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ABSTRACT High-throughput sequences were generated from DNA and c¢cDNA from
four Southern white rhinoceros (Ceratotherium simum simum) located in the Taronga
Western Plain Zoo in Australia. Virome analysis identified reads that were similar to Mus
caroli endogenous gammaretrovirus (McERV). Previous analysis of perissodactyl genomes
did not recover gammaretroviruses. Our analysis, including the screening of the updated
white rhinoceros (Ceratotherium simum) and black rhinoceros (Diceros bicornis) draft
genomes identified high-copy orthologous gammaretroviral ERVs. Screening of Asian rhi-
noceros, extinct rhinoceros, domestic horse, and tapir genomes did not identify related
gammaretroviral sequences in these species. The newly identified proviral sequences
were designated SimumERV and DicerosERV for the white and black rhinoceros retrovi-
ruses, respectively. Two long terminal repeat (LTR) variants (LTR-A and LTR-B) were iden-
tified in the black rhinoceros, with different copy numbers associated with each (n =
101 and 373, respectively). Only the LTR-A lineage (n = 467) was found in the white rhi-
noceros. The African and Asian rhinoceros lineages diverged approximately 16 million
years ago. Divergence age estimation of the identified proviruses suggests that the ex-
ogenous retroviral ancestor of the African rhinoceros ERVs colonized their genomes
within the last 8 million years, a result consistent with the absence of these gammare-
troviruses from Asian rhinoceros and other perissodactyls. The black rhinoceros germ
line was colonized by two lineages of closely related retroviruses and white rhinoceros
by one. Phylogenetic analysis indicates a close evolutionary relationship with ERVs of
rodents including sympatric African rats, suggesting a possible African origin of the
identified rhinoceros gammaretroviruses.

IMPORTANCE Rhinoceros genomes were thought to be devoid of gammaretroviruses,
as has been determined for other perissodactyls (horses, tapirs, and rhinoceros). While
this may be true of most rhinoceros, the African white and black rhinoceros genomes
have been colonized by evolutionarily young gammaretroviruses (SimumERV and
DicerosERV for the white and black rhinoceros, respectively). These high-copy endoge-
nous retroviruses (ERVs) may have expanded in multiple waves. The closest relative of
SimumERV and DicerosERV is found in rodents, including African endemic species.
Restriction of the ERVs to African rhinoceros suggests an African origin for the rhinoc-
eros gammaretroviruses.

KEYWORDS endogenous retrovirus, gammaretrovirus, rhinoceros, perissodactyl,
evolution
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Rhinoceros Gammaretroviruses

etroviruses are enveloped, single-stranded RNA (ssRNA) viruses that reverse tran-

scribe their genome into double-stranded DNA, which subsequently integrates into
the host cell DNA (1). The resulting provirus encodes all the necessary sequences to
direct the production of progeny virions that can infect a new cell (2). Exogenous retrovi-
ruses infect and integrate into the genomes of somatic cells. A subset of infections may
occur in the host germ line, which can result in vertical transmission of the retrovirus in a
Mendelian fashion (2-4). Vertically transmitted retroviruses are called endogenous retro-
viruses (ERVs) and comprise up to 10% of known vertebrate genomes (1, 4, 5).

Most ERVs represent proviral integrations that occurred millions of years ago (1, 5).
ERVs are often rendered inactive by the accumulation of mutations over time, with only
a small proportion of proviruses capable of producing functional retroviruses (2, 4).
Frequent cross-species transmission of retroviruses and formation of ERVs creates a dis-
cordance between a large portion of the genome and the host phylogeny where, in
some cases, very closely related species do not share ERVs. The best characterized ERVs
are those of humans and mice, with other species being relatively poorly characterized
(3). High-throughput sequencing (HTS) and genome assemblies from a large number of
vertebrates in recent years have enabled characterization of novel ERVs. However, the
sequencing coverage of genomes varies enormously between species, and depending
on the sequencing technology used (long versus short reads), the number of gaps, and
the number of ERV copies, ERVs can be missed when comparing genomes (1, 6).

The Perissodactyla order represents a diverse and widespread group of mammals
found on all continents except Australia and Antarctica (excluding domestic horses,
which are broadly distributed worldwide). Perissodactyls are further divided into two
suborders, the Hippomorpha and Ceratomorpha. The Hippomorpha include all eight
extant equid species, while the Ceratomorpha includes the four extant tapir species
and the five extant species of rhinoceros (7). Endogenous gammaretroviruses have not
been described in Perissodactyla, and a recent study of ERVs in this order indicated that
they are absent (8).

Four white rhinoceros died following severe neurological abnormalities at the
Taronga Western Plains Zoo, New South Wales, Australia. In an effort to identify the caus-
ative infectious agent, HTS, DNA, and cDNA data were generated for the four white rhi-
noceros. Analysis of the data identified gammaretroviral sequences similar to Mus caroli
endogenous gammaretrovirus (McERV). Screening additional perissodactyl genome
assemblies revealed several similar ERV loci in the assemblies of white rhinoceros and
black rhinoceros. The identified sequence was absent from all other Perissodactyla ge-
nome assemblies screened. The white rhinoceros full-length assembled endogenous
gammaretrovirus was designated SimumERYV, and its close relative from black rhinoceros
was designated DicerosERV. We describe the species distributions, copy numbers, evolu-
tionary ages, and phylogenetic relationships of SimumERV and DicerosERV with other
gammaretroviral sequences.

