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Preface to “Spumaretroviruses”

As this is being written, we are in the midst of the coronavirus disease 2019 (COVID-19)
pandemic, with millions of deaths occurring throughout the world [1]. This reminds us again of
the great impact of zoonoses and the importance of research in this area for protecting the human
population against zoonotic diseases. Many of the past pandemics, most notably influenza in
1918, and recent outbreaks in the 21st century, such as influenza and Ebola, have been due to the
transmission of RNA viruses from domestic and wild animals. Another example is the human
immunodeficiency virus type 1 (HIV-1) retrovirus, responsible for the ongoing global AIDS/HIV-1
epidemic. HIV-1 arose by cross-species transmission of a simian immunodeficiency virus (SIV) from
nonhuman primates [2]. It should be noted that zoonotic transmission of simian foamy viruses
(SFVs), which belong to the distinct retrovirus subfamily Spumaretrovirinae [3], is currently occurring
from infected nonhuman primates to humans, although the number of cases reported is still low [4].
Fortunately, SFV infections are latent, and there is no evidence of human-to-human transmission [5,
6], although there seems to be high transmission between nonhuman primates (since SFVs are widely
prevalent in all nonhuman primate species). At present, there is no clear evidence that FVs on their
own are associated with disease in zoonotically infected humans or in their natural hosts, which
includes simians, bovines, equines, caprines, and felines, or upon transmissions between related
animal species [4, 7]. However, FVs may be co-factors in other retroviral infections [7, 8] and could
exacerbate the pathogenesis of some viruses in case of co-infections [9]. Thus, diverse FVs can be good
models to further our understanding of zoonotic transmission and to develop mitigation strategies

against cross-species infections.

This Special Issue provides a collection of reviews and research articles presenting recent
perspectives and progress in spumaretrovirus research to continue updating our understanding
of the FV biology and virus-host interactions that could provide insights for addressing potential
concerns related to human infections that may emerge. Additionally, the unique properties of FVs,
that places them in the separate retrovirus subfamily of Spumaretrovirinae, have led researchers
to develop them as gene therapy vectors and to use endogenous FV sequences for studies on host
species evolution/co-evolution and virus-host co-adaptation. The content of this Special Issue
includes reviews and research articles on SFVs of Old World and New World nonhuman primates

and nonprimate FVs from bovine, caprine, equine, and feline hosts.

The contributions to this Special Issue on “Spumaretroviruses” start with the meeting report of
the “Twelfth International Foamy Virus Conference” held in Dresden, Germany, in 2018. We then
continue with papers related to genomes and evolution, which include a review on SFVs from the
New World, two reports concerning whole genome characterization of SFV isolates from Old World
monkeys, and description of ancient, endogenous FVs from reptiles and the importance of the env
gene for potential host function. The next collection of papers describes naturally occurring and
experimental FV infections and co-infections of their native hosts like simians, equines, and felines. In
addition, the potential contribution of FVs to complex disease syndromes is discussed. The following
two articles are related to host—virus interactions in innate immunity and host gene expression upon
FV infection. The next set of papers includes three reviews and one research paper on the overall
molecular biology of FVs as well as specialized topics including FV reverse transcription, integration,
virus transmission, and particle release. Additionally, we refer you to a recent review on FV assembly

and release [10]. The final two papers in this Special Issue are reviews related to general FV vector

xi



development in vivo and to new strategies targeting blood stem cells.

This Special Issue provides key areas of scientific development and technological advancements

in spumaretroviruses, which we hope will be a knowledge base for further research to gain insights

into understanding the virus-host balance controlling human infections.

Acknowledgements: We thank the authors for their contributions to the Special Issue

“Spumaretroviruses”. We acknowledge all of the Editorial Office team from Viruses for providing

administrative support and all reviewers involved in the peer review process.
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Abstract: The 12th International Foamy Virus Conference took place on 30-31 August 2018 at the
Technische Universitat Dresden, Dresden, Germany. The meeting included presentations on current
research on non-human primate and non-primate foamy viruses (FVs; also called spumaretroviruses)
as well as keynote talks on related research areas in retroviruses. The taxonomy of foamy viruses
was updated earlier this year to create five new genera in the subfamily, Spumaretrovirinae, based on
their animal hosts. Research on viruses from different genera was presented on topics of potential
relevance to human health, such as natural infections and cross-species transmission, replication,
and viral-host interactions in particular with the immune system, dual retrovirus infections, virus
structure and biology, and viral vectors for gene therapy. This article provides an overview of the
current state-of-the-field, summarizes the meeting highlights, and presents some important questions
that need to be addressed in the future.

Keywords: foamy virus; spumaretrovirus; cross-species virus transmission; zoonosis; restriction
factors; immune responses; FV vectors; virus replication; latent infection

1. Introduction

The baroque city of Dresden, Germany and its modern biomedical research campus set the stage
for the 12th International Foamy Virus Conference hosted and organized by Dirk Lindemann and
his team. Based on a 24-year-old tradition since the first meeting, which was held in 1994 in London
(Table 1), Dirk arranged an exciting scientific program on current aspects of foamy viruses (FVs), also
known as spumaretroviruses.

Viruses 2019, 11, 134; d0i:10.3390/v11020134 1 www.mdpi.com/journal/viruses
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Table 1. Foamy virus conference history.

Year Location Key Findings Reported

e Identification of “human foamy virus (HFV)” being the result of a zoonotic transmission of a chimpanzee FV
1994 London, UK e  Involvement of a defective HFV genome in viral latency
e Details of Tas-dependent HFV transcriptional control involving internal and LTR promoter

Herzogenhormn, Full-length sequence of a feline FV isolate
1997 Gerrgnan ' e  Reverse transcription during virus morphogenesis results in infectious FVs with a DNA genome
Y e First generation replication-deficient PFV vectors

. e Characterization of an equine FV isolate
Gif-sur-Yvette, X . . . .
1999 France e  FV glycoprotein-mediated subviral particle formation
e  FV glycoprotein leader peptide-dependent viral particle release mechanism

Atlanta, GA, e  Application of 2nd generation replication-deficient PFV vector for hematopoietic stem cell gene transfer

2002
USA e  Viral genome-dependent FV Pol encapsidation mechanism

Wiirzbur e Identification of FV Bet as inhibitor of the APOBEC restriction factors
2004 German & e  ESCRT-complex-dependent FV release
Y e First generation replication-deficient feline FV vector systems

Seattle, WA, Successful treatment of canine leukocyte adhesion deficiency by FV vector-mediated HSC gene transfer

2006 USA e  Centrosomal latency of incoming FV capsids in resting cells
e Identification of in vivo sites of FV replication in infected primates
2008 Heidelberg, e  CRMI-mediated nuclear export of unspliced FV RNAs

Germany e PFV protease structure

e Host cells DDX6 protein involvement in PFV genome encapsidation

2010 A , G
Tg0s, freece Heparan sulfate as FV Env-dependent attachment factor

Bethesda, MD, e Structure of the PFV Gag N-terminus in complex with FV Env LP peptides

2012 USA e Innate sensing of FV by plasmacytoid dendritic cells
e Pseudotyping of FV vectors by heterologous viral glycoproteins
Pulaw e Discovery of BEV LTR encoded microRNAs
2014 Polanc}l]/ . Host cell Polo-like kinase interaction with PFV Gag involved in proviral integration

e Update of FV taxonomy and new nomenclature proposed

e Structure of the central domain of PFV Gag

2016 Paris, France
. e Genetic diversity of the env gene in zoonotic gorilla and chimpanzee FV strains

Identification of ISG PHF11 as cellular restriction factor of FVs
Cross species dynamics of feline FV
A FV vector system for transient expression of CRISPR/Cas genome engineering tools

Dresden,

2018 Germany

FVs are the only type of viruses in the subfamily of Spumaretrovirinae, while all other retroviruses
belong to the Orthoretrovirinae. A biannual meeting brings together most of the FV researchers
from different international institutions to present their progress and discuss new developments,
and also provides a platform for collaborations. The presentations at the Dresden meeting reflected
the dynamics of the field: New and evolving topics, “old” questions being addressed with new
technologies, and identification of priority topics that need attention in the coming years. The scientific
and generational changes in the field were noted by first-time participating scientists in the meeting.
Meanwhile, some topics addressed at past gatherings have now apparently been solved, for instance,
the acceptance of the uniqueness of the FV replication strategy, which has led to the establishment
of Spumaretrovirinae as a separate subfamily of retroviruses, followed by an updated taxonomy and
nomenclature [1]. As another milestone, it had been the integrase protein of the prototype FV (PFV;
designated as SFVpsc_huHSRV.13), which led to the first successful crystallization of a complete
retroviral intasome complex and subsequent ultrastructural analyses of the active intermediates [2].
Thus, the FV integrase serves as the template structure for all retroviral /retroid element integrases.
Due to their unique molecular biology, FVs may be considered relevant models to study yet
unidentified principles of (retro-)virology. Ultimately, the taxonomic “upgrade” could draw other
virologists” attention to these viruses and eventually get more scientists involved in FV research.
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In addition to presentations on many aspects of basic, applied, and translational biology of a
constantly growing number of new and molecularly characterized FV isolates from diverse hosts,
there were keynote presentations from related fields as well as opportunities that were provided for
informal discussions and scientific exchange.

2. Summary of Scientific Sessions

The session chairs in consultation with the speakers developed the summaries below, which
provide an overview of the current status and future directions for advancing the topic.

2.1. Epidemiology of Natural and Zoonotic Infections (Session Chair: Ottmar Herchenroder)

FVs are infectious agents that persistently infect primate, feline, bovine, and equine species as
well as chiropterans (bats). Generally, FVs co-evolve with their host species. Having been an issue of
debate in the early decades of FV research, we nowadays know that humans are not natural hosts of
FVs. However, transmissions of simian FVs (SFV) to man are not uncommon in natural habitats shared
by humans and non-human primates (NHPs), or in settings where the latter are held in captivity, such
as in zoos or primate research centers. In contrast to the most prominent example of interspecies
transmissions of retroviruses to man that initiated the worldwide AIDS epidemic caused by human
immunodeficiency viruses (HIV), FVs are considered apathogenic in both their natural hosts and after
interspecies transmissions.

In this session, researchers from the U.S., Brazil, and France gave further insights on the
epidemiology of FVs and transmissions between species. Sue VandeWoude (Colorado State University,
Fort Collins, CO, USA) reported on her group’s comparative epidemiologic surveys amongst mountain
lions and domestic cats that share, in part, habitats in the Rocky Mountains foothills. Feline FVs (FFVs)
are highly prevalent in these wild animals and, interestingly, interspecies transmissions from domestic
cats to mountain lions were frequent as documented by sequence comparisons. Vice versa, FV from
mountain lion (Puma concolor), was not seen in domestic cats, presumably, as the interaction between
individuals of both species necessary for virus transmission may usually not allow the pet to walk away
unscathed [3]. Marcelo Soares’ group (Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil)
had previously isolated and characterized FVs from a series of New World NHPs in Brazil. In Dresden,
Marcelo’s co-worker, Claudia Muniz, added new data on interspecies transmissions of SFVs from the
“invading species”, Golden-headed lion tamarin (Leontopithecus chrysomelas), to the endangered local
population of Golden lion tamarins (Leontopithecus rosalia) in the greater Rio de Janeiro area. This study
also underlined the validity and robustness of oral swabs as a non-invasive method to achieve both
species assignment and FV isolation and characterization [4]. Antoine Gessain (Institut Pasteur, Paris,
France) presented a case-control study executed by French and Cameroonian scientists amongst hunters
in Cameroon’s south-eastern rain forests that gave pause for thought whether simian FV-infections after
interspecies transmissions always remain benign over the lifetime of the human recipient. The cases
presented with deviations in several blood parameters in comparison to controls matching in residence,
age, and social status [5]. Since clinical assessments did not differ between the cases and the controls,
the data are reassuring for infected people. However, this study and most previous reports suffer
from a strong bias as only apparently healthy individuals were studied. The audience’s attention was
brought back to domestic animals by Magdalena Materniak-Kornas (National Veterinary Research
Institute, Putawy, Poland), who analyzed co-infections with gammaherpesviruses and bovine FV (BFV)
in cows suffering from post-partum metritis. By multiplex qPCR and Elisa techniques, the researchers
found a good number of animals coinfected with both virus species [6]. Whether FVs have any
influence on the clinical onset and burden of metritis in cattle remains speculative.

Altogether, some general beliefs hold true after this latest gathering of FV researchers. First, FV
infections are common in numerous species, including livestock and many of those we humans
conceive affection for, such as apes, monkeys, and of course cats. Second, FV infections remain in both
the natural hosts or the foreign recipients after interspecies transmissions, apparently apathogenic as
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consented in the aftermath of the first FV conference (Table 1) [7]. More recent data, however, imply
an association with hematologic abnormalities [5] and demand further research. Third, unlike many
other retroviruses, FV distribution is a worldwide affair and those viruses appear phylogenetically
more ancient than their pathogenic counterparts. As such, FVs may be considered as models to study
in depth retrovirus biology and evolution.

The author of this section had a long time ago propagated FV isolates in Cf2Th, a cell line
derived from canine thymus, which eventually resulted in the first complete sequence of a chimpanzee
FV [8]. Cf2Th cells are very permissive for several FVs, although all canine species are considered free
from non-endogenous retroviruses. With the surprises FV have entertained virologists over the last
decades, he wonders, whether some day one will isolate a FV from man’s best companion, the dog.
Similarly, it may be worth to look again whether any rodents harbor FVs.

2.2. Interactions of Foamy Viruses with the Immune System (Session Chairs: Antoine Gessain, Marcelo A. Soares)

Immunological aspects of infection by FV are still poorly characterized, both in naturally infected
animals and in human infections after cross-species transmission. This scarcity of data includes both
innate and acquired immunity, and several issues are still to be addressed in these areas.

What do we know about the immune responses directed against FVs? Several findings suggest
strongly an efficient control of SFVs by the immune system in NHPs. These include the apparent
lack of pathogenicity of SFVs in vivo, restriction of SFV RNA expression mainly to the oral cavity,
and seemingly the gastrointestinal tract in some NHP species, as well as the very limited genetic
variability in vivo. Furthermore, recent data indicate that FVs are susceptible to several restriction
factors (see virus-host interactions Section 2.4), demonstrating the role of innate immunity in SFV
infection, as well as, in some instances, in humans infected by SFVs of zoonotic origin [9,10]. In contrast,
the control of SFV replication by innate immunity (antiviral molecules and cells), as well as adaptive
immune responses (virus-specific antibodies and T lymphocytes), remain poorly characterized in NHP
and even less in humans infected by an SFV.

The following questions remain poorly answered: (i) Can an immunodepression or a viral
co-infection alter the pathogenicity of FVs in animal models and in natural infections? (ii) What are
the molecular mechanisms by which FVs are efficiently sensed by innate immune cells? This will
allow us to better understand how SFVs trigger an innate immune response, especially interferon
(IFN) production, which has been demonstrated in blood plasmacytoid dendritic cells, a quite relevant
model [11]. (iii) What is the respective part of each arm of the immune system in the modulation of FV
infection and the apparent lack of pathogenicity of these viruses, especially in the context of zoonotic
infection? (iv) What is the efficacy of antiviral activity of antibodies, especially the role and importance
of neutralizing antibodies in vivo?

