cell line established from 

human umbilical cord blood) infected by rinderpest; H9EB/ES: H9 embryoid 

bodies/embryonic stem cells; MSC: mesenchymal stem cells; RPE: retinal 

pigment epithelium. E) Percentage of the Repbase annotations exhibiting 

ERV-ORFs. The different ERV sets for all ERV-ORFs in this study (gray bar), 

detected from the CHESS datasets (pink circle), and FANTOM datasets (blue 

circle) are indicated. F) Fractions of EVE-ORFs located within different 
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subcompartments. Asterisks (*) and (**) indicate statistically significant 

differences p < 0.01, and p < 10-3, respectively (chi-square analysis, FDR 

corrected) when compared to EVE-ORF numbers expected as determined by 

non-EVE-ORF fractions in each subcompartment. 

 

Figure 4. Summary of ERV sequence clustering  

A) Number of EVE-ORF clusters associated with each EVE-ORF domain. The 

x-axis represents the sequence identity established via clustering. The y-axis 

represents the number of clusters and also shows the original number of 

sequences before clustering occurred (gray shaded area) for comparison. A 

logarithmic scale was used on the y-axis. B) Pairwise comparison of shared 

sequences clustered at ≥60% identity level in 19 mammalian species. The color 

bar represents the number of shared sequences. Gray indicates that no shared 

sequences were identified. C) The number of EVE-ORF sequences in each 

cluster containing at least one human EVE-ORF identified in the CHESS 

database. The x-axis represents clusters with ≥60% identity; however, the 

cluster name is not shown due to limited space. Individual bar colors indicate 

which EVE-ORFs in each cluster are derived from which species shown in 

Figure 1A [e.g. Apes (blue) contain EVE-ORFs from human, chimpanzee, gorilla, 

and/or orangutan]. Clusters containing EVE-derived genes are indicated by red 

triangles and the specific gene name. D) Phylogenetic tree of an EVE-ORF 

cluster containing ERVW-1. The color of each node represents different 

EVE-ORF species. Red and pink circles indicate human EVE-ORFs detected in 

the expression data (CHESS data or myoblast RNA-seq data) and FANTOM 

datasets, respectively. The ERVW-1 clade is indicated by red font. 

 

Figure 5 EVE-ORF clusters shared among at least 8 species  

Clusters of EVE-ORF sequences shared among mammals at ≥60% identity 
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levels are shown. Domain names are shown on the top. The red-scale color bar 

represents the percent identities for sequences against a reference sequence 

within the cluster. The highest identity in each species is shown. Blue represents 

the absence of a specific sequence in the given cluster. The amount of 

sequences forming single-species clusters (middle) and those that failed to form 

any cluster (right) are also shown for each species. 
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