RESULTS

Identification of SimumERV sequence in white rhinoceros HTS data. Four white
rhinoceros died at the Taronga Western Plain Zoo after showing neurological abnor-
malities. HTS was performed on total RNA extracts from lung tissue samples and DNA
extracts from blood and placenta. HTS RNA and DNA data were analyzed using the vi-
ral identification pipeline (VIP) (9) to identify viral sequences in the samples. VIP analy-
sis identified gammaretroviral reads similar to Gibbon ape leukemia virus (GalLV) and
Mus dunni endogenous retrovirus (MDEV) in both DNA and RNA sequenced samples.
The longest generated contigs from each sample were aligned, and an 8,536-bp major-
ity-rule consensus sequence was generated. The consensus sequence was searched
against the NCBI database using BLASTn. The BLASTn search results indicated highest
similarity to McERV, with a query coverage of 53% and 70.12% identity. RetroTector
(10) analysis verified that the generated consensus sequence belongs to the gammare-
trovirus genus and identified proviral gag, pro, pol, and env genes and long terminal
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TABLE 1 Rhinoceros NCBI assembly genomes used for screening of SimumERV_cons

ERV Full-length LTR-A LTR-B
BLASTn proviral BLASTn BLASTn

Species Subspecies hits? hits? hits? hits? Accession no.
Ceratotherium simum (white rhinoceros) Ceratotherium simum simum 44 0 369 0 GCA_000283155.1
Ceratotherium simum cottoni 2,680 0 245 0 GCA_004027795.1
Ceratotherium simum cottoni 1,255 98 467 0 GCA_021442165.1
Diceros bicornis (black rhinoceros) Diceros bicornis bicornis 83 1 54 130 GCA_004027315.2
Diceros bicornis minor 353 153 101 373 GCA_020826835.1
Diceros bicornis minor 65 1 52 134 GCA_013634535.1
Dicerorhinus sumatrensis Dicerorhinus sumatrensis sumatrensis 0 0 0 0 GCA_002844835.1

(Sumatran rhinoceros)

Dicerorhinus sumatrensis harrissoni 0 0 0 0 GCA_014189135.1
Rhinoceros unicornis (Indian rhinoceros) Rhinoceros unicornis 0 0 0 0 GCA_019022865.1
Rhinoceros unicornis 0 0 0 0 GCA_018403435.2
Coelodonta antiquitatis (woolly rhinoceros) Coelodonta antiquitatis 0 0 0 0 ERX3761614, ERX3761620,
SRX9737591, SRX9737592
Stephanorhinus kirchbergensis Stephanorhinus kirchbergensis 0 0 0 0 SRX9738793

(Merck’s rhinoceros)

9For each genome, we indicate the number of high-significance BLASTn hits, the number of full-length proviruses, and the number of LTR sequences that were identified.

repeat (LTR) sequences. The complete proviral consensus sequence was also compared
to entries in the NCBI Conserved Domain Database (CDD) (11) and identified motifs for
all retroviral genes. The consensus of the novel proviral sequence identified from the
four white rhinoceros was named SimumERV_cons (NCBI accession number OP081083).

SimumERV integration site identification in extant and extinct rhinoceros genomes.
The SimumERV consensus sequence generated from the four sequenced rhinoceros
samples was used as a seed to screen the available genome assemblies of extant rhinoceros
downloaded from the NCBI Assembly database. BLASTn searches using the SimumERV_cons
sequence, excluding LTRs, were performed on all scaffolds of white rhinoceros and black
rhinoceros draft genomes and identified a total of 3,979 and 501 hits, respectively (Table 1)
(12). The genome assemblies of Sumatran rhinoceros (Dicerorhinus sumatrensis) and Greater
Indian rhinoceros (Rhinoceros unicornis) did not produce any positive hits (Table 1). The
SimumERV_cons sequence was also used as a seed to screen extinct rhinoceros species
genomes. Raw sequence data for extinct rhinoceros were obtained from the NCBI SRA
database (13) and analyzed using the same methodology as indicated above. The screening
of Woolly rhinoceros (Coelodonta antiquitatis) and Merck’s rhinoceros (Stephanorhinus kirch-
bergensis) did not produce any positive hits (Table 1).

The resulting proviral BLASTn hits plus ~8,000 bp of both up- and downstream scaffold
regions were extracted from the respective draft genomes. The scaffold regions extracted
from white rhinoceros were analyzed using RetroTector, identifying 98 full-length proviral
sequences from the long-read (Oxford Nanopore MinlON) GCA_021442165.1 genome
assembly. The other two available white rhinoceros NCBI assemblies failed to produce
full-length provirus hits (Table 1), most likely due to limitations for assembly of repetitive
elements that arise in shorter read-length sequencing approaches, such as lllumina sequenc-
ing by synthesis (SBS) (10, 14). Gammaretroviral sequences with high identity to the seed
sequence were identified in all white rhinoceros extracted scaffold regions. The extracted
gammaretroviral full-length proviral sequences from GCA_021442165.1 were aligned using
MAFFT (15) (Fig. S1 in the supplemental material). From the resulting alignment, a consensus
sequence was generated that we designated SimumERV. The newly generated consensus
sequence SImumERV has a 99.3% pairwise identity to the SimumERV_cons seed sequence
used above (Fig. 1). White rhinoceros assembly GCA_021442165.1 screening also revealed
another 56 proviral sequences with partial SimumERV env sequence matches with a nucle-
otide identity of, on average, 96.5% and LTRs nearly identical in sequence. Recombination
analysis of SimumERV proviral sequences using recombination analysis tool (RAT) and
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FIG 1 Multiple alignment of SimumERV and DicerosERV consensus sequences from white rhinoceros next-generation sequencing data (SimumERV_cons),
white rhinoceros (SimumERV), and black rhinoceros (DicerosERV) genomes. Sequences are annotated indicating the location of LTRs in light blue, primer
binding sites (PBSs) are in yellow, proviral genes gag, pro, pol, and env are illustrated in green, and identified pathogenicity and conserved domain motifs
are illustrated in pink. The four sequences have an average pairwise nucleotide identity of 86.3%. Sequence differences among the sequences are indicated
by black vertical lines.