Answers to some of these questions were given at this meeting. Concerning immunosuppression
and FV infection, a previous study has demonstrated that SIV coinfection in a macaque model led
to expanded tissue tropism of SFV [12]. Conversely, SFV infection accelerated clinical progression,
immunodeficiency, and viral load after SIV infection [13]. Thus, Claudia Muniz and colleagues
(Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil) performed experiments in order
to study the kinetics of SFV viral loads during immunosuppressive therapy, i.e., with tacrolimus,
a drug commonly used to prevent graft rejection after transplantation. SFV DNA load was stable
without major variation during the immunosuppression period in the two studied groups. The authors
concluded that the immune mechanisms affected by tacrolimus, mostly T lymphocytes, were unable
to modulate SFV replication at least during the chronic phase of the infection. In a South American
NHP (Brachyteles arachnoides) with symptoms indicative of clinical immunodepression, likely due to
infection by a simian type-D retrovirus (SRV), the same team demonstrated the presence of very high
SFV DNA levels in the saliva and identified a new isolate, SFVbar [14]. Furthermore, transcriptome
analysis from blood yielded SRV-related transcripts, but failed to identify SFVbar RNA, suggesting
that SFVbar remained latent in PBMCs despite the immunocompromised status of the host.
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Concerning antibodies, Florence Buseyne and colleagues (Institut Pasteur, Paris, France)
demonstrated the presence of potent neutralizing antibodies in humans infected by zoonotic gorilla
and chimpanzee FVs. Furthermore, Florence showed that the antibodies are directed against conserved
epitopes located in the dimorphic domain of the surface envelope protein. The neutralization patterns
provided evidence for persistent expression of viral proteins and a high prevalence of viral co-infection
by two different viruses diverging in the env SU gene [15].

Mathilde Couteaudier and colleagues (Institut Pasteur, Paris, France) investigated whether plasma
antibodies can inhibit SFV cell-to-cell transmission. Indeed, SFV transmission is considered highly
cell-to-cell associated. Interestingly, she demonstrated that plasma samples from humans infected by
zoonotic SFV, selected for their potent ability to neutralize cell-free virus, were unable to inhibit virus
cell-to-cell spread.

In a second session devoted to the interaction between FV and the immune system, Florence Buseyne
and colleagues (Institut Pasteur, Paris, France) characterized an immunodominant epitope located in
the leader region of the SFV envelope protein (SFVpsc_huHSRV.13, aa 96-110) and recognized by the
plasma antibodies of most SFV-infected hunters from Central Africa, similar to what has been recently
described in FFV infections [16]. Whereas plasma from subjects infected with SFV derived from gorillas
strongly recognized peptides corresponding to that envelope region of SFV from apes and other Old World
primates, recognition was poor or absent to the respective peptides from SFV infecting more distant New
World primates or from a specific African green monkey strain, suggesting evolutionary constraints in the
adaptive immune responses observed. Whether the magnitude of such antibody responses can serve as
proxies of overall adaptive immunity against SFV still remains to be determined.

By using FFV, Claudia Muniz and coworkers (Universidade Federal do Rio de Janeiro, Rio de
Janeiro, Brazil) had determined the effect of coinfections between FV and other retroviruses, in this case,
the feline leukemia virus (FeLV) in domestic cats. Since FeLV causes immunodeficiency in their natural
hosts, the feline model can also be used to understand the kinetics of FFV infection in the context of
immunosuppresion. The investigators found that among FeLV /FFV-coinfected cats, those displaying
an FeLV regressive infection (that tends to spontaneous clearance of the virus in the infected host),
FEV replication and potential transmissibility is also reduced in the oral cavity, suggesting a synergistic
interaction of both retroviruses as recently confirmed by Powers et al. [17]. On the other hand, FFV proviral
loads in the peripheral blood did not differ between cats with or without clinical signs after FeLV infection,
again highlighting a lack of association between FV replication and the general immunosuppressive status
of the host, as pointed out in the studies conducted in NHP described above.

The last two presentations of the session addressed the role of innate immunity on FV infection
in a very complementary manner. Jakob Weber and coworkers (Technische Universitdt Dresden,
Dresden, Germany) showed the utility of the Phorbol 12-myristate 13-acetate (PMA)-differentiated
monocytic cell line, THP-1, as a model system to study innate sensing in macrophages and monocytes,
the likely first immune cell types to contact FV particles in infected tissues. The researchers found
that incubation of these cells with PFV resulted in the induction of interferon-stimulated genes (ISGs).
Furthermore, they demonstrated that PFV sensing is independent of Tas expression and integration
of the proviral genome, but rather occurs at cell entry and requires access to the cytoplasm of the
infected cell, with reverse-transcribed DNA being a likely recognized molecule. Maiwenn Bergez and
colleagues (Paul-Ehrlich-Institut, Langen, Germany) showed that transduction of PFV vector particles
into both THP-1 cells and primary human monocyte-derived dendritic cells induces the expression of
the interferon regulatory factor 3 (IRF3)-dependent ISGs. Such induction was highly attenuated when
RT-deficient viruses were used or azidothymidine was added during transduction, confirming that the
newly reverse-transcribed PFV DNA acts as a pathogen-associated molecular pattern that stimulates
the host cell innate immune system. The cytosolic sensors involved in the innate immune response to
FV infection are yet to be determined.
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2.3. Molecular and Cellular Biology of Foamy Viruses (Session Chair: Arifa S. Khan)

The development of advanced molecular tools and new generation biochemical reagents have
enabled us to re-visit important questions regarding the biology and replication of FVs. Our current
knowledge regarding the FV life cycle is mainly based on studies with SFVpsc_huHSRV.13, since this
was initially believed to be a human FV (until it was sequenced and identified as a chimpanzee FV,
which had infected a human by cross-species transmission). The information has been expanded based
on FV isolates from other NHP species and extended by studies on FFVs and BFVs. The majority of the
early work is based on laboratory virus strains. Although a few efforts are currently directed at studying
the biology of natural FV isolates, most are from NHPs and only recently have also included New
World monkeys. This research gap is further being addressed by studies investigating natural infections
of FVs in bovine and feline species. Moreover, the availability of new and more sensitive assays that can
investigate the different steps of FV replication, from infection/entry through integration/expression,
resulting in release/exit, are important for understanding natural virus transmission and cross-species
infections in humans by NHP FVs. To aid these goals, there is a need to develop reagents and
functional assays for studying the molecular and cellular biology of naturally-occurring FV isolates.
This session highlighted applications of new molecular tools and assays for investigating critical steps
in spumaretrovirus replication.

Stefanie Richter from the Lindemann laboratory (Technische Universitdt Dresden, Dresden,
Germany) reported on the adaptation of the fluorescent-based 3-lactamase (BlaM) fusion assay [18]
for FVs to obtain new insights about the kinetics and temperature requirements of FV Env-mediated
fusion. The study used BlaM-containing SFVpsc_huHSRV.13 single-round vector particles habouring
either SFVpsc_huHSRV.13 or SFVmcy_FV21 Env proteins and the Pac2 zebrafish embryonic cell line,
which was previously thought to be resistant to FV Env-mediated entry [19]. Using Pac2 cells loaded
with the fluorescent BlaM substrate CCF4-AM, the researchers demonstrated that this cell line was
permissive for FV Env-mediated fusion. These results highlighted the potential of this approach for
providing insight into the differences seen in the susceptibility of cells to FV infection.

Ivo Gliick from the Lamb laboratory (Ludwig-Maximilians-Universitdt, Miinchen, Germany)
presented on the application of the TrIC method [20] to track steps involved in the fusion process of
single FV particles in live HeLa cells. Virus particles used in the study contained the viral envelope
protein (Env) tagged with mCherry and the capsid protein (Gag) tagged with eGFP. By tracking
the eGFP signal and locally cross-correlating the eGFP and mCherry intensities, the individual viral
fusion events could be visualized as the capsid separated from the envelope. The analysis revealed a
previously undetected intermediate step in the FV fusion process, in which the capsid and envelope
signals are separated by approximately 300 nm, but remain tethered for an average of 7.1 min before
full separation. An important next step is to identify the linking component that tethers the viral
capsid to the envelope.

Martin Lochelt (German Cancer Research Center, Heidelberg, Germany) extended the previous
identification of the chromatin binding site (CBS) in PFV Gag by functionally characterizing a highly
conserved motif of the CBS of the Gag protein of FFV. It was demonstrated that the RYG residues in
the QPQRYG motif are, in addition, essential during the early stages of infection after entry into the
cytosol since mutagenesis of RYG abrogated the accumulation of Gag and proviral DNA in the nucleus
and, subsequently, DNA integration into the host genome, similar to mutations within the chromatin
binding. The results confirmed that chromatin binding by foamy virus Gag is a shared feature among
FVs belonging to diverse genera and mediated by a conserved protein region located at the C-terminus
of Gag, which is of prime importance for the provirus integration site. This motif likely influences the
incoming virus capsid or its disassembly intermediates, but not newly synthesized Gag or its assembly
products. The study, which was recently published [21] provides a strategy for comparing different
FVs for mechanism and host cell conditions that can influence the efficiency of integration.

FV research using new assays and methodologies can be further enhanced and extended by
the development of advanced technologies, such as next generation or high-throughput sequencing
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(NGS, HTS), which has emerged as a powerful tool that can help to investigate various aspects of
virus biology and replication. In particular, transcriptomics and genomics studies using NGS could
help determine the virus-host interactions that result in the seemingly general FV latency and limited
expression seen in natural infections. The results from such studies may aid in predicting potential
outcomes of FV infections in humans.

2.4. Mechanisms of Virus—Host Interactions: Cellular Antiviral Factors and Viral Antagonists (Session Chair:
Florence Buseyne)

The interactions of FVs with their hosts were shaped by millions of years of coevolution [22].
FV have a ubiquitous tropism in vitro and numerous cross-species transmission events occurred
in their evolutionary history. Thus, these viruses escape most constitutively expressed restriction
factors. On the other hand, they are sensitive to the action of type I and type II IFN in vitro and
are apparently apathogenic in vivo. Among the ISG products, TRIM5«, N-myc-interactor, IFP35,
TRIM19, APOBEC, and tetherin were described to inhibit FV, while MxB and SAMHD1 had no
action, and some discordant results are thus far unresolved. The currently open questions in the field,
summarized after the former FV conference in 2016 [23], were about the role of restriction factors and
IFN-induced genes in controlling FV gene expression in vivo in their natural hosts and in humans
after cross-species transmission. Lack of knowledge on the induction and action of non-IFN antiviral
actors (inflammasome, cytokines, and miRNA) were striking.

This conference provided new insights on four topics. Carsten Miink (Heinrich-Heine-Universitat
Diisseldorf, Diisseldorf, Germany) presented on APOBEC3s, which are potent inhibitors of FV. The viral
Bet protein is the single antiviral factor antagonist described for FV. Its mechanism of action is
unique: Bet prevents APOBEC3s incorporation into viral particles and thereby, provides protection
of FVs, as well as lentiviruses, if Bet is expressed in trans, against APOBEC3s’ antiviral activity.
Conversely, Carmen Ledesma-Feliciano reported in the FV vector session (see 2.6) that the feline
immunodeficiency virus (FIV) Vif protein can replace the FFV Bet protein in vitro, but the chimeric
virus was attenuated in vivo [24]. These in vivo attenuated phenotypes of Bet-deficient FV highlighted
that additional Bet functions impacting FVs interaction with their hosts are waiting to be described.

Wenhu Cao from the Lochelt laboratory (German Cancer Research Center, Heidelberg, Germany)
presented new results on bovine FV (BFV) miRNAs. BFV encodes miRNAs with a noncanonical
biogenesis involving RNA polymerase III, generation of a single pri-miRNA, and its processing into
three functional miRNAs. Cellular proteins were identified whose expression were suppressed
by BFV miRNA and this was shown to result in repression of IFN-B and NF-«B pathways.
Importantly, deletion of miRNA led to in vivo attenuation of BFV, confirming the major role of miRNAs
in virus-host interactions.

Melissa Kane from the Bieniasz laboratory (The Rockefeller University, New York, NY, USA)
presented new data based on results from the screening of nearly 500 human and macaque antiviral
genes against 11 retroviruses, including the PFV [25]. The screen identified the ISG PHD finger protein
11 (PHF11) as a PFV-specific inhibitor. In vitro, PFV was unable to escape PHF11 restriction. PHF11 is
involved in DNA damage signaling and DNA repair, and inhibits an early step in FV replication.

Arifa Khan (U.S. Food and Drug Administration, Silver Spring, MD, USA) presented the careful
characterization of SFV-infected human A549 cell clones with various viral expression patterns, defined
by viral DNA and RNA expression and production of infectious virions. Clones with fully latent
and actively replicating SFV were analyzed for gene expression using next generation sequencing.
Cells infected with different macaque SFV strains with widely different kinetics were included in the
screen. Data overview showed diversity across strains in their ability to modulate IFN-signaling and
other immune activation pathways.

Important questions and future directions were highlighted at the meeting. Data pointed to
the uniqueness of FV (Bet, miRNA, and the PHF11) with elegant studies starting with molecular
understanding of the activity of an FV component to in vivo assessment of its action. Such specificities
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open new molecular medicine applications, such as expression of heterologous regulatory RNA by
BFV miRNA. The interest of high-throughput assays associated with well-validated in vitro models
was evident and indeed, the PHF11 will not be identified by a hypothesis-driven strategy as early as
with the comprehensive approach used [25]. In the future, new input is expected from modern biology
approaches to identify cellular factors regulating viral replication and latency.

2.5. Structural Studies of Foamy Virus Proteins (Session Chair: Martin Lochelt)

Structural biology provides challenging insights into the molecular and atomic organization
and underlying functions of proteins and molecular assemblies of high complexity. In addition,
structural biology is a major tool in drug discovery and optimization and has enormous implications
for translational research, medical care, and disease prevention. Under these perspectives, the current
state-of-the-art of FV structural biology, focused in particular on integrase (IN) and the Gag structural
proteins, was summarized in excellent reviews by Paul Lesbats (CNRS UMR5234, Bordeaux, France)
and Jonathan Stoye (The Francis Crick Institute, London, United Kingdom).

FV Pol proteins share most of the conserved sequence motifs with the other retroviruses.
However, their expression mode via a spliced transcript, resulting in the lack of a Gag-Pol fusion
protein, most probably determines the uniqueness of FV particle assembly, genome incorporation,
protein processing, capsid maturation, and reverse transcription. Another unique feature is the lack of
processing of FV Pol precursor molecules to release the protease [3,22,26].

After a lot of unsuccessful attempts using other retroviruses, PFV IN was the first retroviral IN to
be crystallized in its active form and as a high-molecular mass complex together with its target DNA [2].
Based on this structure and subsequent new data, highly divergent degrees of IN oligomerization in
intasomes has been described for different retroviruses [27]. Here, PFV IN tetramers contrast other
retroviral octo- and hexadecameric arrangements that make up the active intasomes. It is possible
that the comparably low degree of PFV IN oligomerisation favored or even allowed its crystallization
and thus, its structural analysis. Based on his experience in retroviral IN interactions with chromatin,
Paul Lesbats described the interaction of the PFV chromatin-binding site with histones confirming
and extending knowledge on C-terminal Gag residues involved in this process that contributes to FV
integration site selection [28].

FV Gag and that of other retroviruses largely perform equivalent functions. However, several
features, including the absence of genome-binding Cys-His motifs and a major homology region,
the limited Gag processing at a very C-terminal site, and the essential requirement of N-terminal
Gag and Env LP domains for particle release, are fundamentally different from that of other
retroviruses [29]. The N-terminal and central domains of the unique FV Gag proteins are the focus
of Jonathan Stoye’s past and current activities. Here, structural studies strongly target evolutionary
issues related to retroviral capsid structures and their interaction with host-encoded restriction factors.
Jonathan described structural analyses that identified two independent domains in a central part of
FV Gag, which most probably derived from sequence duplications [30]. Surprisingly, these structures
reveal a greater and unforeseen similarity to the Ty3 retrotransposon-derived mammalian protein
ARG, than to conventional retroviral capsid proteins [31].

In summary, structural studies of FV Pol proteins have shown that they are highly related
to those of other retroviruses and in the case of IN, even serve as model structures for the whole
virus family. By contrast, although the amino-terminal and central domains of FV-Gag have been
structurally characterized, the evolutionary origin and relationship with orthoretroviral Gag and
exapted proteins found in mammalian genomes is the subject of current FV structural studies. Other FV
proteins, most of them with unique features, have at large not been targets of high-resolution studies.
Structural studies of FV Env are limited to a low-resolution (9 A). Cryo-EM structure revealed the
trimeric nature of the PFV Env gp80%U spike [32] and the crystal structure an Env gp18'F peptide
bound to the N-terminal domain of PFV Gag [33]. Further high-resolution structural analyses of Env
from two distinct serotypes of primate and feline FV SU could greatly foster the understanding of



Viruses 2019, 11, 134

virus neutralization and the overlap with receptor binding, and may even support identification of the
FV receptor(s). Finally, structural data on the non-canonical FV Tas transcriptional transactivator and
the enigmatic Bet protein that counteracts APOBEC3-mediated restriction, but may also fulfil many
additional functions, would fertilize further research on these essential and FV-specific proteins [34].

