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A B S T R A C T

An endogenous viral element derived from adeno-associated virus containing a nearly intact open reading frame
(ORF) of the rep gene (enAAV-rep) has been identified in the genomes of various mammals including degu and
African elephant. Particularly, in degu, mRNA expression of enAAV-rep has been observed specifically in the
liver. Here we newly identified enAAV-rep in Asian elephant and rock hyrax, both of which are afrotherians. The
enAAV-rep of African and Asian elephants appeared to be orthologous and originated from an integration event
of the entire genome of AAV into the ancestral genome of elephants more than 6 million years ago, whereas that
of rock hyrax appeared to have originated independently. Negative selection operating at the amino acid se-
quence level was detected for the ORF of enAAV-rep in elephants. As in degu, mRNA expression of enAAV-rep
was specifically observed in the liver in Asian elephant. Integrations of enAAV-rep appeared to have occurred
independently on the evolutionary lineages of elephants and degu, suggesting that the AAV Rep protein has been
co-opted repeatedly in the mammalian liver.

1. Introduction

Endogenous viral elements (EVEs) are the fossil record of ancient
viruses that have infected germ-line cells in the ancestors of host spe-
cies. Although EVEs derived from various viruses have been discovered
in many eukaryotes (Feschotte and Gilbert, 2012; Katzourakis and
Gifford, 2010; Horie et al., 2010, 2013, 2016), most of them do not
appear to encode functional proteins because of the existence of pre-
mature termination codons in the open reading frames (ORFs) (Gifford
and Tristem, 2003). However, functional EVEs have been occasionally
identified (Aswad and Katzourakis, 2012; Fujino et al., 2014; Kobayashi
et al., 2016; Myers et al., 2016). For example, EVEs derived from the
envelope genes of retroviruses are known to be involved in the pla-
centation of mammals (Rote et al., 2004).

EVEs derived from adeno-associated virus (enAAVs) have been
discovered in the genomes of several animals (Kapoor et al., 2010;
Katzourakis and Gifford, 2010; Arriagada and Gifford, 2014; François
et al., 2016). Adeno-associated virus (AAV) is a member of the genus
Dependovirus in the family Parvoviridae, and possesses a linear, single-
stranded DNA (ssDNA) genome of approximately 4.7 kb long. The
genome comprises untranslated regions (UTRs) located at both ends
containing inverted terminal repeats (ITRs) and ORFs for the rep gene,

which encodes for non-structural proteins, and the cap gene, which
encodes for structural proteins (Srivastava et al., 1983; Henckaerts and
Linden, 2010). AAV replicates in the nucleus of infected cells and in-
tegrates its entire genome into the host genome in a site-specific
manner (Kotin et al., 1990, 1991). ITRs are required for the viral
genome to be integrated into and rescued from the host genome (Linden
et al., 1996; Ling et al., 2015; Wang et al., 1996).

It has been reported that the EVE derived from the rep gene of AAV
(enAAV-rep) maintains a nearly intact ORF in the genomes of degu
(Octodon degus), long-tailed chinchilla (Chinchilla lanigera), olive ba-
boon (Papio anubis), and African elephant (Loxodonta africana)
(Katzourakis and Gifford, 2010; Arriagada and Gifford, 2014). Parti-
cularly, in degu, mRNA expression of enAAV-rep was specifically ob-
served in the liver, supporting its functionality as a protein in the host
(Arriagada and Gifford, 2014). In this study, we focus on enAAV-rep in
elephants, which are members of Afrotheria. We show evidence that the
enAAV-rep is functional as a protein in elephants.

2. Results

The tBLASTn search was conducted against the whole genome
shotgun database (wgs) of mammals (taxid: 40674) using the amino
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acid sequence of Rep protein (618 aa) for bovine AAV (BAAV) as the
query (accession number: YP_024970) (Schmidt et al., 2004). With the
e-value threshold set at 10−100, 18 hits (enAAV-rep) were obtained
from 16 mammals (Fig. 3). In African elephant, a single copy of enAAV-
rep containing a nearly intact ORF encoding 587 aa was detected with
the e-value of 0, consistent with the previous study (Table 1, Figs. 1, S1)
(Kapoor et al., 2010; Katzourakis and Gifford, 2010; Arriagada and
Gifford, 2014). The amino acid sequence encoded by African elephant
enAAV-rep and that of BAAV Rep shared 61% identity. In addition, a
single copy of enAAV-rep was newly identified with the e-value of 10-
127 from rock hyrax (Procavia capensis), which is another member of
Afrotheria. However, premature termination codons were observed in
the ORF, suggesting that rock hyrax enAAV-rep does not encode a
functional protein (Fig. 1).

It should be noted that the wgs database might contain sequences
derived from contaminating or infecting exogenous AAV (Kryukov
et al., 2018). To confirm that the African elephant enAAV-rep identified
using tBLASTn search was a genuine EVE, we conducted PCR using the
DNA collected from muscle and liver tissues of Asian elephant (Elephas
maximus) as well as LACF-NaNaII cell line of African elephant (RIKEN
Cell BANK: RCB2320). The primers used for PCR were designed based
on the nucleotide sequence of African elephant enAAV-rep (Table S1).
The amplicons with the expected size were detected in muscle and liver
tissues of Asian elephant as well as in the LACF-NaNaII cell line of
African elephant (Fig. 2). Asian elephant enAAV-rep contains an ORF
encoding the amino acid sequence of 587 aa, which was the same size
and 96.8% identical to that of African elephant enAAV-rep (accession
number: LC372536) (Fig. S1).