RECCO scripts (16, 17) indicated a potential recombination event in the above-men-
tioned subset of 56 sequences, with the first and second breakpoint located within the
region surrounding nucleotides 1099 and 7498 of the 56 aligned sequences used as
input (Fig. S2). Further analysis of the recombinant subset using Repbase suggests that
SimumERV recombined with another rhinoceros gamma endogenous retroelement (18).
The SimumERV recombinant appears to be a single recombinant event that subse-
quently expanded in the C. simum genome. The 56 recombinant proviral sequences
were excluded from the data set since they most likely represent postgenome coloniza-
tion events, and we focused on the nonrecombinant sequences identified to define the
original colonization process.

The scaffold regions extracted from all black rhinoceros genomes revealed 155 full-
length proviral sequences with all genes in the sense orientation (Table 1). From the
remaining 351 extracted scaffolds, 2 appeared to be full proviral sequences but with
gene duplications and partial LTRs, while the remaining extracted scaffolds contained
partial proviral genes and LTRs. All proviral sequences extracted from black rhinoceros
assembly GCA_020826835.1 were aligned using MAFFT (15) (Fig. S1). Alignment of the
extracted proviral sequences revealed the presence of two groups of LTRs in the black
rhinoceros extracted scaffolds. The first group was designated LTR-A, with a high
sequence similarity (~98%) to the identified SimumERV LTR sequences. The second
group was called LTR-B, with a sequence similarity of ~80% and including sequences
that are unique to black rhinoceros proviruses (Fig. S3). The black rhinoceros proviral
sequences were divided according to the LTR type and realigned using MAFFT (15).
LTR-A sequences were observed in 20 proviral sequences, while the remaining 133 pro-
viral sequences had LTR-B sequences. The LTR-A proviruses had fewer truncations
affecting their genes than the LTR-B proviruses. LTR-B proviruses had larger propor-
tions of proviruses with truncated gag, pro, pol, and env genes and a higher copy num-
ber (Fig. S1). Majority-rule consensus sequences of the two alignments were generated
and named DicerosERV LTR-A and DicerosERV LTR-B. DicerosERV LTR-A and DicerosERV
LTR-B sequence comparisons to the SimumERV sequence revealed pairwise identities
of 99.7% and 73.3%, respectively (Fig. 1).

Analysis of SimumERV and DicerosERVs using the NCBI CDD resulted in the identifi-
cation of retroviral motifs for all retroviral genes (11). RetroTector (10) analysis of con-
sensus sequences further verified the presence of all retroviral genes and LTRs (Fig. 1).
RetroTector was able to generate ERV reconstructed protein sequences for each gene
from the majority-rule consensus sequences. The CETTG pathogenicity motif that is

April 2023 Volume 97 Issue 4 10.1128/jvi.01932-22 4

Downloaded from https://journals.asm.org/journal/jvi on 08 May 2023 by 134.96.155.164.


https://www.ncbi.nlm.nih.gov/assembly/GCA_020826835.1
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01932-22

Rhinoceros Gammaretroviruses

conserved in exogenous and highly infectious gammaretroviruses appears to contain a
threonine-to-serine mutation in SimumERV and DicerosERV sequences, resulting in a
CETSG motif (Fig. 1) (19). The CETSG motif was recently observed in an exogenous rep-
lication-competent retrovirus called Hervey pteropid gammaretrovirus (HPG) that is cir-
culating among bats as well as in a significant percentage (27%) of koala retrovirus-D
proviruses (KoRV-D). The amino acid change resulting in the CETSG motif is hypothesized
to attenuate syncytium formation (20). Further analysis of the majority-rule consensus
sequences identified tRNA-Pro as the primer binding site for viral replication initiation.
The generated consensus sequences were submitted to Repbase and are also provided
in the Supplementary Information (18).

Target site duplication (TSD) sites flanking the proviral LTRs were also examined.
Retroviral integration generates 4 to 6 bp TSD sites directly flanking the proviral
sequence (21). White and black rhinoceros proviral sequences displayed a 4-bp TSD pat-
tern (Table S1). Further analysis of the coding potential of SimumERV and DicerosERV
proviral loci revealed that the majority of sequences were heavily mutated or had partial
internal coding regions missing, a result that indicates that most of the proviruses are
unlikely to produce any functional proteins. The DicerosERV LTR-B proviral sequences
JAJIAZ010000042.1 (15264763 to 15296245), JAJIAZ010000006.1 (3526731 to 3550240),
and JAJIAZ010000006.1 (9540268 to 9563788) are an exception as they may have coding
potential and the ability to produce full-length protein sequences.