2.6. Development and Application of Foamy Virus Vector Systems (Session Chair: Dirk Lindemann)

Over the last 50 years human gene therapy has developed from fiction to become reality.
After approval of the first gene therapy drugs several years ago, the last 24 months have seen a
good number of new gene therapy drugs being approved and entering the market. The majority
of them are based on viral gene ferries, which is also true for drugs currently being examined in
gene therapy trials worldwide. This most likely reflects the fact that viruses may be considered as
evolutionarily optimized nucleic acid delivery entities, although it took researchers decades to develop
viral vector systems with optimized features of transduction efficiency, balanced expression control,
and safety. Retroviral vectors are still the most frequent gene ferries used in gene therapy clinical trials
and approved drugs. Gammaretroviral vectors based on murine leukemia virus were the first gene
ferries being used in clinical trials. They were also employed in the SCID-X1 clinical trials around the
turn of the century and were the first gene transfer tools with unequivocal therapeutic benefits for
the patients. Lentiviral vectors based on HIV-1 were developed only later. Due to their ability to also
efficiently transduce non-mitotic cells they have become more popular, which can be seen by the rising
number of clinical trials using them as gene delivery tools.

The first vector systems based on FV were developed about 20 years ago [26,35]. FV have several
natural features of a good candidate gene transfer vector, such as one of the largest retroviral genomes,
an infectious DNA genome, a favorable integration site profile, and an extremely broad tropism.
Most important is their apparent apathogenicity in both natural and zoonotic infections that renders
them attractive for gene delivery. Furthermore, they have shown promising therapeutic results in
preclinical studies using animal model systems [26,35]. However, so far, FV vectors or individual
components of FV, such as the FV Env protein, have not been used in human gene therapy clinical trials.

Karol Budzik from the Russell laboratory (Mayo Clinic, Rochester, NY, USA) summarized his efforts
to develop an FV platform for oncolytic virotherapy. SFVpve virus produced from a chimeric infectious
molecular clone, which was derived from two chimpanzee FV strains (PAN1, PAN2), showed higher
oncolytic activity in vitro than either parental strain or the PFV isolate in a variety of tumor cell lines.
Furthermore, a U251 glioblastoma-derived reporter cell line was established and used to demonstrate
in vivo replication of FV in a mouse model. This provides the basis for further examination of the
tumoricidal potential of this new chimeric SFV strain or armed versions thereof in animal model systems.

Carmen Ledesma-Feliciano from the VandeWoude laboratory (Colorado State University, Fort
Collins, CO, USA) presented a recently published study on the experimental infection in domestic
cats with a replication-competent wild type and a novel FFV vaccine vector candidate expressing a
truncated FFV-Bet/FIV-Vif fusion protein [24]. In vitro analysis in feline cells showed a requirement
of FIV Vif expression without an FFV Bet N-terminal tag for efficient viral replication. In contrast,
inoculation of immunocompetent domestic cats revealed a poor replication capacity of the vaccine
vector in comparison to wild-type FFV. This suggests a yet uncharacterized role of FFV Bet for in vivo
replication besides its anti-APOBEC activity.

Fabian Lindel from the Lindemann laboratory (Technische Universitit Dresden, Dresden,
Germany) reported on a novel PFV based vector system for largely transient expression of
CRISPR/Cas9 genome editing tools in various target tissues. The system exploits the previously
described natural feature of FV to encapsidate and efficiently transmit non-viral RNAs, which was
exploited to express Cas9 fully transient in transduced cells. When combined with integration-deficient
retroviral vectors harboring a U6 promoter-driven sgRNA, efficient gene inactivation was achieved in
different target cell types. Additionally, the inclusion of a donor DNA template enabled efficient gene
editing of reporter or cellular genes by homology directed repair mechanisms.
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Finally, Jennifer Donau from the Valtink laboratory (Technische Universitdt Dresden, Dresden,
Germany) summarized her work towards the establishment of a therapeutic proliferation stimulation
strategy for primary human ocular tissues. She reported on the identification of viral and cellular
proliferation promoting factors for immortalization of primary human corneal endothelial (CEC) or
retinal pigment epithelial (RPE) cells upon stable transduction by lentiviral vectors pseudotyped by
FV glycoproteins. Furthermore, she demonstrated that integration-deficient lentiviral vectors are
not suited for transient growth stimulation in a therapeutic setting due to their residual non-viral
mediated integration potential, which results in stable immortalization of primary tissues. At the
end, she referred to her first attempts to achieve growth stimulation in these primary target tissues by
transient expression of proliferation promoting factors using FV-mediated non-viral RNA gene transfer.

3. Keynote Lectures

The first keynote lecture was given by Welkin E. Johnson (Boston College, Chestnut Hill, MA,
USA). Welkin presented an overview of a comparative study of ancient env genes of endogenous
retroviral elements that provides insight into the co-evolution of retroviruses and their vertebrate
hosts. He reviewed examples of potential cases of exaptations, whereby former endogenous retrovirus
(ERV) env genes are preserved by purifying evolutionary selection and now provide cellular functions,
for example, in the development (syncytins-mediated trophoblast fusion) or antiviral defense against
extant viruses (ERV-mediated superinfection resistance). Furthermore, he summarized his and other
people’s work on the origins and exaptive evolution of the ERV-Fc locus in mammals.

Frank Buchholz (Technische Universitdit Dresden, Dresden, Germany) delivered the second
keynote lecture reviewing his and other researchers” work on programmable nucleases and designer
recombinases for genome surgery. He presented examples from his lab using CRISPR/Cas9 library
screens to dissect driver mutations from passenger mutations in human cancer cell lines as an approach
towards a personalized cancer therapy. Furthermore, he summarized the pioneering work of his
and Joachim Hauber’s laboratory (Heinrich-Pette-Institut, Hamburg, Germany) on the broad-range
anti-HIV-1 recombinase Brecl and presented the latest results from experiments using humanized
mouse models.

4. Conclusions

Two major goals were achieved by the 12th International Foamy Virus Meeting. First, bringing
together most of the senior and junior scientists in the field with expertise in different disciplines
for a scientific exchange and providing the opportunity for discussing ongoing, and initiating new
collaborations. Second, attracting new people to the field, which was reflected by several first-time
attendees, whose presentations strongly underlined the interdisciplinary character of the meeting and
demonstrated the continued interest in this unique type of retrovirus. We enjoyed lively discussions
after the individual presentations and in the breaks. We hope that the session summaries and highlights
provided in this report illustrate that there is so much to be discovered and learned from FVs and
will encourage interested researchers to join us at the 13th International Spumaretrovirus Conference,
which is being planned for 2020 in Rio de Janeiro, Brazil. More information can be obtained by the
conference host: Marcelo Soares masoares@biologia.ufrj.br.
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Abstract: Foamy viruses (FVs) are the only exogenous retrovirus to date known to infect neotropical
primates (NPs). In the last decade, an increasing number of strains have been completely or partially
sequenced, and molecular evolution analyses have identified an ancient co-speciation with their hosts.
In this review, the improvement of diagnostic techniques that allowed the determination of a more
accurate prevalence of simian FVs (SFVs) in captive and free-living NPs is discussed. Determination
of DNA viral load in American primates indicates that oral tissues are the viral replicative site and that
buccal swab collection can be an alternative to diagnose SFV infection in NPs. Finally, the transmission
potential of NP SFVs to primate workers in zoos and primate centers of the Americas is examined.

Keywords: spumaretrovirus; new world primates; simian retrovirus

1. Introduction

Spumaretroviruses are complex, exogenous retroviruses in the Spumaretrovirinae subfamily known
to infect different mammalian orders, such as nonhuman primates (NHPs), felines, bovines and
equines [1]. In NHPs, spumaretroviruses are also called simian foamy viruses (SFVs). Despite being
the only reported exogenous retrovirus known to infect neotropical primates (NPs), as first reported in
1973 [2], little is known about this viral infection. Recently published studies using improved molecular
and serologic techniques for SFV diagnosis in NPs have shed light on the prevalence, transmission
routes and zoonotic potential of these NP viruses.

2. Neotropical Primates: Taxonomy and Evolution

The word “primate” is derived from Latin primat that means prime or first rank. The Primates
order has the third most abundant number of species among mammals, only behind Chiroptera (bats)
and Rodentia (rodents) [3]. Although the exact number of species is still in discussion with constant
changes in taxonomic classification, there are between 261 and 504 species described to date divided
into 16 families and 79 genera [3,4]. Primates are distributed across four global regions: Latin America,
mainland Africa, Madagascar, and Asia, covering 90 countries (Figure 1) [3]. Common features of
the Primates order include a large brain in relation to the body size, accurate binocular color vision,
opposable thumbs and a sophisticated social system. The common ancestor of the Primates order
is estimated to have originated about 60-80 million years ago (MYA) based on evidence of small
mammals adapted to live in trees and with the oldest fossil found in Africa [5].
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Figure 1. Global primate distribution. In orange, countries with native species of primates. Data
were extracted from JUCN/SSC Primate Specialist group web site www.primate-sg.org/threat_primate
habitat_country/ on August 15th. Graph art was generated using mapchart.net.

Primates radiated to five infraorders, of which the infraorder Simiiformes emerged about
36-50 MYA and is divided in the parvorders Catarrhini (Old World monkeys, great apes, gibbons,
and humans) and Platyrrhini (neotropical monkeys). The parvorder Catarrhini consists of three
families: Cercopithecidae, Hominidae and Hylobatidae. The Cercopithecidae family, also known as
Old World primates (OWPs), is the largest family, with 32 genera and 138 species described living in
Africa and Asia [4]. Examples of OWPs include the Macaca (macaques), Papio (baboons), Cercocebus
(mangabeys) and Mandrillus (mandrills) genera, all primates lacking prehensile tails. The Hylobatidae
family harbors Asian primates known as gibbons, considered small apes [6]. The Hylobatidae is
considered a sister clade of the Hominidae family, composed of the great apes (the largest primate
species) and includes four genera: Pongo (orangutan), Gorilla (gorilla), Pan (bonobo and chimpanzee)
and Homo (human) [4].

The parvorder Platyrrhini, also known as neotropical primates (NPs), is composed of Latin
American primates descendent from African Cercopithecidae primates that reached South America
about 40 MYA [4,7]. The spread of NPs in South and Central America resulted in a broad radiation that
permitted the occupation of a large range of biomes from Mexico to the Argentinian Patagonia, leading
to a great diversity of morphology and body size [8]. NPs are small to mid-sized animals, ranging from
the world’s smallest primate pigmy marmoset (Cebuella pygmae; 14-16 cm in length) to the Southern
muriqui (Brachyteles acrachnoides; 55-70 cm in length). Other unique features of Platyrrhini include a
flat nose compared to OWPs (originating the name of the parvorder) and a prehensile tail. NPs also
lack trichromatic vision, which is characteristic of OWPs [9]. In contrast to OWPs, most NP species
constitute monogamous pairs, and provide extensive paternal care of young [10]. With respect to diet,
NPs eat fruits, nuts, flowers, insects, bird eggs, spiders, and small mammals [11].

Platyrrhini is divided into three families (Atelidae, Cebidae, and Pitheciidae), 21 genera and
at least 170 species according to recent molecular analyses [4], of which 42% are threatened (www.
primate-sg.org/primate_diversity_by_region/). Since the 2000s, 19 novel species and subspecies have
been described in the region, with the most recent being a new titi monkey species (Plecturocebus grovesi
sp. nov.), described in 2019 [12].
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3. Diversity and Origin of SFVs in the Americas

SFVs have been shown to naturally infect most nonhuman primates (NHPs), including NPs,
OWPs, and prosimians [13,14]. For over 60 years of spumavirus study, most research focused on SFVs
in OWPs. In 1973, the presence of a syncytium-forming virus was first detected in a spider monkey
(Ateles sp.) brain culture, classified then as SFV-8 [2] and currently named SFVaxx after the revision
of foamy virus nomenclature in 2018 [15]. The original classification using numbers was based on
serologic neutralizing activity, with consecutive numbers used for those isolates with undetectable or
weak neutralizing activity to known SFVs indicative of infection with a divergent variant. The current
SFV classification uses a three-letter code for the host species name with the first letter of the host
genus and the next two letters derived from the first two letters of the species or subspecies. If the
species or subspecies is unknown, the letters “xx” are used. Hence, SFVaxx refers to SFV from an
Ateles monkey for which the species is not known. In 1975, an SFV infecting capuchin monkeys (Cebus
sp.) was isolated and called SFV-9 [16]. In 1976, another strain of SFV was isolated from red uacari
(Cacajao rubicundus) lymphocytes in a co-culture with kidney cells from a nocturnal monkey (Aotus
sp.) [17]. Early in the 1980s, a fourth neotropical SFV was characterized in skin explants of 46 healthy
white-tufted marmosets (Callithrix jaccus) [18]. Not until 2007 was the complete genome of SFVaxx
obtained, 34 years after it was first isolated [19]. In 2010, complete SFVssc and SFVcja genomes, which
infect squirrel monkeys (Saimiri sciureus) and white-tufted marmosets (Callithrix jaccus), respectively,
were reported [20].

While phylogenetic analysis of short polymerase (pol) sequences demonstrated the co-evolution
of SFVs with their NHP hosts [14], only one sequence from SFVaxx was available at the time to fully
understand the evolutionary trajectory of SFVs in NPs. Phylogenetic analysis of the three complete
SFV genomes from NPs with those from OWPs and a prosimian showed SFVs clustering into three
major clades, reflecting the evolutionary split between NP (parvorder Platyrhini), OWP (parvorder
Catarrhini), and prosimian (Strepsirrhini suborder) hosts [20]. More recently, complete SFV genomes
were obtained from Sapajus xanthosternos, the yellow-breasted capuchin (SFVsxa), and Brachyteles
arachnoides, the wooly spider monkey (SFVbar) [21,22]. Additionally, partial SFV pol and/or LTR/gag
sequences (around 500-bp) were obtained from SFV strains infecting 20 different NP species from 10
genera, encompassing all three NP families (Table 1) [23-25]. Nonetheless, the complete or partial
characterization of these few strains is still poor when compared to the wide diversity of NPs, with more
than 150 species described. Furthermore, another 16 species from 11 NP genera had indirect evidence of
foamy virus (FV) infection, characterized by diagnostic PCR, Western blot detection and/or detectable
DNA viral load (VL) by quantitative PCR (gPCR) (Table 1). The size of the DNA fragments generated
by these PCR techniques (192-bp) was, however, too small to enable robust phylogenetic inferences
from those species, since this region is very conserved among the different strains and therefore has a
low phylogenetic signal for resolution of related strains.
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Phylogenetic analysis of the genetic sequences of NP SFV isolates has allowed for the determination
of their evolutionary history, which shows distinct evolutionary lineages. Furthermore, genetic
characterization of endogenous FVs integrated into mammals, reptiles, amphibians and fish [14,26-31]
has permitted elucidation of the genetic relationships between exogenous and endogenous FVs,
revealing strong evidence of an ancient co-speciation of FVs with their hosts since the origin of marine
vertebrates around 500 MYA [27]. The co-speciation hypothesis of SFVs with their primate hosts has
also been demonstrated in OWPs and NPs at the family, genus and species levels occurring around
43 MYA [24,25,32]. The phylogeny of NP SFVs also reflects the evolutionary relationships of their
hosts, but with some exceptions. For example, SFVs from monkeys in the Pithecidae family (Pithecia,
Cacajao, Chiropotes) are not monophyletic as expected with co-evolution and SFV pol sequences
from Saimiri are paraphyletic to those from monkeys in the Cebidae family instead of being sister
taxa in accordance with the co-evolutionary hypothesis (Figure 2). These unexpected phylogenetic
relationships may result from only short sequences being analyzed or from cross-species infections,
as further discussed below.

