Archives of Virology
https://doi.org/10.1007/s00705-022-05588-3

BRIEF REPORT

®

Check for
updates

A novel statovirus identified in fecal samples from wild geladas in the
Ethiopian highlands

India A. Schneider-Crease'?3 . Kenneth L. Chiou'? - Isabella L. Moya'- - Alemayehu Lemma* - Ferewihot Ayele* -
Abebaw Azanaw Haile® - Fanuel Kebede® - Belayneh Abebe® - Thore J. Bergman’® . Jacinta C. Beehner’® . Amy Lu'®-
Michael C. Lund?®'". Joy M. Custer'" . Simona Kraberger'' - Noah Snyder-Mackler'? - Arvind Varsani'->1112

Received: 28 January 2022 / Accepted: 2 August 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract

We present a novel statovirus in geladas (Theropithecus gelada), graminivorous primates endemic to the Ethiopian high-
lands. Using a high-throughput sequencing approach, we identified contiguous sequences in feces from two adult female
geladas in the Simien Mountains National Park, Ethiopia, that share similarities to statoviruses. Our phylogenetic analy-
sis of the whole genome, as well as the RNA-dependent RNA polymerase (RdRp) and capsid protein (CP) amino acid
sequences, revealed that the gelada statoviruses cluster with those from other primates (laboratory populations of Macaca
nemestrina and Macaca mulatta). As the first report of statovirus in wild primates, this finding contributes to our under-

standing of the phylogenetic and geographic distribution of statoviruses and their hosts.
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Mammalian viromes are integral components of global eco-
systems that are shaped by and have the capacity to shape
host ecology [1]. Contextualizing the healthy virome com-
position in host ecology provides a richer understanding
of how ecological perturbations might give rise to emerg-
ing diseases [1, 2]. Nonhuman primates are a particularly
interesting group in which to examine the host-virome
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relationship given their phylogenetic proximity to humans
and their wide geographic and ecological distribution.
For example, geladas (Theropithecus gelada) are closely
related to baboons (Papio sp.) but diverge significantly
in their ecological niche: where baboons are omnivorous
and widely distributed across African biomes, geladas are
exclusive graminivores (feeding primarily on grasses, roots,
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and tubers) and are endemic to the Ethiopian highlands
[3]. This unique ecological niche has positioned geladas to
share more elements of their parasitome with other graz-
ing species, including domestic and wild ungulates, rodents,
and lagomorphs, than with closely related baboon species.
Indeed, the gastrointestinal helminth parasite community
structure of geladas is more similar to that of grazers than
to that of baboon species in both species composition and
parasite richness [4], and geladas serve as an intermedi-
ate host to the tapeworm Taenia serialis, which otherwise
infects rodents and lagomorphs in its intermediate form [5].
To extend the understanding of how gelada health and dis-
ease might differ from that of other primates, we analyzed
fecal samples from five wild geladas (three adult females,
two adult males) in the Simien Mountains National Park,
Ethiopia (13.1510° N, 37.8990° E) for RNA viruses.

Viral RNA was extracted from the five samples using
a High Pure Viral Nucleic Acid Kit (Roche Diagnostics,
USA). RNA libraries were prepared using an NEBNext
Ultra I RNA Library Prep Kit (New England Biolabs) with
additional steps for ribosomal and globin depletion follow-
ing the QIAseq FastSelect RNA removal protocol. Libraries
were sequenced on an [llumina Novaseq 6000 S4 flow cell
(2 x 150 bp) at the Genomic Sciences Laboratory at North
Carolina State University, USA. Adapters and low-quality
bases were trimmed using Cutadapt [6], and host reads were
removed by mapping to the gelada genome [7]. We then used
these non-host reads to assemble the remaining reads using
metaSPAdes v 3.15.2 [8]. The de novo-assembled contigu-
ous sequences (“contigs”) were analyzed by BLASTx [9]
against a RefSeq viral protein database (downloaded August
2021) to identify viral-like sequences. We identified three
contigs from two samples that were similar to statoviruses:
one contig of 4,244 nucleotides (nt) from one adult female
(Gel _0447) and two contigs of 1,842 nt and 2,236 nt from
another adult female (Gel 0450). While many viral-like
sequences were identified in each fecal sample, we report
only those similar to statoviruses here.

The 4,244-nt de novo-assembled contig (with average
depth of coverage 0f 49.26) from fecal sample Gel 0447 has
two open reading frames whose translation products have
similarities to RNA-dependent RNA polymerase (RdRp)
and capsid protein (CP) sequences (GenBank accession no.
OM373193). The contigs (with average depth of coverage
of 35.3) from the second fecal sample (Gel 0450) appear
to be part of the same genome but are missing a~ 160-nt
sequence in the RdRp coding region. Using a set of specific
primers  (5'-CTGCATTCAATGTTGAACATAGAGG-3'
and 5’-GCAATAACTAAACAATTGCCACTACCAG-3"),
we amplified (364-nt amplicon) and cloned this region and
sequenced it by the Sanger method. The second statovirus is
deposited under GenBank accession no. OM373194 (4238
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nt). We also used these specific primers to confirm the pres-
ence of statovirus in two of five gelada samples.

Sequences of all statoviruses >2,500 nt (n= 18) available
in GenBank were downloaded (07 Dec 2021). The two stato-
virus sequences from the gelada samples share 80.4% pair-
wise nucleotide sequence identity (excluding the spacer) as
determined by SDT v1.2 [10], and both share 53.3—68.9%
pairwise nucleotide sequence identity with the 18 statovi-
rus sequences downloaded from GenBank (Fig. 1A). This
dataset was aligned with MAFFT [11] and used to infer a
neighbor-joining phylogenetic tree with 1000 bootstrap
replicates. Branches with <80% bootstrap support were
collapsed using TreeGraph2 [12]. The two gelada-feces-
derived statoviruses cluster with others from fecal samples
of a southern pig-tailed macaque (Macaca nemestrina) and
three rhesus monkeys (Macaca mulatta) (Fig. 1A), forming
a nonhuman-primate-specific clade.