LTR sequences from the SimumERV and DicerosERV consensus sequences were used
as a seed for BLASTn searches in the white and black rhinoceros genome assemblies,
identifying 1,081 and 844 unique hits, respectively (Table 1). LTR-A sequences were pres-
ent in both black and white rhinoceros genomes. LTR-B sequences were only identified
in black rhinoceros genome data (Fig. 2). To determine whether the identified proviruses
and solo LTRs share the same integration sites within black and white rhinoceros,
extended LTR sequences (=500 bp) were extracted from white and black rhinoceros
genomes (GCA_021442165.1 and GCA_020826835.1). Extended LTR sequences were
used as queries for BLASTn searches on HTS data from the four white rhinoceros and all
other available NCBI white and black rhinoceros genomes. Integration site comparisons
revealed identical insertion sites within different black and white rhinoceros individuals.
Integration site comparison across white and black rhinoceros failed to identify common
integration sites. This conclusion is based on the current quality of the assembled genomes
currently available.

Age estimation of DicerosERV and SimumERV. Evolutionary ages of DicerosERV
and SimumERV sequences were estimated using three different approaches. First, LTR
sequences identified by BLASTn search were aligned using MAFFT (12, 15). The three
resulting alignments were manually curated and separated into subgroups based on
sequence similarity (Fig. S4), and Kimura-2-parameter (K2P)-corrected distances for LTR
sequences compared to the majority-rule consensus sequences were calculated (22). CpG
dinucleotide positions were excluded from the analysis, as they are prone to higher muta-
tion rates due to 5-methyl spontaneous deamination (5, 23). Using calculated distances
for each LTR alignment and a previously published African rhinoceros mutation rate of
0.00088/nucleotide/year (24), the SimumERV subgroup 1 age was estimated to be ~12.97
(*=13.28) million years (Myr) old, the SimumERV subgroup 2 age was estimated to be
~16.28 (£6.92) Myr old, the DicerosERV LTR-A-1 age was estimated to be ~2.72 (+5.50)
Myr old, the DicerosERV LTR-A-2 age was estimated to be ~8.36 (+6.22) Myr old, and the
DicerosERV LTR-B age was estimated to be ~2.72 (=5.5) Myr old (Fig. 3; Tables S2 to S4).

The second approach was based on the same principle as the first approach but
used proviral gene regions instead of LTR sequences. Briefly, multiple alignments were
created for each proviral gene using MAFFT, and each alignment was manually curated
and separated into subgroups based on sequence similarity (Fig. S5 to S7), and K2P-
corrected distances for each gene sequence compared to the corresponding gene’s
majority-rule consensus were calculated (15, 22). For the second approach, the same
African rhinoceros mutation rate was applied, and CpG dinucleotides were excluded.
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FIG 2 Phylogenetic relationship of SimumERV and DicerosERV LTR sequences. The unrooted maximum likelihood tree
illustrates the 463 SimumERV and 470 DicerosERV proviral and solitary LTR sequences identified in white and black
rhinoceros genomes excluding sequence outliers. Black clades represent SimumERV LTRs, orange clades represent
DicerosERV LTR-A, and green clades represent DicerosERV LTR-B. Sequences that were identified in BLASTn searches as
related to the rhinoceros ERVs but that aligned very poorly and may represent false hits were excluded from the analysis.
However, sequences that did align well along the proviral sequence but were more divergent from other proviral
sequences for shorter internal regions were not excluded as outliers and are visible as long branches.

The gag gene-based age estimates were ~12.95 (£11.18) Myr old for SimumERV. The
DicerosERV LTR-A gag gene was separated into two subgroups with age estimations of
290 (£1.28) and 5.22 (*+3.89) Myr old (Fig. 3). The DicerosERV LTR-B gag gene was
grouped into 2 clusters with age estimations of ~5.43 (+3.77) and ~9.52 (£4.21) Myr
old. The pol gene age estimations were ~13.60 (=4.68) and 7.91 (=7.03) Myr old for the
SimumERV subgroups, ~2.90 (+1.35) and 4.97 (+3.45) Myr old for the DicerosERV LTR-A
subgroups, and ~4.12 (=2.57), 9.70 (+6.79), 14.20 (£6.15), and 9.99 (+3.07) Myr old for
DicerosERV LTR-B (Fig. 3). Age estimations of the env gene were ~7.11 (=5.60), ~16.71
(%£9.11), and ~8.05 (£5.10) Myr old for SimumERV, ~2.76 (+2.06) and ~4.23 (*2.04) Myr
old for the DicerosERV LTR-A subgroups, and ~11.02 (£5.13), ~10.79 (£8.40), and ~3.20
(*1.94) Myr old for DicerosERV LTR-B (Fig. 3; Tables S5 to S13).

The third approach was based on nucleotide divergence of proviral 5" and 3" LTRs.
Once the provirus is integrated into the genome, the two LTRs have identical sequences
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FIG 3 Boxplots illustrating age estimations of SimumERV and DicerosERV loci using multiple approaches. For more
accurate age estimations, ERV sequence alignments were separated into subgroups based on sequence similarity. Age
estimations were performed comparing the gag, pol, and env gene regions of each provirus as well as LTRs (solitary and
proviral; “con”) to the consensus sequences of its respective subgroup. Furthermore, provirus ages were estimated via the
number of nucleotide differences between individual proviral 5’ to 3’ LTRs. Individual ERV locus (proviruses, solitary LTRs)
age estimations are illustrated with black dots next to each subgroup’s boxplot. Black lines indicate the median age,
squares indicate the mean, and whiskers indicate the 1.5-fold interquartile range.