Pan

Saimiri

Pithecia

Lagothrix Chiropotes

Cebus

Sapajus
Callithrix
Leontopithecus

Alouatta

0.2

Figure 2. Phylogenetic relationships of simian foamy viruses from neotropical primates (NPs). Unrooted
tree inferred by maximum likelihood analysis of an alignment of 411 nucleotides of partial polymerase
sequences with 1000 bootstrap replicates. Different NP genera and bootstrap values are indicated by
distinct colors. Distance bar is shown at the bottom.

Comparison of complete SFV genomes among primate hosts revealed some interesting features
(Figure 3). For example, the mean size of the pol gene is highly conserved among SFVs infecting
OWPs and NPs (average of 3435-bp and 3436-bp, respectively) [21]. Similarly, the envelope (env)
gene lengths are also comparable with a mean size of 2949-bp in NP SFVs and 2962-bp in OWP SFVs.
The length of these two genes also appears to be conserved in feline and equine FVs. The exception
is the bovine FV pol gene, which is 3660-bp in length [21]. The size of the gag gene coding for the
group specific antigen is conserved within both NP (range of 1817-2071-bp) and OWP SFVs (range
of 1872-1974-bp) [21,22,33]. The exception is SFVssc, which has the shortest gag gene (1716-bp) of all
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SFVs described to date. The long terminal repeat (LTR) region has a mean length of 1696-bp among
OWP SFVs, with the longest LTR in SFVs infecting a pileated gibbon (SFVhpi), at 2074-bp [21,33],
while an SFV infecting Cebidae has the shortest LTR among FVs (1061-1080-bp). SFVaxx has LTRs
ranging from 1129-bp (SFVbar) to 1251-bp (SFVasp) in length [21,22]. Whether gene or LTR length
differences among SFVs affect their biological functions remains to be elucidated.

i
SFVcja POL TAS LTR

GAG ENV " BEL? |
SFVsxa HIER POL TAS LTR
|
.
! GAG ENV | BEL2 |
SFVssc [HEEE POL TAS LTR

' = = i
SFVaxx |[HEEwm POL TAS

; GAG ENV [BEL2]
SFVbar LTR POL TAS LTR

SFVptr [HEE POL TAS LTR
FFVfca [ POL TAS LTR

OO e e R RS R T AR,
1kb 2kb 3kb 4kb 5kb 6kb 7kb 8kb 9kb 10kb 11kb 12kb 13kb 14kb

Figure 3. Structural organization of complete simian foamy virus (SFV) and feline foamy virus (FFV)
genomes. SFVcja (Callithrix jaccus), SFVsxa (Sapajus xanthosternos), SEVssc (Saimiri sciureus), SFVaxx
(Ateles sp.), SFVbar (Brachyteles aracnoides), SEVptr (Pan troglodytes), FFVfca (Feline catus). LTR, long
terminal repeat; GAG, group specific antigen, POL, polymerase; ENV, envelope; TAS, transcriptional
activator; BEL2, between the ENV and LTR.

4. NP SFV Prevalence and Viral Detection Methodologies

Very little is known about the prevalence of SFV in wild NP populations, while studies of captive
animals are relatively common (Table 2). A seminal study in 1975 with Ateles sp. (spider monkeys)
determined that 61% of specimens had antibodies against SFVaxx [16]. Another study conducted in
the 1980s with 90 marmosets (Callithrix jaccus and Saguinus sp.) living in a colony in the United States
(U.S.), found a 54% SFV seroprevalence only in Callithrix specimens [18]. However, these studies were
performed using in-house serological assays that were not validated and standardized, and therefore
the reported SFV serological prevalence may have been overestimated by the lack of specificity of the
test and/or possible cross-reactivity.

Table 2. Simian foamy virus prevalence in neotropical primates.

Study Methodology Sites Prevalence
Hooks, 1975 [2] Serology Colony 61%
Marczynska et al., 1981 [18] Serology Colony 54%
. Brazilian zoo and primatology center 23%
; 1 P &Y
Muniz et al., 2013 [23] Diag. PCR Wild primates 29%
Peruvian and US zoos o
Ghersi et al., 2015 [25] Sg.ologl};carﬁd Peruvian rescue center 451;/7 o
1ag: Illegal trade market °
. Serology and . . o
Muniz et al., 2015 [24] Diag. PCR Brazilian zoo and primatology center 51%

! Diagnostic PCR.
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Decades later in 2013, a large study examined 332 NP samples from 15 genera using molecular
testing to detect 192-bp pol NP SFV sequences in peripheral blood mononuclear cells (PBMCs),
including—for the first time—samples collected from wild monkeys [23]. The PCR assay used in
this study had a 100% sensitivity using PBMC specimens from Western blot (WB)-positive monkeys
from seven NP genera (Alouatta, Aotus, Ateles, Cacajao, Callithrix, Cebus, and Pithecia), except for
Saimiri specimens, with four PCR-positive specimens being WB-negative [34]. The WB used combined
antigens from extracts of CfTh2 cells infected with two NP SFV isolates from Callithrix jaccus (SFVcja)
and Ateles sp. (SFVaxx), representing two out of the three NP families, and had shown sensitivity
and specificity both > 94% using > 100 SFV+ and SFV- NP specimens [25]. Muniz et al. showed
that SFV prevalence among captive specimens was 23% (61/267) versus 29% (19/65) in wild NPs [23].
The molecular prevalence found in this study is lower than that described for African OWP SFVs in
wild monkeys (60-100%), including mandrills (Mandrillus sphinx), red colobus monkeys (Piliocolobus
badius badius), baboons (Papio cynocephalus) and chimpanzees (Pan troglodytes) [35-38]. In comparison,
the molecular prevalence of SFV in captive Asian macaques is 39% among rhesus macaque (Macaca
mulata) [39], while a seroprevalence of 64-94% has been reported in captive cynomolgus macaque
(Macaca fascicularis) [40]. The lower SFV prevalence in NPs may reflect a high number of specimens
from juveniles, since SFV seroprevalence has been shown to be associated with age. For instance,
in a study of a colony of tonkean macaques (Macaca tonkeana), SFV seroprevalence was shown to be
lower in infants (5%), intermediate in sub-adults (44%) and high in adults (89%) [41]. The same age
and seroprevalence relationship has been observed in baboons and cynomolgus macaques [1,40,42].
However, no age of specimens was available in Ref. [23], since that was a study conducted with
retrospective samples.

In 2015, anew study estimated the SFV prevalence among Peruvian primates in zoos, rescue centers
and the illegal trade market using both molecular and serological assays [25]. The seroprevalence of
SFV in NPs from Peruvian zoos using both enzyme immunoassay (EIA) and Western blot (WB) was
higher (47%) than those in rescue centers of free-living primates (19%; p = 0.001) and similar to those
reported in NPs from U.S. zoos (45%). Noteworthy was the SFV prevalence of 43% in Peruvian zoos
and 22% in rescue centers in Lagothrix lagothicha (wooly monkey), indicating an increased SFV infection
in captivity. The lower prevalence in rescue centers could reflect testing of younger animals. Overall,
the WB assay in that study showed a total prevalence of 78%, higher than those of the diagnostic PCR
assay (19%) and for a PCR test that detected a 495-bp pol sequence (26%), indicating that WB more
accurately detects previous or current SFV infection. The low efficiency of the diagnostic PCR method
could be explained by the high genetic variability of NP SFVs. The pol genetic diversity between strains
of SFV infecting genera within the same primate family is around 12% in the Cebidae and 31% in the
Atelidae families. In contrast, a higher pol divergence (41%) occurs between SFV from the Atelidae and
Cebidae [23]. The lower sensitivity of the PCR assay could also be explained by the low DNA proviral
load (pVL) of NP SFVs in blood cells, with an average of 800 SFV copies/10° cells reported [43,44],
very similar to that found in OWPs [45,46]. Furthermore, these findings suggest that SFV does not
expand to significant levels in this compartment [46,47].

Another study in 2015 compared the serological and molecular prevalence of NP SFV at the Rio de
Janeiro Zoo and the Center of Primatology of Rio de Janeiro state, confirming that WB is more sensitive
for detecting SFV infection in NPs [24]. However, as some WB-seronegative animals in the study
were PCR-positive, the use of both techniques for SFV detection is needed for epidemiologic studies.
Monkeys testing positive with either or both tests would then be considered SFV-positive. In this study,
the NP SFV prevalence was similar to that found in Peru, with a WB prevalence of 43% and a molecular
prevalence of 29% in captive animals. Of the 140 specimens analyzed, 51% were positive in at least
one test. Although serology in these recent studies was shown to be more sensitive for SFV detection,
preparation of large amounts of antigens used in the serologic assays may be costly and is dependent on
the laboratory having biosafety facilities and equipment for cultivating FV strains in cell culture [24,25].
Good alternatives to that limitation include cloning of SFV gag genes and expressing them in bacterial
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systems, or the use of synthesized peptides from gag gene sequences to detect antibodies, which
have been used in feline foamy virus (FFV) and SFV research [48,49]. More recently, a new study
developed a real-time PCR (qQPCR) methodology to diagnose and measure SFV DNA pVL in NPs with
a high sensitivity and specificity [43]. Of animals with detectable SFV DNA pVL, 90-96% were also
WB-positive. NP SFV prevalence using the different methodologies is summarized in Table 2.

An important concern for detecting SFV in the blood of NPs is the small size of these animals,
which limits the amount of blood collected. Consequently, there is typically only low amounts of
genomic DNA available to be used for diagnostic PCR [23,24]. Considering this, qPCR can be used
as a simpler alternative to SFV WB detection with the same sensitivity but using less DNA. Another
alternative is the use of buccal swabs for PCR detection of NP SFVs. In addition to being a less invasive
collection method, SFV replication is higher in the oral cavity of OWPs [45,50], which should increase
the sensitivity of detecting SFV infection by using molecular methods [51,52]. For NPs, the SFV DNA
pVL found in oral tissues ranges between 20-142 million copies/10° cells [43], which is higher than
that reported for SFV-infected rhesus macaques (Macaca mulatta) using salivary gland, tonsil and
tongue specimens (500-100,000 SEV copies/ 10° cells) [46]. A recent study showed that the DNA pVL
found in oral tissues of NPs with matching PBMC samples was up to 8000 c0pies/106 cells higher than
those observed in blood cells, showing that oral tissues are better specimens for SFV detection [43].
The authors of that NP study also showed that the DNA pVL in PBMC is a proxy for the detection of
proviral DNA in PBMC by nested PCR with qPCR again being more sensitive. However, only 45% of
NPs in that study had SFV detected in oral tissues, which could underestimate the true prevalence in
NPs if only buccal swabs are used for diagnosis [43].

5. NP SFV Epidemiology and Transmission

In OWPs, SFV proviral DNA has been found in many tissues and cell types, including in
oral-respiratory tissues and peripheral blood cells [47,53]. Nonetheless, viral expression and replication
appear to be restricted to the oral mucosa, as studies have shown high levels of viral RNA only at this
site [1,47]. It has also been reported that oral mucosa epithelial cells act as a virus reservoir [50]. Thus,
scratches, bites and grooming constitute the main routes of horizontal OWP SFV transmission, mainly
via parental care and aggressive behavior in territorial and sexual partner disputes [1].

For NPs, SFVs have been molecularly detected in liver specimens [23], oral tissues [43] and
peripheral blood cells [23-25,43]. The SFV DNA proviral load (pVL) in oral mucosa is similar for
NPs [43,44] and OWPs [45,46], indicating this compartment as a virus reservoir for FV infecting
primates in general. The higher SFV DNA pVL found in oral tissues of SFV-infected NPs is compatible
with horizontal transmission via contact with saliva in biting or grooming, as described for OWPs [1,50].
However, studies in NPs have not yet been conducted to determine SFV RNA levels in these
compartments and their correlation with transmission. Since SFV isolates have been obtained from
oral swabs of NPs, it would not be surprising that comparable SFV RNA levels are found in NPs as in
OWPs [45].

Murray et al. proposed a model in which SFV primary infection occurs in blood and migratory
cells, such as macrophages or leukocytes, which carry the virus to the basal epithelium of oropharyngeal
tissues, with subsequent FV replication in differentiated epithelial cells [50]. A cynomolgus macaque
(Macaca fascicularis) that was infected by SFV after a controlled blood transfusion from an SFV-infected
donor macaque showed detectable DNA VLs in saliva 29 weeks after infection and detectable RNA
VLs after 39 weeks [54]. In this scenario, it may take months for a newly infected animal to become
capable of transmitting SFV. This model could explain why only 45% of SFV-infected NPs had DNA VL
detectable in oral tissues [43]. Similar results were observed in free-ranging rhesus macaques (Macaca
mulatta), of which about 30% of SFV-positive animals did not have detectable RNA VLs in saliva [45].
The RNA VLs in this study also correlated with the age of the macaques, with older monkeys having
higher SFV RNA levels [45].
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SFVs can also be transmitted vertically but studies have been limited to small numbers of
species. Blasse et al. showed that mother-to-offspring transmission of SFV is frequent among Western
chimpanzees (Pan troglodytes verus) [55]. However, vertical transmission was rare in a study of captive
Macaca tonkeana [41]. Even less is known about vertical transmission in NPs. A five month-old
Chiropotes infant in quarantine was SFV-positive by both WB and pol-integrase PCR testing, indicating a
possible vertical transmission [24]. However, samples from the mother were not available for testing to
confirm this hypothesis, as the infant was from a rescue center. Studies of specimens collected in utero,
perinatally, and from breast milk are needed to better understand the risks of vertical transmission
of SFV.

Sexual transmission occurs for animals infected with other retroviruses, like primate lentivirus
(SIV), but is rare [56,57]. However, little is known about the potential for sexual transmission for
SFV. Differences in the NP SFV prevalence in males and females have not been observed, suggesting
that if sexual transmission occurs it is equally likely from male to female and vice versa [23-25].
Differences in the SFV prevalence among different age groups of NPs have been reported, suggesting
that horizontal transmission is likely more common than vertical transmission. Ghersi et al. found
that the SFV prevalence increased with age among captive NPs in Peru, with 0% in infants, 30-50% in
juveniles, 50-58% in sub-adults and 55-64% in adults [25]. In NPs from Peruvian rescue centers in that
study, the SFV seroprevalence was higher in adults (32%) than in juveniles (17%). These findings are
congruent with the SFV prevalence found in different age groups of OWPs [1,40,41]. However, Muniz
et al. did not find a significant difference in SFV prevalence between juveniles (73%) and adults (87%)
in vivaria in Brazil [24]. This SFV prevalence disparity may reflect a more confined environment of the
vivaria in Brazil, which can increase the stress of the animals and, consequently, viral transmission.
Another explanation could be different transmission rates by primate species. For example, when SFV
results of Sapajus were analyzed separately, as they represented one third of the samples in that study,
infected NPs were on average 6.8 years older than the uninfected NPs [24]. Additional studies with
NPs from other countries, environments, and with more species will help to better define NP SFV
prevalence by age. Nonetheless, the finding of high VLs in the oral mucosa and in older animals, and
the increased SFV prevalence in older monkeys, suggests that horizontal transmission likely occurs via
aggressive behaviors, such as biting, as monkeys become adults [1].

Similar to SFV-infected OWPs, evidence of pathogenicity has not been reported in SFV-infected
NPs, though systematic studies have not been conducted for both parvorders. In rhesus macaques,
SIV and SFV co-infection was reported to accelerate immunodeficiency related death (75% of deaths in
39 weeks) in comparison to those infected with only SIV (37% of deaths in 39 weeks), suggesting SFV
co-infection may affect pathogenicity [58]. Similar co-infection studies in SFV-infected NPs have not
been done.

6. SFV Cross-Species Transmission

Episodes of SFV transmission between NP species seems rare with only a few reported cases.
A captive yellow-breasted capuchin (Sapajus xanthosternos) of the Cebidae family was found to be
infected with an SFV that was phylogenetically more similar with an SFV from a spider monkey (Ateles
species) of the Atelidae family [23]. Most likely, this cross-species transmission occurred while these
monkeys were in captivity, since both primate species are not sympatric in Brazil. Sapajus xanthosternos
are naturally found in the Caatinga forest of northeastern Brazil, while all species of Ateles inhabit the
Amazon forest in northern Brazil. Phylogenetic analysis has also shown divergent SFV in Leontopithecus
(tamarins) that do not cluster together, as would be expected under the co-evolution of SFV and host
hypothesis, indicating at least one cross-species transmission in captivity [24]. Studies with free-living
Leontopithecus will have to elucidate this finding.