We extracted and translated RdRp and CP sequences
from the 18 high-coverage statoviruses from GenBank
and the two from gelada fecal samples to determine pair-
wise identity and their phylogenetic relationship. We then
aligned the statovirus RdRp and CP amino acid sequences
along with representative sequences of tombusviruses (an
outgroup including cymbidium ringspot virus, accession
no. X15511; pelargonium necrotic spot virus, accession no.
J607402), using PROMALS3D [13]. These alignments were
used to infer maximum-likelihood phylogenetic trees using
IQTREE2 [14] with automatic model selection and aLRT
branch support. Branches with <0.8 aLRT branch support
were collapsed using TreeGraph2 [12]. Pairwise amino
acid sequence identity values were determined using SDT
v1.2 [10]. The RdRp and CP of the two gelada statoviruses
share 78.8 and 79.9% amino acid sequence identity, respec-
tively, with each other and 25.3—62.1 and 26.0-55.2% amino
acid sequence identity, respectively, with those of other
statoviruses. Similar to the genome sequences, the RdRp
and CP amino acid sequences cluster with those derived
from southern pig-tailed macaques and rhesus macaques
(Fig. 1B). Furthermore, the phylogenetic analysis shows
two clear clusters, one of statoviruses from primate samples
and one from porcine samples (Fig. 1A and B). A single
sample from a rhesus macaque falls outside of the primate
cluster, with mouse and human samples. Of the available
complete or near-complete statovirus sequences, all but one
human-feces-derived statovirus from Malawi (KX792981),
one wild-mouse-feces-derived statovirus from the United
States (KX792983), and the two we discovered in Ethiopian
geladas are from animals housed either in farm or laboratory
settings in the United States.

Statoviruses are RNA viruses that have been identified
in mammalian gastrointestinal tracts and were originally
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Fig. 1 Phylogenetic and pairwise
identity analysis of the stato-
virus sequences. Branches and
accession numbers of the two
sequences determined in this
study are highlighted in red font
and branches. The source of the
samples from which statovi-
ruses have been identified is
summarized with color-coded
unique symbols. (A) Neighbor-
joining phylogenetic tree of 18
statovirus (>2500 nt) nucleo-
tide sequences available in the
GenBank database, together with
the two derived from gelada
samples in this study. A pairwise
identity matrix of the nucleotide
sequences is provided to the
right of the phylogenetic tree.
Branches and accession numbers
of the two sequences determined
in this study are highlighted

in red font and branches. The
source of the samples from
which statoviruses have been
identified is summarized with
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described in metagenomic data from a geographically dis-
persed set of hosts: children in Malawi, mice, cows, and three
populations of captive macaques [15]. They were first iden-
tified in 2017 as a monophyletic viral group whose encoded
proteins (i.e., RdRp, CP) are currently most closely related
to those of tombusviruses (family Tombusviridae). Stato-
viruses have been subsequently identified in metagenomic
data from nasal swabs taken from individuals working with
animals in Vietnam [16, 17], slurry (fecal and urinary mix-
ture) from a porcine farm (Sus scrofa) in the United States
[18], and stool from a dairy calf (Bos taurus) in the United
States [19]. In addition, sera from cows in South Dakota,

Pennsylvania, Minnesota, and New York were positive for
antibodies that cross-react with recombinantly expressed
statovirus capsid protein (expressed in insect cells) [19], and
reads mapping to statoviruses were identified in rectal swab
samples from semi-domesticated Eurasian tundra reindeer
(Rangifer tarandus) in Sweden, Norway, and Russia [20].
The broad phylogenetic and geographic spread of statovi-
ruses identified in the four years since their first descrip-
tion suggests that these viruses may be globally distributed
across many mammalian species.

Given their taxonomic host breadth, global distri-
bution, and phylogenetic proximity to plant-infecting
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tombusviruses and tombus-like virus sequences from inver-
tebrates, it has been proposed that statoviruses may infect
components of the mammalian diet rather than the mam-
malian hosts directly [2]. The detection of statoviruses in
human, house mouse, porcine, and bovine samples would
thus represent incidental trophic detection (i.e., identifica-
tion of viruses that infect ingested food items rather than
the mammalian host) [21]. Given that geladas are primarily
graminivorous in nature, potential hosts might thus include
microorganisms (including fungi and protists) or lineages of
insects found on plants. It is unlikely that statoviruses infect
plants, as we were unable to detect a plant virus movement
protein homologous region in these sequences and because
they have not yet been identified in plants.

While some statoviruses have been identified in samples
from individuals exhibiting clinical symptoms at the time of
sampling—such as upper respiratory infections in animal-
care workers in Vietnam, enteric disease in a dairy calf in
the United States, and fever, cough, and rash in a child in
Malawi [15, 16]—these individuals often had concurrent
viral and/or parasitic infections that may have produced the
observed symptoms. As other isolates were sequenced from
asymptomatic individuals, statoviruses may be a component
of a healthy virome [2]. Further research should be done to
identify the hosts of statoviruses—whether mammalian, pro-
tist, arthropod, or other—which will clarify the expectations
for associations with symptoms and virome-level interac-
tions in mammals.

Supplementary information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00705-
022-05588-3.
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