(1). Mutations in the LTR regions, as in the rest of the provirus, will begin to accumulate
at the host mutation rate (5). The age of integration can be determined based on the
host mutation rate and number of nucleotide differences between the two proviral LTRs.
Using the above-mentioned mammalian mutation rate and calculated nucleotide distan-
ces between each proviral LTR pair, evolutionary ages were estimated for each provirus.
SimumERV proviruses were estimated to be ~7.10 (=8.28) Myr old, DicerosERV LTR-A
proviruses were estimated to be ~3.17 (+3.28) Myr old, and DicerosERV LTR-B provi-
ruses were estimated to be 1.29 (*£1.95) Myr old (Fig. 3; Tables S14 to S16).

In all dating approaches, sequences with extreme nucleotide distances, thus evolution-
ary ages, were considered to be outliers, also evident in multiple sequence alignments,
and were excluded from age estimations. The different age estimation approaches of the
investigated rhinoceros ERVs indicate a higher heterogeneity of the overall LTR collection
than age estimates based on 5" and 3’ proviral LTRs. Proviral 5" and 3’ LTR sequence homo-
geneity could indicate gene conversion events that reduce the genetic distance between
the two LTR sequences, resulting in underestimation of integration times (25-27). Several
proviral 5" and 3’ LTR sequences also appear to be identical in sequence to one another,
indicating that those ERVs might still be actively proliferating or formed very recently (28).
Also, the variable dates observed between the two DicerosERV LTR groups may reflect multi-
ple independent infections or integrations into the germ line by the original exogenous ret-
roviral ancestor, as observed for other recent germ line infections (e.g., the koala retrovirus
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KoRV) (29). Alternatively, the variable dates may be due to different time periods of expan-
sions in the germ line. The estimated average of all calculations is that the overall coloniza-
tion of the rhinoceros genome took place in the last 8 Myr.

Subgroup analysis of DicerosERV and SimumERV. Analysis of the different sub-
groups used in the age estimation indicated that for SimumERV proviral sequences,
LTR subgroup 2 was more likely to form proviral sequences containing pol subgroup 1
and env sequences not belonging to subgroup 1. The DicerosERV LTR-A subgroup
analysis indicated that LTR subgroup 2 sequences were not associated with viral genes
of subgroup 1, whereas LTR subgroup 1 was associated with viral genes of subgroup 1.
Subgroup analysis of DicerosERV LTR-B sequences indicated that gag gene subgroup 1
was generally associated with other subgroup 1 sequences (Tables S17 to S19).

SimumERV molecular screening in white rhinoceros samples. Sequence-specific
PCRs were also performed in DNA extracted from white rhinoceros samples. Molecular
screening of SimumERV was performed to further confirm the presence of the bioinfor-
matically identified ERVs. Genomic DNA was subjected to PCR using specific primers
designed to amplify approximately 400 bp in the gag and env gene region each. PCR
products of the expected size were produced for both gag and env primer sets. Sanger
sequencing of the PCR products confirmed the targeted gag and env sequences, dem-
onstrating little sequence divergence from the three generated consensus sequences
(Fig. S8). This approach further verified the presence of the identified endogenous ret-
rovirus in the genomes of African rhinoceros.

Phylogenetic analysis of SimumERV and DicerosERV sequences. SimumERV and
DicerosERV consensus proviral nucleotide and protein sequences, the latter generated by
RetroTector, were searched using BLAST against the NCBI database. Retroviral and endog-
enous retroviral sequence matches with significant homology to the query sequences
were downloaded from the NCBI database. Sequences were multiply aligned along with
the query sequences using MAFFT (12, 15). Maximum likelihood phylogenetic analysis was
performed using reticuloendotheliosis virus as an outgroup for both nucleotide and pro-
tein analyses. Nucleotide phylogeny placed the identified Rhinocerotoidea gammaretrovi-
ruses SImumERV and DicerosERV in a monophyletic group that forms a sister clade with
several rodent ERVs, including African thicket rats (Grammomys surdaster) and African
grass rats (Arvicanthis niloticus) that are found only in Africa (Fig. 4). Protein phylogenetic
analysis also resulted in the same outcome, with Rhinocerotoidea gammaretroviruses
being in the same clade in all protein phylogenies. In the Env protein phylogeny along
with the consensus sequences of SimumERV and DicerosERVs, we also included protein
sequences generated from two DicerosERV LTR-B nontruncated proviral sequences,
JAJIAZ010000002.1 (94775313 to 94798831) and JAJIAZ010000006.1 (3526731 to 3550240),
with the analysis placing them as sister groups with SimumERV and DicerosERV LTR-A (Fig.
S9). In a Gag and Pol protein phylogenetic analysis, the Rhinocerotoidea gammaretroviruses
clade was forming a sister clade with the rodent ERVs as in the nucleotide analysis. The Env
protein phylogeny, on the other hand, resulted in a polytomy most likely due to insufficient
informative sites (Fig. S9).