Ancient cross-species and cross-genus SFV transmission may also have occurred in NPs and
could explain the extant phylogenetic relations observed for SFVs in squirrel monkeys (Saimiri sp.)
in the Cebidae family [14,23,25]. Squirrel monkey SFVs are more similar to those from monkeys in
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the Atelidae family (Figure 3) instead of the Cebine family (capuchins) as expected with a stable
co-speciation history. Phylogenetic dating suggests that this cross-species transmission may have
occurred at least 17 MYA with one or more SFV lineages not yet characterized, or possibly from the
Aotus genus [25]. SFV cross-species transmissions have also been described for OWPs and appear to be
equally infrequent [36,59].

To date, all persistent SFV infections detected in humans with documented viral nucleic acids
originated by zoonotic transmissions of SFV infecting OWPs [60-64]. Cases of zoonotic transmission
have been reported among individuals with exposure to nonhuman primates (NHPs), including
veterinarians, keepers, biologists, researchers, and pet owners. Butchers and hunters can also be
infected with SFV as OWP hunting and meat consumption is common in African villages and indigenous
communities [65]. These workers and hunters have been infected with many different divergent OWP
SFVs, including macaques, African green monkeys, chimpanzees, gorillas, mandrills, colobus monkeys,
and various Cercopithecus species [63,66-69]. Interestingly, studies have shown that between 18 and
36% of individuals who were severely bitten or injured from hunting wild chimpanzees and gorillas in
Cameroon and Gabon were SFV-positive [60,70], further supporting bites as the major transmission
route. Longitudinal studies of persons infected with OWP SFVs have yet to show strong evidence
of diseases associated with their zoonotic infections [57-60]. One recent case-control study reported
potential hematological abnormalities in apparently healthy SFV-infected persons from Cameroon [66].
More systematic longitudinal studies are required to investigate SFV disease associations, including
in persons co-infected with other retroviruses such as human immunodeficiency and human T-cell
leukemia viruses.

In contrast to OWPs, the potential for zoonotic transmission of NP SFVs to humans is less clear.
A first study evaluated the presence of SFV among 116 primatologists, of which 69 were occupationally
exposed to NPs [44]. While 12% (8/69) of the primatologists were positive for NP SFV by WB, no
viral DNA was detected in the blood of these individuals, suggestive of exposure but not persistent
infection or latent infection. Only four of the eight SFV-seropositive individuals reported accidents
with NPs such as bites, scratches and injuries with contaminated sharp instruments. The other four
workers reported contact with body fluids, but not parenterally, suggesting that contact with animal
fluids without parenteral exposure may be sufficient for viral infection [44].

More recently, a study of persons occupationally exposed to SFV-infected NPs at a zoo and a
primatology center in Brazil was reported. In this study, whole blood and oral swab samples were
obtained from 56 individuals over three years (2011, 2012/2013 and 2014) [67]. A serological prevalence
of 19% was found for NP anti-SFV antibodies, while—similar to the initial study described above—viral
DNA was not detected in any of the sampled compartments. As issues related to the presence of PCR
inhibitors in the DNA preparations were considered, the authors used different methods to clean the
DNA from potential inhibitors, including the use of the OneStep PCR inhibitor removal kit (Zymo
Research, Irvine, CA, USA) or of general column-based PCR purification kits after DNA extraction.
However, even those measures failed to provide PCR-positive samples. Of the 12 SFV-seroreactive
workers, 11 reported bites, scratches and/or direct contact with body fluids from NPs. Interestingly,
for some of the workers more recently exposed to infected animals, a clearance of SFV antibodies was
detected two years later compared to previous collection time points. WB-negative workers in this
study reported contact with NPs for an average of 12 years, while the WB-positive workers reported
NP contact for an average of only three years.

Combined, these findings in persons exposed to NPs suggest possible control of SFV infection
and antibody clearance, in contrast to human infection with OWP SFV. In these NP exposure cases, it is
not known whether the virus has been truly eliminated from the body or if it is still present in another
body compartment or reservoir. Additional follow-up testing of these workers and additional studies
of persons exposed to NPs will help to elucidate the potential for zoonotic transmission of NP SFVs to
humans. Exposure to NPs in Brazil can be frequent in forest parks and in large urban centers where
primates have been observed feeding on household waste [68]. Evidence for disease in these workers
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with SFV-reactive serology results was not reported and clear evidence of disease associations has not
been found in persons infected with OWP SFVs [64,68].

Like OWP SFVs, studies have documented that different human cells can be infected with NP
SFVs, including strains of SFVaxx and SFVssc, but the cell tropism was distinct between strains. SFVaxx
infected HT1080 (fibrosarcoma), MDA (mammary adenocarcinoma) and C33A (cervical carcinoma),
but not AGS (adenocarcinoma), LN (lymphoblastoid) and LoVo (adenocarcinoma), while SFVssc
infected only HT1080 [44]. Another study showed that the human TRIM5« did not affect the replication
of SFVcja and SFVaxx [69], but restricted the replication of SFVssc [20]. These latter findings may help
to explain the seroreactive but PCR-negative results in humans exposed to NP SFVs.

7. Perspectives

While considerable progress has been made in recent years to better understand the epidemiology
and evolutionary history of NP SFVs, more research is needed. Additional SFV genomes should be
sequenced, with emphasis on those infecting species from the Pitheciidae family (titi, saki and uacari
monkeys) and the Aotus genus (owl monkeys), in order to clarify the evolutionary relationships of
SFV among NPs, especially the unusual relationships of SFV that infect squirrel monkeys (Saimiri sp).
Studies published to date with NPs have used a large number of specimens of various captive genera
and species, but few specimens of each species. Future work should focus on studies of the viral
epidemiology of wild NPs, with a reasonable number of specimens per species. RNA VL in oral tissues
needs to be determined, as well as which tissues are targeted by SFV infection in NPs. Follow-up
studies of workers with direct or indirect contact with NPs should continue to clarify whether SFV
infection is resolved or if the virus persists in certain cells or body compartments. Additional studies
of persons naturally exposed to NPs and their SFV infections are needed to define zoonotic risks for
these viruses.
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Abstract: African green monkey (AGM) spumaretroviruses have been less well-studied than other
simian foamy viruses (SFVs). We report the biological and genomic characterization of SFVcae_FV2014,
which was the first foamy virus isolated from an African green monkey (AGM) and was found to
be serotype 3. Infectivity studies in various cell lines from different species (mouse, dog, rhesus
monkey, AGM, and human) indicated that like other SFVs, SFVcae_FV2014 had broad species and
cell tropism, and in vitro cell culture infection resulted in cytopathic effect (CPE). In Mus dunni (a
wild mouse fibroblast cell line), MDCK (Madin-Darby canine kidney cell line), FRhK-4 (a fetal rhesus
kidney cell line), and MRC-5 (a human fetal lung cell line), SFVcae_FV2014 infection was productive
resulting in CPE, and had delayed or similar replication kinetics compared with SFVmcy_FV21 and
SFVmcy_FV34[RF], which are two Taiwanese macaque isolates, designated as serotypes 1 and 2,
respectively. However, in Vero (AGM kidney cell line) and A549 (a human lung carcinoma cell
line), the replication kinetics of SFVcae_FV2014 and the SFVmcy viruses were discordant: In Vero,
SFVcae_FV2014 showed rapid replication kinetics and extensive CPE, and a persistent infection was
seen in A549, with delayed, low CPE, which did not progress even upon extended culture (day 55).
Nucleotide sequence analysis of the assembled SFVcae_FV2014 genome, obtained by high-throughput
sequencing, indicated an overall 80-90% nucleotide sequence identity with SFVcae_LK3, the only
available full-length genome sequence of an AGM SFV, and was distinct phylogenetically from other
AGM spumaretroviruses, corroborating previous results based on analysis of partial env sequences.
Our study confirmed that SFVcae_FV2014 and SFVcae_LK3 are genetically distinct AGM foamy virus
(FV) isolates. Furthermore, comparative infectivity studies of SFVcae_FV2014 and SFVmcy isolates
showed that although SFVs have a wide host range and cell tropism, regulation of virus replication is
complex and depends on the virus strain and cell-specific factors.

Keywords: simian foamy virus; spumaretrovirus; serotype; high-throughput sequencing; replication
kinetics; cytopathic effect; reverse transcriptase activity
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1. Introduction

Early isolates of simian foamy viruses (SFVs), which belong to the recently described genus
Simiispumavirus in the subfamily Spumaretrovirinae and family Retroviridae [1], were distinguished based
on serotyping using neutralization assays. SFVcae_FV2014, previously known as SFV strain FV2014,
isolated from the kidney tissue of an African green monkey (Chlorocebus aethiops), was designated as
Type III [2] because it was serotypically distinct from other simian spumaretroviruses available at that
time, which were SFV Type I and Type II, isolated from Taiwanese macaques (Macaca cyclopis) [3,4].
Subsequently, SFV strain LK3 was isolated from a lymphoblastoid cell line, established from a lymph
node of a healthy C. aethiops [5] and designated as SFV serotype 3 based on sequence relatedness in
hybridization experiments to the SFV Type III isolate FV2014 [6]. Unlike spumaretroviruses from
macaque species, the number of reported foamy virus isolates from African green monkey (AGMs) are
limited to FV2014 and LK3 [1]. The full-length sequence of SFV-3 strain LK-3 (referred to as SFV-3; [7])
was found to be more similar to SFV Type I than to the human foamy virus (subsequently found to
be of chimpanzee origin [8]; current designation SFVpsc_huHSRV.13). Later, phylogenetic analysis
based on short fragments in env obtained by DNA PCR amplification of 22 AGM spumaretrovirus
sequences indicated diversity in AGM viruses and placed LK-3 and SFV-3/SFVcae_FV2014 on distinct
branches of AGM spumaretroviruses [9]. It should be noted that in an earlier study [5], sera obtained
from an SFVcae_LK3-infected AGM did not neutralize SFVcae_FV2014, and serum against the latter
virus did not neutralize SFVcae_LK3. These results indicate that the serotype of SFVcae_LK3 needs to
be further verified.

The high diversity of sequences in SFVs cocirculating with their host species is generally thought to
be a result of intraspecies superinfection [10], and there is also evidence of interspecies virus infections
and recombination. We have reported that the Taiwanese macaque isolate SFVmcy_2 (SFV serotype II,
now referred to as SFVmcy_FV34[RF]), is a recombinant virus, which contains sequences in the env/SU
region similar to SFVcae_LK3 (referred to as SFVagm-3; [11]). Additionally, Blochmann et al. reported
isolation of SFVmac-R289hybAGM (currently designated as SFVmmu-R289hybAGM][RF]) from a
rhesus macaque, which also had a similar recombination in env involving an AGM spumaretrovirus [12].
Since SFVs cocirculate and cospeciate with their hosts and are generally located in distinct geographical
regions [8], foamy virus (FV) transmission and recombination may occur due to exposure of different
NHP species in holding facilities during importation or handling in biomedical research facilitates and
in zoos. Furthermore, human infections with FVs from various NHP species, including macaques and
AGMs, have occurred due to occupational exposure in North America and in natural settings in Africa
and Asia [8].

To study viral interactions of spumaretroviruses from different monkey species and potential for
cross-species human infections, our laboratory previously developed well-characterized virus stocks
of SFVs isolated from macaques [13,14]. In this study we describe the preparation and characterization
of an SFVcae_FV2014 virus stock. Molecular and biological analysis showed that SFVcae_FV2014 is
phylogenetically distinct from the AGM isolate SFVcae_LK3; furthermore, SFVcae_FV2014 had distinct
replication kinetics from the macaque viruses, SFVmcy_FV21 and SFVmcy_FV34, based on infectivity
studies using a variety of cell lines from different species.

2. Materials and Methods

2.1. Virus Preparation

SFEV type 3 strain FV2014, an isolate from an African green monkey (grivet monkey kidney) [2],
was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA; catalogue number
VR-218, lot 3W, titer 10*?° per 0.2 mL in A-72 (canine tumor) cells; 8 days). The virus passage history
provided by ATCC (host cells X number of passages) was: rabbit kidney (RabK) x 4, grivet monkey
kidney (Grivet MkK) x 3, RabK x 10, primary rabbit kidney (PrRabK) x 1, and A-72 canine tumor cell
line x 2 (ATCC CRL-1542).
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A laboratory virus stock was prepared in Mus dunni cells, which were previously found to
be highly susceptible to SFV replication [14]. Infected cells were grown until the cell culture was
terminated due to extensive cytopathic effect (CPE) at passage 4 (day 11 after infection). Supernatant
was collected and clarified by low speed centrifugation (1200 rpm for 10 min at 4 °C; GH-3.8 Swinging
Bucket Rotor, Allegra 6KR Centrifuge, Beckman Coulter Life Sciences, Indianapolis, IN, USA) prior to
filtration (0.45-um-pore-size test tube top filter units; Corning, Cambridge, MA, USA). Aliquots were
prepared for storage at —80 °C. The 50% tissue culture infective dose (TCIDsy) of the SFVcae_FV2014
virus stock was determined in MRC-5 cells using ten-fold dilutions with read-out for CPE on day
14 [15].

SFVmcy_FV21 and SFVmcy_FV34[RF], which were originally isolated from Macaca cyclopis [3,4],
were obtained from ATCC (catalogue number VR-276, FV21, lot 5 WE and catalogue number VR-277,
FV-34, lot 5 WE, respectively). The passage history at ATCC (host cells x number of passages) for
SFVmcy_FV21 was: PrRabK x 13, KB (subline of HeLa) x 1, LLC-MK2 (normal rhesus monkey
kidney) x 7, KB x 1, normal rat kidney x 2, Hep2 x 3 and A-72 x 2; and for SFVmcy_FV34[RF] was:
PrRabK x 13, KB X 2, normal rat kidney X 2, and A-72 X 2. Viruses were amplified with low passage
(< 5 or about < 15 days) in the M. dunni cell line [14]. Virus stocks were prepared when extensive
CPE occurred, and reverse transcriptase (RT) activity was determined using a modified single-tube
fluorescent product-enhanced RT assay (STF-PERT) [16], described in Section 2.3. The virus titer
(TCIDsp) was determined in MRC-5 cells at day 14: SFVmcy_FV21 virus stock was 10°° TCIDs per
mL and SFVmcy_FV34[RF] was 10503 TCIDs, per mL.

2.2. PCR Assays and Copy Number Standard

Detection of SFVmcy_FV21 and SFVmcy_FV34[RF] sequences was based on the
previously described PCR assay using Set B outer and inner primer sets from the long
terminal repeats (LTR) region [14]. The outer primer pair consisted of forward primer
5-CAGTGAATTCCAGAATCTCTTC-3’ and reverse primer 5'-CACTTATCCCACTAGATGGTTC-3,
and the inner primer pair consisted of forward primer 5'-CCAGAATCTCTTCATACTAACTA-3" and
reverse primer 5-GATGGTTCCCTAAGCAAGGC-3'. The PCR conditions were modified: 95 °C 3 min,
95 °C 3 min, 95 °C 1 min, 55 °C 1 min, and 72 °C 1 min, for 35 cycles with extension 72 °C 10 min and
4 °Chold.