The phylogenetic tree was constructed for 18 enAAV-rep sequences
obtained from 16 mammals in tBLASTn together with AAV rep using the
amino acid sequences encoded by the ORFs. enAAV-rep from African
and Asian elephants clustered with 100% bootstrap probability (Fig. 3).
Although the bootstrap probability was less than 70%, the cluster of
elephant enAAV-rep further made a cluster with BAAV rep, which in
turn clustered with other enAAV-rep and AAV rep. The topology was
consistent with that reported in the previous paper (Arriagada and

Gifford, 2014). Rock hyrax enAAV-rep was found to be distantly related
to elephant enAAV-rep. The 350 nt upstream and downstream regions
of enAAV-rep were alignable between African and Asian elephants, with
similar distribution patterns of retrotransposons (Fig. 4), indicating that
the enAAVs identified in the genomes of African and Asian elephants
were genuine EVEs having orthologue relationships. By contrast, the
same regions of rock hyrax enAAV-rep were not alignable to those of
elephant enAAV-rep, with a distinct distribution pattern of retro-
transposons.

AAV is known to integrate its entire genome into the host genome in
a site-specific manner (Kotin et al., 1990, 1991). Consequently, the EVE
derived from the cap gene of AAV (enAAV-cap) has been observed in the
vicinity of enAAV-rep in some mammalian genomes (Kapoor et al.,
2010; Katzourakis and Gifford, 2010; Arriagada and Gifford, 2014).
However, enAAV-cap was not identified in the genomes of elephants

Table 1
enAAV-rep identified in the genomes of afrotherians by tBLASTn search.

Species Accession number Orientation Scafold BAAV genomea

Start End Start End

Loxodonta africana AAGU03013549 + 51509 53245 2 492
Procavia capensis ABRQ02194032 − 49775 48384 2 467

a Accession number: YP_024970.

Fig. 1. enAAV-rep identified in the genomes of afrotherians by tBLASTn search using the amino acid sequence of BAAV Rep protein (accession number: YP_024970).
*Premature termination codon.

Fig. 2. Detection of genomic and mRNA enAAV-rep in elephant cell line and
tissues. DNA and RNA were extracted from the LACF-NaNaII cell line of African
elephant and liver and muscle tissues collected from a male Asian elephant that
died of natural causes at Kobe Oji Zoo in Japan. Genomic enAAVs (486-bp
product) were amplified by PCR (top panel). After DNA degradation in RNA
samples using DNase, mRNA expression was investigated by RT-PCR. mRNAs
transcribed from enAAV-rep were detected as a 207-bp product (middle panel).
GAPDH mRNA was used as a positive control for mRNA detection (bottom
panel). Primers used for the PCR and RT-PCR are shown in Table S1.
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and rock hyrax. Instead, the upstream ∼150 nt region of elephant
enAAV-rep aligned with the 5′ UTR of BAAV (Fig. 5), although the ITR
structure was not predicted within the upstream 350 nt region of ele-
phant enAAV-rep (data not shown). These results are consistent with the
idea that enAAV-rep of African and Asian elephants are orthologous and
have originated from an integration event of the entire genome of AAV
into the ancestral genome of elephants more than 6 million years ago
(Hedges et al., 2006). enAAV-repmay have originated independently on
the lineage of rock hyrax after divergence from the lineage of elephants
within afrotherians (Nishihara and Okada, 2008).

Since a nearly intact ORF appears to have been maintained in ele-
phant enAAV-rep, it was hypothesized that the ORF of elephant enAAV-
rep encodes a functional protein. To test this hypothesis, the dS and dN

values were computed from the comparison of ORFs in enAAV-rep of
African and Asian elephants using MEGA (version 7.0.21) (Kumar et al.,
2016). The dS and dN values were estimated to be 0.0335 ± 0.009 and
0.0141 ± 0.003, respectively. Thus, the dN/dS ratio was 0.41 and ne-
gative selection was detected with P < 0.05 by the Z-test. Further-
more, mRNA expression of enAAV-rep was examined using the LACF-
NaNaII cell line of African elephant and muscle and liver tissues of
Asian elephant. mRNA expression was identified in the liver tissue of
Asian elephant, but not in the LACF-NaNaII cell line of African elephant
and the muscle tissue of Asian elephant (Fig. 2). Note that specific
mRNA expression of enAAV-rep in the liver has also been observed in
degu (Arriagada and Gifford, 2014). In the phylogenetic tree of enAAV-
rep and AAV rep sequences, degu enAAV-rep was distantly related to

Fig. 3. Phylogenetic tree of enAAV-rep and
exogenous AAV Rep protein. The phylogenetic
tree was constructed by the neighbor-joining
method with p-distance. The reliability of in-
terior branches in the phylogenetic tree was
assessed by computing the bootstrap prob-
ability with 1000 resamplings. Bootstrap va-
lues> 70% are shown for interior branches.
The common names of hosts and accession
numbers of nucleotide sequences containing
enAAV-rep are shown in parentheses. Orange
and green letters are used for describing
enAAV-rep found in afrotherians and other
mammals, respectively.

Fig. 4. Dot-plot analysis of enAAV-rep and its 350 nt upstream and downstream nucleotide sequences. Green and red lines in the boxes indicate forward- and reverse-
match positions between compared sequences, respectively. Colored boxes on gray bars represent the positions of enAAV-rep and retrotransposons predicted by
CENSOR software (Kohany et al., 2006).
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elephant enAAV-rep, suggesting that the enAAV-rep originated in-
dependently on the lineage of degu after divergence from the lineage of
afrotherians (Fig. 3). These results suggest that the AAV Rep protein has
been co-opted repeatedly in the mammalian liver. To understand the
biological significance of these phenomena, it is important to clarify the
functions of proteins encoded by enAAV-rep in elephants and degu.
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