DISCUSSION

Previous analysis of perissodactyl genomes suggested that gammaretroviruses are
absent from that order (8). However, in that analysis, the only available rhinoceros
genomes were generated with short-read sequencing approaches that are known to
have several limitations when analyzing repetitive elements, and, therefore, lower-
copy or incomplete retroviral sequences could be missed (14). From the genomes
screened in Zhou et al., we identified only two DicerosERV full-length proviruses and
no full-length proviral sequences of SimumERV. High-quality white and black rhinoc-
eros genomes were released in 2021 and 2022 from the Max Planck Institute of
Molecular Genetics and the Vertebrate Genome Project, respectively, using long-read
sequencing approaches (30). Screening of those genome sequences identified 98
SimumERV and 153 DicerosERV proviral sequences. The use of the viral search tool
GLUE based on structural proteins that was used in Zhu et al. (8) would likely have
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FIG 4 Phylogenetic analysis of SimumERV and DicerosERV consensus nucleotide whole-genome sequences excluding LTRs within the family Retroviridae. A
phylogenetic tree was constructed using RAXML and the GTR gamma substitution model with 20 maximum likelihood searches and 500 rapid bootstrap
replicates. Bootstrap support is given at nodes. Reticuloendotheliosis virus was used as an outgroup. The scale bar represents nucleotide substitutions per site.

therefore missed SimumERV and DicerosERV given the partial coverage of the majority
of proviruses in the 2012 genome builds for Ceratotherium simum and Diceros bicornis.
This is clearly the case, as both long-read data assemblies and HTS virome analysis
from lung, placenta, and blood samples from four white rhinoceros samples identified
a gammaretrovirus most closely related to an African rat ERV that was present in all
African rhinoceros samples tested here or in the current genome databases.

Dating of LTR and gene divergence suggests that one or multiple germ line integra-
tions occurred between 1.5 and 15 Mya. This is consistent with the complete absence of
this retroviral clade from Asian rhinoceros, as the estimated divergence between Asian
and African rhinoceros clades is approximately 16 Mya (31). The lower 1.5-Mya estimate
for the LTR-B group that was only identified in black rhinoceros indicates a colonization
event by this LTR group after the split of white and black rhinoceros. Given the uncer-
tainty of the age estimates, it is still conceivable that all germ line invasions preceded
the divergence of the two African rhinoceros clades, but at least some of the coloniza-
tion events may have occurred close to the time of host lineage divergence.

The two different LTR groups suggest several possible scenarios for how these ERVs
have proliferated, which we cannot currently distinguish. First, it is possible that the exog-
enous retroviral ancestor or relatives of it remained in circulation in a reservoir host in
Africa and that the black rhinoceros ERVs represent two independent genome coloniza-
tions separated in time. Second, at some point after the separation of the lineages leading
to the white and black rhino clades, an intracellular retrotransposition, perhaps by one of
the more intact LTR-A ERVs, produced the LTR-B clade with no exogenous retroviral
involvement. Given the high similarity between SimumERV and DicerosERVs, the latter
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scenario is more likely, as over millions of years, it would be expected that the ancestral
retrovirus would have diverged substantially between the genome colonization events.

The most closely related sequences to SimumERV and DicerosERV are found in a
clade of rodent ERVs that includes the sympatric African grass rat (Arvicanthis niloticus)
and the African thicket rat (Grammomys surdaster). While it is hard to infer the direct
transmission route for events millions of years in the past, the sympatry of both hosts
with African rhinos and the lack of SimumERV and DicerosERV from Asian rhinoceros
suggests that genome colonization of African rhinos occurred exclusively in Africa
without involving any of the extant or extinct Asian rhino lineages (32). Further analysis
of genomes from additional sympatric species, particularly rodents, may identify addi-
tional, more closely related ERVs that may further clarify the rhinoceros gammaretrovi-
rus origins.

MATERIALS AND METHODS

Samples and nucleic acid extraction. White rhinoceros tissue and blood samples were provided
from the Taronga Western Plains Zoo in New South Wales, Australia. Four female white rhinoceros
(Ceratotherium simum simum) died in an Australian open range zoo over a 4-week period. Disease inves-
tigation failed to identify an etiology. No animal experiments were performed, and samples were gath-
ered as a part of standard veterinary care at the Taronga Western Plains Zoo.

DNA and RNA were extracted from lung, placenta, and blood samples using a Qiagen RNeasy kit fol-
lowing the manufacturer’s protocol with minor modifications (33). Briefly the tissue samples were lysed
overnight, while the blood sample was lysed for 1 h. Eluted DNA/RNA sample integrity and quantity was
determined using an Agilent 2200 TapeStation (Agilent Technologies).

Illumina library construction and HTS. RNA samples were reverse transcribed using a RevertAid
first-strand ¢cDNA synthesis kit from Thermo Fisher Scientific according to the manufacturer’s instruc-
tions. Second-strand synthesis was performed using Klenow DNA polymerase | (Thermo Fisher Scientific)
as described in Dayaram et al. (33). The resulting cDNA/DNA mix and extracted DNA samples were soni-
cated to an average size of 300 bp using a Covaris M220. Fragmented samples and negative controls
were further processed to generate dual-index lllumina libraries, as previously described (34). Each
library was amplified in triplicate reactions to minimize PCR bias. The three reactions of each sample
were pooled after amplification and cleaned up using a MinElute purification kit (Qiagen). Quantification
and fragment size distribution of each Illumina library was assessed using an Agilent 2200 TapeStation
(Agilent Technologies). Dual-index libraries were then pooled equimolarly to a final concentration of
17.5 nM and paired-end sequenced on an Illumina NextSeq platform in the Berlin Center for Genomics
in Biodiversity Research (BeGenDiv).