For detection of SFVcae_FV2014 sequences, primers were selected from the LTR-gag region
of the full-length genome (Genbank accession number MF582544) using Primer-Blast (NCBI, NLM,
National Institutes of Health, Bethesda, MD, USA). The outer primers were designated as SFVcae-F3
(5"-TGTTTGAGTCTCTCCAGGCTT-3’ extending from nucleotide position 1365 to 1385) and SFVcae-R3
(5'-CCATCTGTCATGCGAAGTCC-3"; nucleotide position 1937 to 1918), which amplified a 573 bp
fragment. The inner primers were designated as SFVcae-F2 (5-TAATGGGCAATGGCAATGCTT-3’;
nucleotide position 1452 to 1472) and SFVcae-R2 (5-TCTCTGTGATTGGGTTGTCTAGC-3’; nucleotide
position 1910 to 1888), which amplified a 459 bp fragment. The first amplification was performed in
100 puL volume using 3 U of the Taq DNA polymerase (Roche Applied Science, Mannheim, Germany,
catalogue number 11647679001) with 0.5 uM final concentration of the outer primer set and 250 ng of
total cell DNA (QIAamp DNA Blood Mini Kit, Qiagen, Germantown, MD, USA) or 2ng cDNA, prepared
using Superscript VILO cDNA synthesis kit (Life technologies, Cat no. 11754) and cleaned using Zymo
Research’s DNA clean and concentrator kit (catalogue number D4013). The second amplification was
performed using the inner primer set and 10 uL PCR product from the first amplification in a total
volume of 100 pL. For both amplifications, the conditions for the PCR were: 95 °C for 1 min, 55 °C for
1 min, and 72 °C for 1 min for 35 cycles. Initial denaturation was done at 95 °C for 3 min and the final
extension at 72 °C for 10 min. Specificity of the LTR-gag PCR assays was determined by testing the
three SFV isolates: The LTR PCR assay detected both SFVmcy_FV21 and SFVmcy_FV34[RF], whereas
the LTR-gag PCR assay was specific for detection of SFVcae_FV2014.
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The SFVcae_FV2014 LTR-gag fragment amplified using the outer primer pair was cloned and a
copy number standard was made by spiking ten-fold dilutions of the DNA, ranging in the background
of 0.25 ug cellular human genomic DNA (Roche, catalogue number 1169111200). Limit of detection for
the second amplification was 10-100 copies.

Gag primers used for confirmation of sequence variants (described in Section 2.4.1) were
SFV-3-F-1592 (5'-GTGAAAGGAATTGTGTA-3’) and SFV-3-R-2425 (5-GAAGATGATGCAATAGG-3")
(covering the region extending from nucleotide positions 1592-2425). PCR amplification was performed
in a total volume of 50 uL containing 2 ng cDNA, 0.5 uM of each oligo, 0.8mM dNTP mixture, 1x
TaKaRa Ex Taq Buffer, and 5 U of TaKaRa Ex Taq (Clontech, catalogue number RR001A). PCR conditions
were: 98 °C 3 min, 98 °C 10 s, 58 °C 1 min, and 72 °C 1 min, for 35 cycles with extension 72 °C 10 min
and 4 °C hold.

2.3. Infectivity Analysis

Replication kinetics of SFVcae_FV2014, SFVmcy_FV21, and SFVmcy_FV34[RF] were compared
using cell lines originating from different species and tissues shown in Table 1.

Table 1. Cell lines used in infectivity studies.

Cell Name Source Host Species Tissue Origin Cell Type

Mus dunni [14] wild mouse tail fibroblast

MDCK (NBL-2) ATCC, CCL-34 dog kidney epithelial

FRhK-4 ATCC, CRL-1688 rhesus macaque fetal, kidney epithelial

Vero ATCC, CCL-81 African green kidney epithelial

monkey

MRC-5 ATCC, CCL-171 human lung, fetal fibroblast,
diploid

A549 ATCC, CCL-185 human lung, carcinoma epithelial

Cells used in this study originated from cell banks used in our other SFV infectivity studies
(unpublished; [14]). MDCK, MRC-5, and Vero were grown in Eagle’s minimum essential medium
(EMEM) and M. dunni, FhRK-4, and A549 were grown in Dulbecco’s modified Eagle medium (DMEM).
All media were supplemented with 10% fetal bovine serum (GE Healthcare Hyclone, Logan, Utah,
catalogue number SH30071.03; heat inactivated 56 °C for 30 min), 100 U of penicillin per mL, 100 pg of
streptomycin per mL (Quality Biological, Gaithersburg, MD, USA; catalogue number 120-095-721),
and 2 mM L-glutamine (Quality Biological; catalogue number 118-084-721). In addition, EMEM was
also supplemented with 1 mM sodium pyruvate (Quality Biological; catalogue number 116-079-721)
and 0.1 mM minimum non-essential amino acids (MEM-NEAA, Quality Biologicals, catalogue number
116-078-721).

SFV infection was carried out according to our laboratory’s standard protocol. Cells were planted
in 25 cm? flasks 24 h prior to infection and virus (193 TCIDs,) was added at 50-70% cell confluence.
The number of cells planted were: M. dunni, 250,000; MDCK, 333,000; Vero, FRhK-4, A549; and MRC-5,
500,000. The cell passage at time of infection was: A549, p86; Vero, p129; MRC-5, p29; M. dunni, p45;
FRhK-4, p45; and MDCK, p65). The optimum cell numbers were determined for each cell line and
a low multiplicity of infection (approximate 0.0002-0.00045) was used. This was determined based
on the most sensitive cell line in order to obtain differences in the replication kinetics for all of the
viruses in the different cell lines. Cells were transferred to 75 cm? flasks upon reaching confluence and
passaged every 3—4 days. Filtered supernatant (0.45-um-pore-size test tube top filter units; Corning,
Cambridge, MA, USA) was collected and stored at —80 °C at each passage. Cultures were terminated
at 4+ CPE (>75% cell death) or at day 30 to day 55, in case of slow or no CPE. Virus replication was
monitored by microscopic observation of CPE progression in the cell monolayer and by determining
the RT activity in filtered supernatant using a modified STF-PERT assay [16], in which the RT and
the PCR steps were done in two steps, instead of using the one-step published protocol due to the
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discontinuation of AmpliWax PCR Gem 50. The assay was performed as described previously except
that the RT reaction was done in the first step and then the PCR reaction mix was added immediately
for the second step in the assay. All the samples collected from infectivity studies in one cell line were
tested in duplicate or triplicate in the modified STF-PERT assay to compare kinetics of virus replication.
Uninfected cells were set-up in parallel as control.

2.4. Preparation of Viral Nucleic Acid, Sequencing, and Bioinformatics Analysis

2.4.1. High-Throughput Sequencing

Virus was concentrated by ultracentrifugation (45,000 rpm for 90 min at 4 °C; Rotor TLA-45,
Beckman Coulter Optima MAX-XP Ultracentrifuge) or by using a Nanosep 30KD Omega Device (P/N
OD030C33) with centrifugation at 5000x g for 20 min 4 °C. RNA was extracted using QlAamp Viral
RNA Mini Kit (catalogue number 52904).

Viral nucleic acid prepared from SFVcae_FV2014 virus stock was sequenced using the MiSeq
[lumina platform (CD Genomics, Shirley, NY, USA) as previously described [17], and a consensus
virus sequence (SFVcae_FV2014 GenBank accession number MF582544) was generated by mapping
the raw reads to the SFVcae_LKS3 full-length genome as reference [7] (NCBI RefSeq accession number
M74895). Default parameters were used for mapping: the length fraction (the minimum percentage of
the total alignment length that must match the reference sequence at the selected similarity fraction)
was set to be 0.5, and the similarity fraction (the minimum percentage identity between the aligned
region of the read and the reference sequence) was set to be 0.8. The long terminal repeats (LTRs)
were mapped separately using the same default mapping parameters to generate a complete and
full-length consensus genome sequence of SFVcae_FV2014. Sequences in low-coverage regions were
confirmed by virus-specific PCR assays. Open reading frames were identified using ORF Finder
(https://www.ncbi.nlm.nih.gov/orffinder/).

Viral nucleic acid was prepared from filtered supernatant of SFVcae_FV2014-infected Vero cells at
culture termination (day 15) for high-throughput sequencing using Illumina Hi-Seq (FDA/CBER Core
Lab). The total numbers of quality, paired-end reads were 342,517,062 and the average read length was
99.2 bases. Sequence analysis was performed using CLC Genomics Workbench software, version 10.1.1
(CLC bio, Aarhus, Denmark). The sequence from SFVcae_FV2014 (accession number MF582544) was
used as reference for the mapping. The default parameters were used, with the exception of length
fraction and similarity fraction, which were set at 0.8 and 0.9, respectively.

To find virus variants, the reads were remapped using the SFVcae_FV2014 consensus sequence as
the reference genome. Fixed ploidy variant detection analysis was done using the default setting with
the noise threshold set at 10% and variant probability cutoff >35%, based on the known error rate of the
[llumina sequencing platform [18]. Unaligned tail analysis helped to identify the previously reported
splicing events in tas, bet, and env regions [19,20]. Ambiguous positions and splice sites were confirmed
by PCR amplification and Sanger sequencing of gel-purified fragments (QIAquick gel extraction kit;
Qiagen, catalogue number 28714).

2.4.2. Sanger Sequencing

Sanger sequencing was used to confirm virus infection and HTS sequence results. Viral nucleic acid
was extracted from SFVcae_FV2014 virus stock and cDNA synthesis done as described in Section 2.4.1.
Total DNA was extracted from virus supernatant to confirm virus infection by PCR amplifications as
described in Section 2.2. PCR fragments were analyzed on a 0.6% agarose gel and the expected size
fragment was extracted and purified using QIAquick gel extraction kit (Qiagen, catalogue number
28714) for Sanger sequencing (CBER Core Facility).
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2.5. Sequence Comparison and Phylogenetic Analysis

Comparative nucleotide sequence analyses and amino acid analyses were done for full-length,
individual viral genes, and LTR with MegAlign (DNASTAR Lasergene, Inc. Madison, WI, USA) using
the ClustalW method. Accession numbers for SFV sequences used in the analysis are shown in Table 2.

Table 2. Simian foamy virus (SFV) isolates used for phylogenetic analysis and sequence alignments.

Virus Previous Designation Species of Virus Isolation Accession Number !
SFVmcy_FV21 (SFS\FZeTOCt};;le I Taiwanese macaque NC_010819
SFVmcy_FV34[RF] (SFE/FS\S‘I;z;)Ze, m Taiwanese macaque KF026286
SFVmmu_K3T SFVmmu-K3T Rhesus macaque KF026288
SFVmmu_R289HybAGM[RF] SFV-R289HybAGM Rhesus macaque JN801175
SFVcae_FV2014 SFV 3 African green monkey MF582544
(SFV serotype III)

SFVcae_LK3 SFVagm-3 African green monkey NC_010820
SFVcae_agm4 agm4 African green monkey AJ244075
SFVcae_agm5 agm5 African green monkey AJ244067

SFVcae_agm20 agm?20 African green monkey AJ244091
SFVcae_agm24 agm?24 African green monkey AJ244090
SFVpve SFVcpz Chimpanzee NC_001364
SFVpsc_huHRSV.13 HFV Chimpanzee KX08159
SFVggo SFVgor Gorilla HM245790
BFVbta BFV Cow NC_001831
EFVeca_1 EFVeca Equine AF201902
FFVfca_FUV7 FFVfca Feline Y08851

! GenBank or NCBI Reference Sequence.

To compare the amino acid sequence of the SFVcae_FV2014 Gag at nucleotide position 1857 with
the Gag of other foamy viruses, the Gag amino acid sequences from SFVcae_LK3, SFVmmu_K3T,
SFVmcy_FV21, SFVmcy_FV34[RF], SFVpsc_huHRSV.13, EFVeca_1, FFVfca_FUV7, and SFVcae_FV2014
(accession numbers in Table 2) were aligned using ClustalW (MegAlign Pro DNASTAR Lasergene
v.15).

Phylogenetic trees were generated based upon the nucleotide sequences in the entire env gene
and in the SU region of env using MEGA7.0.14 (Molecular Evolutionary Genetics Analysis; www.
megasoftware.net) as previously described [11]. The list of viruses and accession numbers used in the
analysis is shown in Table 2. Briefly, nucleotide sequences were aligned in MEGA using ClustalW. The
maximum-likelihood method based on the general time reversible model was chosen because it had the
lowest Bayesian information criteria score in a model test performed in MEGA. The bootstrap consensus
tree inferred from 1000 replicates was taken to represent the evolutionary history of the taxa analyzed.
Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed.
The initial tree for the heuristic search was obtained automatically by applying neighbor-joining and
BioN]J algorithms to a matrix of pairwise distances estimated using the maximum-composite-likelihood
(MCL) approach and then selecting the topology with the superior log likelihood value. A discrete
gamma distribution was used to model evolutionary rate differences among sites. All positions
containing gaps and missing data were eliminated.

3. Results

3.1. Characterization of SFVcae_FV2014 Virus Stock

A virus stock of SFVcae_FV2014 was prepared and characterized for molecular and biological
studies. The original virus from ATCC was amplified, similar to our other laboratory stocks of SFVs, in
M. dunni with low passage (<5) to avoid nucleotide sequence changes that could potentially occur due
to extended virus passage. M. dunni cells were used for virus amplification since these were previously
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found to produce a large number of extracellular virus particles compared to other cell lines [14]. Virus
titer was 10%2 per mL in MRC-5 cells [21].

Illumina MiSeq was used to determine viral sequences in the SFVcae_FV2014 virus stock. The
consensus sequence was published [17]. Further analysis indicated the presence of a variant in gag at
nucleotide position 1857: the variant frequency of A was 52% (represented in the consensus sequence)
and T was 48%. This result was confirmed by Sanger sequencing. Interestingly, further passage of virus
by inoculating M. dunni cells with the SFVcae_FV2014 virus stock indicated increased frequency of the
T variant (82%) at culture termination, which corresponded to extensive CPE and peak RT activity. The
one nucleotide change resulted in a conservative amino acid mutation from isoleucine to leucine in the
consensus sequence of SFVcae_FV2014 located in the coiled-coil CC1 domain of the Gag protein. It is
noted that the leucine residue is highly conserved in spumaretroviruses (Figure 1).

SFVcae_FV2014 - ---- - MGDHNLN\/QLNLFQNLGI RQPNHREVLGLRMTDGWWGPGTR
SFVEaeLllK3i == ewmsmew MGDHNLNVQELLNLFQNLGIPRQPNHREVIGLRMLGGWWGPGTR
SFVmmu_K3T = v oo v V] VEGDLDVQALTDLFNNLGINRDPRHREVIALRMTGGWWGPATR
SFVmcy_Fv21 = 1= o e M TEGDLDVQALANLFNDLGINRNPRHREVIALRMTGGWWGPATR
SFVmcy_FV34[RF] s s i M IEGDLDVQALANLFNDLGINRNPRHREVIALRMTGGWWGPATR
EFVeca:l, 0= 00 s MAQNETFDPVALQGYYPAGGIL---ADNDIINIRFTSGQWGIGDR
FRVfea lFUVZ = ==mcoc=e MARELNPLQLQQLYINNGLQPNPGHGDVIAVRFTGGPWGPGDR

SFVpsc_huHSRV.13 MASGSNVEEYELDVEALVVILRDRNIPRNPLHGEVIGLRLTEGWWGQI ER

Figure 1. SFVcae_FV2014 variant. Amino acid sequence alignment for N-terminal Gag protein amino
acids. The Gag sequences from different foamy viruses (FVs) were aligned using ClustalW. The first 50
amino acids of the alignment are shown. The red arrow points to the position of the conserved leucine
in the CC1 domain of Gag; the change to isoleucine is indicated in the box.

The certificate of analysis for the original ATCC stock indicated that it was contaminated with
Mycoplasma hominis. However, the bioinformatics analysis of the MiSeq data for our laboratory
stock prepared in M. dunni did not show sequences mapping to M. hominis (NCBI accession number
NC_013511; data not shown), thus indicating the absence of mycoplasma contamination in the
SFVcae_FV2014 virus used in our infectivity studies.

3.2. Studies of SFVcae_FV2014 Replication

Infectivity studies were done to compare the biological properties of SFVcae_FV2014 and SFV
macaque isolates, SFVmcy_FV21 and SFVmcy_FV34[RF]. To remove differences due to previous
propagation of the viruses in different host species, all the virus stocks were generated by low-passage
in M. dunni cells. The kinetics of virus replication were determined using a low virus amount (193
TCIDs), which was previously determined to allow virus propagation without early termination by
extensive CPE. Cell lines from different host species and cell types were included to determine the
influence of host on kinetics of SFV replication. Virus replication was evaluated based on development
and progression of CPE in the cells and the increase in the RT activity produced in cell-free culture
supernatant. The results from one of two studies are shown in Figure 2 (panels A-F): similar replication
kinetics were seen in both.

In M. dunni (Figure 2A), SFVmcy_FV21 and SFVmcy_FV34[RF] showed similar and rapid
replication: RT activity was initially seen in both SFVmcy isolates at day 4, which increased significantly
(about 1000-fold) at day 8, resulting in culture termination due to extensive CPE. A delay in replication
kinetics was seen with SFVcae_FV2014, where the initial RT activity and CPE was detected at day
8, which increased to a high level by day 15, and the culture was terminated due to extensive CPE.
However, a similar level of RT activity was seen for the three viruses at culture termination (4-8 x 10°
pU per pL). In MDCK cells, SFV viruses had similar kinetics as in M. dunni except virus production
was about a log lower for SFVmcy viruses (Figure 2B).
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Figure 2. Kinetics of SFV replication. The kinetics of virus replication for SFVcae_FV2014 (o) were
compared with SFVmcy_FV21 (e) and SFVmcy_FV34 (m) in various cell lines from different species
(A) M. dunni; (B) MDCK; (C) FRhK-4; (D) Vero; (E) MRC-5; and (F) A459 cells. Uninfected cells were
the negative control (¥). Data from one of two independent studies are shown. Virus replication was
determined based upon virus production in cell-free supernatant using the PERT assay (reported as
pU/uL RT activity) and by visualization of cytopathic effect (CPE) development in the cells (reported as:
+ for up to 25% cell monolayer affected; ++, up to 50% monolayer affected; +++; up to 75% affected
cells; and ++++, > 75% of cell monolayer affected). SFVmcy_FV21 infection in M. dunni was terminated
at 3+ CPE due to insulfficient cells for further passage. For comparison, the reverse transcriptase (RT)
activity shown in the segmented Y-axis of the graph has the same Y-maximum value, although different
cell lines had varied peak RT. The segmented, linear Y-axis shows the virus input and low-level RT
activity on the bottom segment and the peak RT activity on the top segment. Error bars represent the
SEM of virus supernatant samples tested in triplicate (M. dunni, MDCK, and MRC-5) or duplicate
(Vero, FRhK-4, and A549) in the PERT assay. All samples from one cell line were tested in the same
PERT assay.
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Notable differences in replication of SFVmcy and SFVcae viruses were seen in the simian cell lines.
In the FRhK-4 cells (Figure 2C), SFVmcy_FV21 and SFVcae_FV2014 had similar kinetics of replication
with initial RT detection at day 8 and culture termination due to extensive CPE on day 17, with about
similar levels of RT activity (1-5 x 10° pU per pL). Interestingly, SFVmcy_FV34[RF] had greatly delayed
kinetics of replication: A very low level of RT activity was detected on day 8, which increased slowly
but remained significantly low even at time of culture termination (about 75-fold lower); furthermore,
there was also a delay in CPE progression, which was initially detected on day 17 but did not progress
to extensive cell lysis even at day 30, when the experiment was terminated. In Vero cells (Figure 2D),
the kinetics of replication for SFVcae_FV2014 were similar to M. dunni cells: with initial RT activity
seen at day 6, with a fairly rapid and high increase in RT activity at time of culture termination on day
13 (about 3 x 10° pU per uL). Unexpectedly, the replication of the SFVmcy viruses was significantly
delayed compared to SFVcae, with low RT and slow CPE progression: In the case of SFVmcy_FV21,
RT activity could be initially detected on day 6 and progressed slowly, and was detected above input
background on day 11, increasing at a low level until culture termination on day 32, with RT activity <
2 x 10% pU per uL. RT was not detected with infection of Vero using SFVmcy_FV34[RF]; although CPE
was seen starting at day 11, no progression was seen during the culture period ending on day 32, at the
time of experiment termination.

All three SFVs had rapid replication kinetics in MRC-5 cells (Figure 2E) although SFVmcy_FV21 had
earlier culture termination at day 7 with 3- to 4-fold less RT activity compared with SFVmcy_FV34[RF]
and SFVcae_FV2014, which had similar replication kinetics with culture termination on day 10 with
high RT activity (about 10° pU per pL). SFV infection of A549 cells (Figure 2F) showed differences
in replication kinetics between the different viruses: SFVmcy_FV21-induced CPE progressed more
rapidly with culture termination on day 11, whereas CPE progressed slower with SFEVmcy_FV34[RF]
with culture termination on day 18, although for both viruses, CPE was seen at day 8 and the RT activity
was initially detected on day 6. Very slow kinetics of replication were seen with SFVcae_FV2014:
a low-level RT activity was seen at day 29 with a low peak on day 34, which decreased on day 41,
the next time point tested, and again increased on day 55, at culture termination, and the RT activity
above input was seen only at day 34 and also at day 55, when the experiment was terminated; low
CPE was seen at day 39 and thereafter, but without progression.

Virus infection in Vero cells was confirmed for SFVmcy_FV21 and SFVmcy_FV34[RF] by PCR
amplification of DNA prepared from cells collected on day 34 (Figure 3A, lane 1 and 2, respectively).
Specific virus detection was verified by a second round of PCR amplification using internal primers,
and virus identity was confirmed by nucleotide sequence analysis of the fragments from the first PCR
amplification assays.

(A) Vero (B) A549
1 2 U 3 4 U
1stam,

i - 573 bp

-389 bp
2nd amp
- 366 bp - 459 bp
PCR Primers LTR LTR-gag

Figure 3. Detection of SFV sequences by DNA PCR analysis. DNA prepared at day 34 from
SFVmcy_FV21- and SFVmcy_FV34[RF]-inoculated Vero cells (panel A, lanes 1 and 2, respectively) was
analyzed using LTR primer sets (outer for 1st amplification and inner for second amplification). DNAs
prepared from SFVcae-FV2014-inoculated A549 cells at day 34 and day 55 (panel B; lanes 3 and 4,
respectively) were analyzed using LTR-gag outer and inner primer sets. DNA from uninoculated cells
was obtained from each cell line (day 34) and included as negative control (lanes U).
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Virus infection in A549 cells was investigated by DNA PCR analysis of cells collected at day 34
and day 55 (Figure 3B, lanes 3 and 4, respectively). The results indicated an increase in SFVcae_FV2014
sequences with passage due to detection in the first round of PCR at day 55 but only in the second
amplification with the day 34 sample. Virus identity was confirmed by nucleotide sequence analysis of
the fragment obtained in the first PCR amplification at day 55.

3.3. SFVcae_FV2014 Genome Analysis

3.3.1. Structure and Sequence Comparison

The genomic organization of the assembled SFVcae_FV2014 genome [17] was found to be similar
to other SFVs: It had the expected structural genes (gag, pol, and env) and accessory (tas and bet) genes,
an internal promoter, and long terminal repeats (LTRs) [8]. An 18-bp primer binding site (PBS) was
identified at position 1713 to utilize the tRNAMS12 isoacceptor for initiation of minus-strand DNA
synthesis of spumaviruses [22]. The complete genomic sequence of SFVcae_FV2014 with alignment to
the SFVcae_LK3 sequence is shown in Figure S1 and summarized in Table 3. The size of the gag and
pol regions in SFVcae_FV2014 were the same as those in SFVcae_LK3, encoding 643 amino acid Gag
and 1143 amino acid Pol proteins, respectively. There was also a 52 bp overlap between gag and pol
and between pol and env in both viruses. However, there were differences in the size of env, tas, and bet,
which resulted in a difference in size of encoded proteins between SFVcae_FV2014 and SFVcae_LK3.
The env encoded a protein containing four additional amino acids in SFVcae_FV2014, which did not
affect the reading frame (986 aa). The tas region of SFVcae_FV2014 had an early stop codon resulting in
a 296 aa protein as compared to 298 aa for the Tas in SFVcae_LK3. An insertion of nucleotide A in
position 11703 resulted in SFVcae_FV2014 having a longer Bet (504 aa) compared to SFVcae_LK3 (469
aa) and to the SFVmcy_FV21 and SFVmcy_FV34[RF] (497 aa and 308 aa, respectively).

Table 3. Comparison of genomic structures of SFVcae isolates.

SFVcae_FV2014 SFVcae_LK3

. . T 3 T 3
Viral Regions Location LTR/gene 2 ORF Location LTR/gene 2 ORF
LTR 1-1710 1710 1-1708 1708
gag 1827-3758 1932 643 1825-3756 1932 643
pol 3706-7137 3432 1143 3704-7135 3432 1143
env 7085-10045 2961 986 7083-10031 2949 982
tas 10,015-10,905 891 296 10,001-10,897 897 298
10,015-10,285, 10,001-10,271,
bet 10,581-11,824 1515 504 10,567-11,705 1410 469
LTR 11,418-13,127 1710 11,404-13,111 1708

! nucleotide position; 2 number of nucleotides; 3 number of amino acids.

Comparative sequence analysis indicated that SFVcae_FV2014 and SFVcae_LK3 had an overall
sequence identity of about 70% to 90%, with the highest identity in the LTR, pol, tas, and bet regions
(Table 4). Interestingly, in env there was high nucleotide and amino acid sequence identity in LP and
TM, but only about 71% nucleotide and 67% amino acid identity in the SU region. SFVcae_FV2014
sequences were also compared with SFVmcy_FV21 and recombinant viruses SFVmcy_FV34[RF]
and SFVmmu_R289HybAGM, which were previously found to have 77% amino acid identity to
SFVcae_LK3 in the SU region (designated as SFVagm-3 in previous study; [11]). An overall sequence
identity of 50-85% was seen, with the lowest being in the LTR, gag, fas, and bef regions. In env,
the lowest was observed in the SU region, however, interestingly, SFVmcy_FV21 had about 74%
sequence identity with SFVcae_FV2014, which was slightly higher than that seen between the two
SFVcae viruses. Similarity plot analysis (Simplot) and BootScan analysis in Simplot did not indicate
recombination in sequences of SFVmcy_FV21 or SFVcae_FV2014 (data not shown).
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Table 4. Sequence comparison of SFVcae_FV2014 and different SFV isolates.

SFV Isolates % Sequence Identity
LTR gag pol env env-LP  env-SU  env-TM tas bet
SFVcae_LK3 nt 88.7! 81.5 86.3 79.1 79.6 71.1 86.6 90.2 88.8
aa 85.4 91.6 81.5 86.5 67.3 93.9 91.3 88.5
SFVmcy_FV21 nt 66.9 68.1 81.7 75.0 71.4 73.8 77.0 66.1 61.8
aa 65.8 86.1 78.2 73.0 73.5 84.8 52.2 51.4
SFVmcy_FV34(RF) nt 65.8 68.8 81.9 75.0 722 69.1 76.6 65.4 64.4
aa 66.7 86.3 782 73.8 63.2 83.9 52.5 50.9

-

SFVmmu_R289(RF) n 67.6 69.6 81.5 73.4 73.8 68.3 77.8 66.7 62.2
aa 67.6 86.4 74.5 76.2 63.7 85.3 53.7 51.2

! Numbers are percent identity using the ClustalW alignment option in MegAlign (DNASTAR Lasergene).

To further analyze the relatedness of SFVcae_FV2014 in the SU region with other SFVs that are
available only as a partial sequence, a BLASTN search of the GenBank nt/nr database was done.
SFVcae_FV2014 had between 71-78% nucleotide sequence identity and between 68-81% amino acid
similarity with the other SFV sequences from AGM (data not shown). Some of these (SFVcae_agm4,
SFVcae_agm5, SFVcae_agm?20, and SFVcae_agm?24) were selected as representative sequences of
clusters A-D [9] in the phylogenetic analysis discussed below.

3.3.2. Phylogenetic Analysis

Analysis of the evolutionary relatedness of the nucleotide sequences in LTR, gag, pol, tas,
and bet showed that SFVcae_FV2014 and SFVcae_LK3 branched together and clustered with the
macaque isolates, which included SFVmcy_FV21 and SFVmcy_FV34[RF] branched together, and the
SFVmmu_R289HybAGM][RF] on a separate branch (data not shown). To evaluate the differences seen
in SFV sequence identity in the LP, SU, and TM regions of env (Table 3), phylogenetic analyses were done
in the full-length env and its subregions. This included SFVmmu_K3T, a naturally-occurring rhesus
macaque virus isolated in our laboratory and in the SU region, also sequences from other AGM SFVs
(SFVcae_agm4, SFVcae_agmb5, SFVcae_agm?20, and SFVcae_agm?24). Constructed trees of the full-length
env, SU, and TM regions are shown in Figure 4; results in the LP are not shown since they were similar
to the TM. Analysis in env indicated the AGM viruses SFVcae_LK3 and SFVcae_FV2014 were branched
together and clustered with the macaque isolates where SFVmcy_FV21 and SFVmmu_K3T branched
together and SFVmcy_FV34[RF] and SFVmmu-R289HybAGM][RF] branched together. A difference in
branch results was seen when analysis was done in the env subregions. In TM, SFVs branched with
their monkey species: SFVmcy and SFEVmmu were clustered on different branches and SFVcae isolates
branched together. Similar results were seen in LP. However, in the SU region, although all of the SFVs
from AGM were clustered together and the SFVs from macaques were clustered together, SFVcae-LK3
and SFVcae_FV2014 did not branch together and were grouped separately, along with different
SFVcae_agm sequences: SFVcae_agm4 and SFVcae_agm6 with SFVcae_LK3 and SFVcae_agm20 and
SFVcae_24 with SFVcae_FV2014 [9]. Interestingly, SFVmcy_FV34[RF] and SFEVmmu-R289HybAGM[RF]
branched together in a third group in the AGM cluster, further corroborating recombination in their
SU region with SFV sequences from AGM [11,12].
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Figure 4. Phylogenetic analysis of SFV env. Results are shown for the nucleotide sequence in:
(A) full-length env, using 2900 positions in the final dataset; (B) SU region using 1305 positions in the
final dataset; and (C) TM region using 1242 positions in the final data set. The accession numbers of the
virus sequences used for the analysis are shown in Table 2. BFVbta was used as the outgroup for all the
trees. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (1000 replicates) are shown next to the branches. Color indicates the clustering of AGM (green) and
MAC (blue) isolates based on analysis of indicated regions in env. Recombinant virus is indicated with
an asterisk.

4. Discussion

Previous analysis of spumaretroviruses in AGMs has focused on investigating intraspecies genetic
diversity based on sequence analysis in the env/SU region [9]. The results showed prevalence of
SFV strains that were divided into two phylogenetically diverged groups, each comprising distinct
clusters (group 1 contained clusters A and B; group 2 contained clusters C and D). Furthermore,
SFVcae_LK3 (designated as SFV-3/LK-3 in the reference paper) belonged to group 1 but was distinct
from sequences in clusters A and B, whereas SFVcae_FV2014 (designated as SFV-3 in the reference
paper) was an outlier and was divergent from both groups 1 and 2. In the present study we obtained
the full-length genomic sequence of SFVcae_FV2014 and showed that it is a genetically distinct virus
from SFVcae_LK3. The sequence differences between these SFV isolates might be due to distinct FV
strains circulating in the AGMs in different geographical regions [23,24]. Although specific information
about monkey origin is not available, it is reported that SFVcae_FV2014 was isolated from a grivet
monkey kept in New York, USA [2], whereas other FV sequences in groups 1 and 2 were obtained
from AGMs caught in the wild in Kenya and singly-housed in Freiburg, Germany [9]. Furthermore,
SFVcae_LK3 was isolated from an AGM housed in Freiburg, Germany, but exposed to other AGMs
and rhesus macaques during captivity [5]. Additionally, it is noted that SFVcae_LK3 was isolated from
lymphoblastoid cells whereas the other sequences in groups 1 and 2 were PCR-amplified from kidney
tissue. The phylogenetic differences in AGM SFV sequences from naturally-occurring viruses and the
laboratory-isolates highlight the need for evaluating the biological properties of natural SFV isolates
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along with laboratory strains for developing relevant in vitro models to investigate SFV replication in
NHPs and their potential for intra-, inter-, and cross-species virus transmission.