Bioinformatic analysis and viral screening. Generated raw BCL files were demultiplexed and sorted
based on the indices of each sample using the bcl2fastq lllumina conversion software (SRA accession num-
ber PRINA862320). Cutadapt v2.6 was used to quality trim and size filter short reads from the resulting
fastq files. Viral screening was performed on each paired data set using a modified version of the Viral
Identification Pipeline (VIP) v2 (9). VIP analysis was performed using the sense mode that includes both nu-
cleotide and amino acid alignments and as recommended for viral discovery. The pipeline first aligned the
next-generation sequencing data to a reference genome and filtered out all the reads that aligned to it.
The remaining reads were further filtered using a bacterial database. The data that were not removed in
the first two steps were aligned to nucleotide and amino acid viral sequence databases. VIP-identified viral
reads were then de novo assembled to create longer contigs with Velvet (35). Resulting contigs were then
aligned using MAFFT to generate a majority-rule consensus (15).

Generation of SimumERV provirus and LTR consensus sequence. Retroviral majority rule consen-
sus sequence generated from the next-generation sequencing data were used as a probe to screen the
Ceratotherium simum simum genome sequence assembly (GCA_021442165.1). Positive hits were extracted
and aligned using MAFFT v.7.450 (15). The resulting alignment was manually curated, and proviral and LTR
majority-rule consensus sequence was generated using Geneious Prime 2022 v2. RetroTector was used to
generate putative and reconstructed retroviral proteins for all retroviral genes based on the proviral consensus
sequence (10). Conserved retroviral motifs were identified using NCBI CCDs, further verifying the RetroTector
findings (11).

Recombination inference analysis. Recombination analysis was performed for multiple sequence
alignments using two computational methods: recombination analysis tool (RAT) and RECCO (16, 17).
Both computational methods were used with default parameters.

Genome assembly screening. Perissodactyla genomes from the NCBI assembly database were down-
loaded to determine if the identified transcriptome and white rhinoceros genome proviral sequences
were present in other members of the order. The following Perissodactyla genomes were downloaded
from the NCBI assembly database: Ceratotherium simum simum (GCA_000283155.1), Ceratotherium
simum cottoni (GCA_004027795.1), Diceros bicornis bicornis (GCA_004027315.2), Diceros bicornis minor
(GCA_020826835.1 and GCA_013634535.1), Dicerorhinus sumatrensis harrissoni (GCA_014189135.1),
Dicerorhinus sumatrensis sumatrensis (GCA_002844835.1), Rhinoceros unicornis (GCA_019022865.1 and
GCA_018403435.2), Equus caballus (GCA_002863925.1), Tapirus indicus (GCA_004024905.1), and Tapirus
terrestis (GCA_004025025.1). A custom BLASTn database was constructed for each genome in Geneious
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Prime 2022 v2. Transcriptome and genome majority-rule consensus proviral reads were used as query
sequences, and each genome was screened using BLASTn script with default parameters. Positive hits
from each genome were extended 8,000 bp on each site and aligned using MAFFT v.7.450 (15). Each
alignment was then manually curated, and a majority-rule consensus sequence was generated.

SRA data screening. Woolly rhinoceros (Coelodonta antiquitatis; ERX3761614 to ERX3761620 and
SRX9737591 to SRX973759) and Merck’s rhinoceros (Stephanorhinus kirchbergensis; SRX9738793) genom-
ic data were downloaded from the NCBI's SRA (13). The SRA files downloaded were converted to fastq
files using SRA toolkit (13). Fastq files from woolly rhinoceros and Merck’s rhinoceros were converted
into custom BLASTn databases using Geneious Prime 2022 v2. SimumERV consensus sequences from
the white rhinoceros genome and transcriptomes were used as query sequences to screen the custom
BLASTnN databases using BLASTn script with default parameters.

SimumERV PCR. SimumERV regions were amplified from the genomic DNA of a white rhinoceros
(Lima-2016-179) extracted from blood using the following primer pairs that target regions in gag and env
genes, respectively: Csim_GAG_ F3 (5'-TGCCATCTTTGCCCAGTAGG-3'), Csim_GAG_ R3 (5'-AGATGAGTCGGG
GCTCAGAA-3'), Csim_ENV_F5 (5'-GACTCCGCTGTTCGAGTTGA-3’), and Csim_ENV_R5 (5'-ACCTCATTTGACGG
GATGGG-3'). PCRs were performed in 22-ul reaction volumes containing 12.5 uL of MyTaq polymerase
mix 2x (Bioline, Meridian Biosciences, Heidelberg, Germany), 454.5 nM each primer pair, and 1 uL of DNA
template. Thermocycling conditions were 95°C for 5 min followed by 35 cycles of 95°C for 20 s, 55°C for 20's,
and 72°C for 4 min, with a final extension step at 72°C for 2 min. Amplified products were visualized on 1.5%
(wt/vol) agarose gels using 6x Orange loading dye (Life Technologies GmbH, Thermo Fisher, Darmstadt,
Germany). The PCR amplification products were Sanger sequenced using the above-mentioned forward and
reverse primers (LGC Genomics, Berlin, Germany).

Phylogenetic analysis. Multiple alignments were generated using MAFFT v.7.450 followed by manual
curation and refinement (15). Phylogenetic analysis was performed on the majority-rule consensus ge-
nome sequences, the major retroviral gene reconstructed proteins (Gag, Pol, and Env), and related sequen-
ces obtained from GenBank: REV (MF185397, ASH96780, ASH96781, and ASH96782), RfRV (JQ303225,
AFA52558, AFA52559, and AFA52560), FeLV (NC_001940, NP_047255, and NP_047256), FMLV (Z11128,
CAA77479.1, and CAA77478.1), FMLV (D88386, BAA22066.1, BAA22065.1, and BAA22064.1), MMLV
(AF033811, AAC82568.1, AAC82566.1, and AAC82567.1), MLV (MLMCG; AAB59942.1 and AAB59943.1), MLV
(AY818896, AAV68488.2, and AAV68489.1), XMRV (JF908815, AEI59722.1, AEI59723.1, and AEI59724.1),
XMRV (JFO08816, AEI59725.1, AEI59726.1, and AEI59727.1), MLV (AB213653, BAD98608.1, and BAD98609.1),
MLV (MLVENVR; AAA46518.1 and AAA46519.1), M. musculus (AL606987), M. caroli (XM021149499 and
XP_021041459.1), G. surdaster (XM_028761645 and XP_028617478.1), M. musculus (XR_001784239), M. pahari
(XM_021190222 and XP_021045881.1), R. norvegicus (XR_005497950 and XP_038956947.1), R. norvegicus
(XM_039101019), M. caroli (XM_021185800 and XP_021005158.1), M. musculus (AC130672), CPERV
(UGO47158), KWERV (GQ222416, ACX69256, and ACX69257), PERV-A (KY484771, ASU50141, and
ASU50142), PERV-B (AY099324, AAM29194, and AAM29193), PERV-C (HM159246, ADK35877, ADK35878,
and ADK35879), Arvicanthis niloticus (XM_034491546, XP_034347437, and XP_034367612), McERV
(KC460271, AGP25479, AGP25480, and AGP25481), MDEV (AF053745, AAC31804, AAC31805, and
AAC31806), GaLV-SF (KT724047, ALV83299, ALV83300, and ALV83301), GaLV-Hall’s Island (KT724050,
ALV83308, ALV83309, and ALV83310), GaLV-Brain (KT724049, ALV83305, ALV83306, and ALV83307),
GaLV-SEATO (KT724048, ALV83302, ALV83303, and ALV83304), KoRV-KV522 (AB721500, BAM67146, and
BAM67147), KoRV Pci-SN265 (KF786285, AHY24814, AHY24815, and AHY24816), KoRV Br2-1 CEETG
(KC779547, AGO86849, and AGO86848), WMV-SSAV (KT724051, ALV83311, ALV83312, and ALV83313),
MmGRV (MN413611, QJT93249, QJT93250, and QJT93251), SaGRV (MN413612, QJT93252, QJT93253,
and QJT93254), FFRV1 (MK040728, QDA02049, QDA02050, and QDA02051), HPG (MN413610, QJT93246,
QJT93247, and QJT93248), HIGRV (MN413613, QJT93255, QJT93256, and QJT93257), Cricetulus griseus
ERV (XM_027403845, XP_027259646, and XP_027275435), and UrsusERV (Repbase reports 15 [11] and 3519
[2015]). Reticuloendotheliosis virus was used as an outgroup in the analysis. Prottest-3.4.2 and jmodelTest-
2.1.10 were used to determine the best-fitting evolutionary model for the phylogenetic analysis (36, 37).
Prottest analysis of all three gene protein alignments indicated that the best-fit model to be used was Jones-
Taylor-Thornton (JTT) with gamma distribution. A general time reversible (GTR) model with gamma distribu-
tion and invariable sites was used for the nucleotide alignment. Phylogenetic analysis was performed using
RAXML maximum likelihood inference program with 20 maximum likelihood searches and 500 rapid boot-
strap replicates for both nucleotide and amino acid alignments (38).

Age estimation of SimumERYV and DicerosERV. The age estimation for the identified elements was
performed using three different approaches. For all three approaches, hypermutable CpG regions were
excluded from the analysis, and the previously reported African rhinoceros mutation rate of 0.00088/nu-
cleotide/Myr (24) was used. All the data used in all three age estimation approaches were grouped into
different subgroups based on sequence similarity. Consensus sequences were generated based on the
resulting alignments of each subgroup (Fig. S5 to S8 in the supplemental material). For the first method,
we determined the sequence divergence of identified LTR sequences from the consensus proviral LTR
sequence based on a previously described method (5, 39). Estimated divergence was subsequently cor-
rected using the Kimura-2-parameter (K2P) model (22). The calculated sequence divergences from the
consensus were then used to estimate the age of SimumERV and DicerosERV LTRs, assuming a molecular
clock (Tables S2 to S4). For the second age estimation method, we determined the sequence divergen-
ces of all identified gene sequences for SimumERV and DicerosERV elements from their consensus. K2P-
corrected divergences were used to estimate SimumERV and DicerosERV gene ages (Tables S5 to S13).
The third age estimation approach used the proviral 5" and 3’ LTR sequence divergence. Proviral 5" and
3’ LTR sequences are identical after integration into the host genome, and they acquire mutations time
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independently based on the host mutation rate. Age estimates for each provirus were calculated using
T = D/(2 x 0.0022), where D is the K2P-corrected sequence divergence between 5’ and 3’ proviral LTR
sequences (40) (Tables S14 to S16). Mean and standard deviation values were calculated for all three age
estimation approaches.
Data availability. All generated sequence data were submitted to the NCBI SRA and can be accessed
with the accession number PRJINA862320.
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