The large number of studies demonstrating broad distribution of SFVs in Old World and New
World NHPs and species-specific prevalence of SFV strains have been based on sequence analysis of
genomic regions [8,24-34]. Whole-genome analysis of some isolates has shown that genetically-diverse
SFV strains circulating in different NHP species have contributed to the generation of recombinant
viruses involving the SU region in env [11,12,35]. It is noted that sequence variation in SU was initially
characterized in feline foamy viruses [36]. However, there is a lack of information regarding the
biological properties of SFV strains that could be potential parent sequences involved in generation of
recombinant viruses. We previously identified that SFVmcy_FV34[RF], isolated from M. cyclopis, was a
recombinant virus with >90% overall nucleotide sequence identity to SFVmcy_FV21 (also isolated
from the same monkey species), except in the SU region, which had about 76% nucleotide sequence
identity to SFVcae_LK3, an AGM isolate [11]. Since recombination between viruses depends on
the ability of two viruses to superinfect or coinfect the same species and replicate in the same cell
type, we have investigated the biological properties of SFVmcy_FV34[RF] and its potential parent
viruses SFVmcy_FV21 and SFVcae_FV2014, which had overall 80-90% nucleotide sequence identity
to SFVcae_LK3. Cell lines from a range of different host species, tissues, and cell types were used to
evaluate the host range and replication kinetics. To minimize variability in the virus preparations,
the virus stocks were prepared in a similar manner and infectious titer obtained using the same assay.
A low virus titer was used for infection to differentiate replication kinetics. As expected, there was
productive infection with CPE in the fibroblastic cell lines [37,38], although higher virus production
(RT activity) was seen in M. dunni [14] than in MRC-5. Furthermore, SFVcae_FV2014 had slightly
slower replication kinetics in M. dunni compared with the SFVmcy viruses, whereas no difference was
seen in MRC-5. Since all three viruses in the study were isolated from kidney tissue, kidney epithelial
cell lines from rhesus monkey, AGM, and dog were included. Different kinetics of virus replication
were seen: In MDCK cells, all three SFVs had rapid replication with CPE; in FRhK-4, SFVcae_FV2014
and SFVmcy_FV21 had similar rapid kinetics with CPE, whereas SFVmcy_FV34 had delayed kinetics
ending in only 3+ CPE at day 30; in Vero only SFVcae_FV2014 showed rapid replication with CPE
whereas SFVmcy_FV21 had delayed replication kinetics (3+ CPE at day 32) and SFVmcy_FV34 had a
persistent infection without CPE progression (confirmed by PCR) until the culture was terminated on
day 32. It should be noted that in our earlier study in Vero, SFVmcy_FV34 (then called SFV-2) showed
low RT activity around day 30 but the lot of virus and infection titer used was different [14]. In the
human lung carcinoma A549 epithelial cells, both SFVmcy viruses had productive infections with
CPE, however, SFVcae_FV2014 had a persistent infection without CPE progression even on long-term
culture (>50 days), although break-through low level RT activity was seen on day 33 and 55. It was
noted that SFVcae_FV2014, SFVmcy_FV21, and SFVmcy_FV34[RF] had broad host ranges and infected
all of the cell lines in the study, however, each had distinct replication kinetics except in MRC-5. This
may be due to the MRC-5 cells being a diploid cell line whereas the others were continuous cell lines
or because the viruses were titered in MRC-5. Further studies are needed to evaluate FV replication
in primary tissues and cell cultures, diploid cells, and continuous cell lines to determine the relevant
in vitro infectivity model that can accurately reflect in vivo infection.

The infectivity results in this study confirmed SFVs have a broad host range and further showed
that regulation of virus replication post-entry is complex, depending on specific virus-host interactions.
These results emphasize the need to study the biological properties of different SFV strains within a
species to investigate their potential for replication and recombination as well as intra- and cross-species
transmission. It is noted that a limitation of the current study is using SFVs that have an in vitro
passage history in cell lines of different host species and cell types, however, FV genomes seem to be
relatively stable and are therefore not expected to mutate in vitro or in vivo at a high rate like other
retroviruses [9]. We are further investigating potential for SFV mutations in vitro by sequence analysis
of viral genomes in productive and chronic infections.
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Rapid replication of SFVcae_FV2014 was seen in Vero, however, a persistent infection was seen with
SFVmcy_FV34[RF]. Since the SU region in the latter is related to the AGM viruses, the results suggest
that sequences outside the SU may be involved in regulation of virus replication. We are currently
investigating virus-host interactions to determine factors that could be important determinants of
virus replication and virus latency. The overall results from the infectivity studies suggest a complex
mechanism of regulation of SFV replication.

Transcription of SFVmcy_FV21 and SFVcae_LK3 (previously designated as SFV-1 and SFV-3) has
been shown to be cell-line dependent [39] and productive, persistent infection of hematopoietic cells
by SFV psc_huHRSV.13 (previously designated as HFV) has been reported [37]. Latently infected
cultures with SFV have been established from epithelial cells [40-42] and lymphoblastoid cells [43].
Furthermore, in vivo SFV infection is widespread throughout the animal but remains generally latent
except in the oral tissues [44]. Furthermore, recent in vivo studies have confirmed in vivo replication
in oropharyngeal tissues [45] and further identified that it is limited to the short-lived differentiated
epithelial cells [46]. Our infectivity studies analyzing the replication kinetics of three SFVs in different
cell lines from various species indicates that virus replication is dependent on the virus strain and
interaction of virus-specific sequences with host-specific factors is an important determinant of outcome
of infection. Studies are underway with naturally-occurring SFV strains from rhesus macaques to
identify the virus-host interactions involved in SFV replication.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/4/403/s1,
Figure S1. Nucleotide sequence alignment of SFVcae_FV2014 and SFVcae_LK3. Sequences were aligned using
EMBOSS Stretcher version 6.6.0 using default parameters (http://www.ebi.ac.uk/Tools/psa/emboss_stretcher/help/
index-nucleotide.html). Nucleotide positions are indicated. Vertical lines indicate identical bases and dots indicate
different bases. The LTRs, gag, pol, env, tas, and bet regions are indicated. The TATA, poly A* signal, and poly A*
sites are underlined in the LTRs. The 3 nucleotides for the start and termination codons of genes are shown in
red. The TATA in tas is underlined and the start site of the internal promoter (IP) is indicated by an arrow. The
regulatory signals are indicated based upon homology to the SFVcae_LK3 sequence [7].
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Abstract: Foamy viruses (FVs) are complex retroviruses present in many mammals, including
nonhuman primates, where they are called simian foamy viruses (SFVs). SFVs can zoonotically infect
humans, but very few complete SFV genomes are available, hampering the design of diagnostic assays.
Gibbons are lesser apes widespread across Southeast Asia that can be infected with SFV, but only two
partial SFV sequences are currently available. We used a metagenomics approach with next-generation
sequencing of nucleic acid extracted from the cell culture of a blood specimen from a lesser ape,
the pileated gibbon (Hylobates pileatus), to obtain the complete SFVhpi_SAM106 genome. We used
Bayesian analysis to co-infer phylogenetic relationships and divergence dates. SFVhpi_SAM106 is
ancestral to other ape SFVs with a divergence date of ~20.6 million years ago, reflecting ancient
co-evolution of the host and SFVhpi_SAM106. Analysis of the complete SFVhpi_SAM106 genome
shows that it has the same genetic architecture as other SFVs but has the longest recorded genome
(13,885-nt) due to a longer long terminal repeat region (2,071 bp). The complete sequence of the
SFVhpi_SAM106 genome fills an important knowledge gap in SFV genetics and will facilitate future
studies of FV infection, transmission, and evolutionary history.

Keywords: simian foamy virus; gibbon; lesser apes; co-evolution; complete viral genome

1. Introduction

Foamy viruses (FVs) belong to the Retroviridae subfamily of Spumaretrovirinae, which have
fundamentally different replication strategies compared to other complex retroviruses, such as human
immunodeficiency virus (HIV). For example, FVs differ from other retroviruses in how they initiate
infection. Like complex DNA viruses, FVs use two promoters for gene expression, one in the long
terminal repeat (LTR) and one in the envelope (env) gene [1]. In addition, FVs complete reverse
transcription within the virion before infection of a new host cell, such that the SFV genome can be
double-stranded DNA or single-stranded RNA [2,3]. FVs infect a wide range of mammals, including
cows, horses, cats, and nonhuman primates (NHPs) in which they are called simian foamy viruses
(SFVs). SFVs have been identified in nearly every primate species examined across all continents
where NHPs exist. Phylogenetic analyses show each of these NHPs to be infected with species-specific
variants, reflecting a generally ancient co-evolution of SFVs and their hosts [3-15]. Like other simian
retroviruses, SFVs can recombine and cross-species infections occur, both of which can complicate their
evolutionary history [5,16-19]. Hence, analysis of complete genomes is necessary to fully understand
the evolutionary trajectory of SFV.
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SFVs received heightened public health attention following numerous reports of transmission of
SFV from NHPs to humans across the globe via a variety of routes of exposure [3,12,20-22]. Many
studies have documented SFV acquisition, both in persons working with NHPs in research facilities
and zoos [20,21,23-28] and in humans exposed to NHPs in natural habitats, where hunting and
butchering of primates and keeping NHPs as pets is common, especially in parts of Africa and
Asia [24-27,29]. Although SFVs establish permanent infection of their primate hosts and in zoonotically
infected humans, there has been no clear evidence of pathogenesis despite their ability to cause
cytopathology in vitro [1,3,12,22,30-34]. Limited studies have also been unable to identify cases of
person-to-person transmission [3,7,12,22,31]. As human populations expand and encroach upon NHP
habitats, interaction among these species grows, increasing risks for SFV exposure and infection.
Many areas of Asia, Africa, and South America have seen increases in deforestation with concomitant
intensified incursions into NHP habitats [35,36]. The ensuing exposures to NHPs and their pathogens
require continued monitoring, facilitated by the development and modification of new and existing
assays for the detection of zoonotic viral agents, including SFV and other retroviruses.

The design of molecular methods for the accurate identification of SFV infection requires a
database containing representative sequences from divergent SFV lineages. Although numerous
partial nucleotide (nt) sequences (average length of about 500 nt, mostly in the polymerase (pol) gene),
are available from a large number of SFVs from prosimians, Old World monkeys (OWMs), apes, and
New World monkeys (NWMs), there remains a paucity of complete SFV genomes. Recently, the
taxonomic classification of FVs has been standardized such that the SFV names include a lower case
three-letter abbreviation, where the first letter is the first letter of the scientific name of the host genus
and the next two letters are the first two letters of the species or subspecies they were isolated from [14].
Whole genome SFV sequences are currently available from one prosimian (SFVocr from a galago),
four from NWMs (one each from a spider monkey (SFVaxx), marmoset (SFV¢ja), squirrel monkey
(SFVssc), and capuchin (SFVsxa)), seven from OWMs (three from African green monkeys (SFVcae),
four from macaques (SFVmcy, SFEVmmu, SFVmfu, SFVmfa), one from a human infected with SFV from
a spot-nosed guenon (SFVcni), and eight from great apes (four from chimpanzee (SFVpsc, SFVpve,
SEVptr) species, including three from infected humans, three from gorilla (SFVggo), including two
from infected humans, and one from an orangutan (SFVppy)) [14]. In contrast, there is a dearth of
knowledge about SFV genomes of the smaller or “lesser” apes, family Hylobatidae (common name
gibbons), despite their wide taxonomic diversity. Gibbons belong to the superfamily Hominoidea
along with great apes and humans. Gibbons are found predominantly in tropical and sub-tropical
forests of Southern and Southeast Asia from eastern Bangladesh and northeast India to southern China
and Indonesia, including the islands of Sumatra, Borneo, and Java [37]. Unlike the great apes, which
include about six species, gibbons are more diverse, with about 19 species identified depending on the
classification source [38,39], most of which are endangered (www.iucnredlist.org) [40]. The Hylobatidae
consists of five genera and 19 species (Hoolock species (n = 2), Hylobates sp. (n = 9), Justitia (n = 1),
Nomascus sp. (n = 6), and Symphalangus sp. (n = 1).

A recent study reported a high seroprevalence of SFV in gibbons from Cambodia, although
the seropositive samples were not SFV PCR-positive [41]. Like other NHPs, gibbons are frequently
hunted or kept as pets, facilitating opportunities for human exposure to SFV; yet there is a lack of
available sequences to optimize PCR assays for their detection. Considering these factors, elucidation
of additional sequences from SFV-infected gibbons will provide the field with important molecular
information for the development of diagnostic assays and will permit further examination of the
biology and evolutionary history of SFV in apes, and in NHPs in general.

In a previous report [42], we described the isolation of a novel, highly divergent gibbon SFV strain
(SFVhpi_SAM106) from a captive-born Hylobates pileatus (pileated gibbon) using blood cell co-culture,
and the subsequent amplification of partial pol sequences. In this study, we used random hexamer-based
deep-sequencing [43], a technique that uses random priming instead of relying on sequence-specific
approaches, thus allowing molecular characterization of divergent viral sequences. In addition to
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in silico characterization of the full-length SFVhpi_SAM106 genome, we also analyzed evolutionary
relationships to other complete monkey and ape SFVs by using non-simian FVs as outgroups.

2. Materials and Methods

2.1. Blood Sample Processing, Co-Culture, and PCR Identification of a Novel Divergent SFV in Gibbons

SFVhpi_SAM106 was previously isolated from peripheral blood mononuclear cells (PBMCs)
prepared from whole blood from a H. pileatus (SAM106) co-cultured with canine thymocyte Cf2Th cells
as described in detail elsewhere [42]. Briefly, frozen PBMCs were thawed, stimulated with interleukin-2
for three days at 37 °C, washed with media, and incubated with an equal number of Cf2Th cells.
Cultures were monitored every 3 to 4 days for syncytial cytopathic effect (CPE) typical of FV. CPE
was visible on day 38, whereupon infected Cf2Th cells and viral supernatants were collected and
stored frozen in liquid nitrogen until use. This captive gibbon was wild-caught and was about 30 years
old at the time of specimen collection. Previous PCR and sequence analysis of integrase sequences
within the pol gene from this gibbon confirmed the presence of a highly divergent SFV distinct from
other ape SFVs [42]. During that same study, we similarly isolated SFVhle from a H. leucogenys but
were unable to recover virus from the stored tissue culture supernatants. As described in the initial
publication, NHP blood specimens were obtained opportunistically in accordance with the animal care
use committees at each participating institution [42].

2.2. Next Generation Sequencing and SFVhpi_SAM106 Genome Assembly

In total, 1 mL of tissue culture supernatant was centrifuged at 5000x g at 4 °C for 5 min with
subsequent filtration through a 0.45 um filter (Millipore, Billerica, MA, USA) to remove any residual
host cells. Viral nucleic acids were then isolated using the Qiagen QIAamp MinElute virus spin kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions, except that carrier RNA was
omitted. The eluted nucleic acids were then treated with DNase I (DNA-free, Ambion, Austin, TX, USA)
and cDNA was generated by priming with random hexamers using the Superscript double-stranded
cDNA Synthesis kit (Invitrogen, Carlsbad, CA, USA). cDNA was purified using the Agencourt Ampure
XP system (Beckman Coulter, Brea, CA, USA) and approximately 1 ng of cDNA was subjected to
simultaneous fragmentation and adaptor ligation (“tagmentation”) using the Nextera XT DNA Sample
Prep Kit (Illumina Systems, San Diego, CA, USA). Briefly, fragmented DNA was PCR-amplified with
Nextera index primers (15 cycles) and purified using the Agencourt Ampure XP system. The resulting
DNA library was sequenced using an Illumina MiSeq (MiSeq Reagent Kit V3, 600 cycle, Illumina
Systems, San Diego, CA, USA). To analyze sequence data, raw sequences were de-multiplexed and
converted to FastQ format using the CASAVA v1.8.2 software (Illumina). The processed reads were
then imported into the CLC Genomics Workbench v7 (CLC bio, Aarhus, Denmark), trimmed to remove
Nextera-specific transposon sequences as well as short and low quality reads, and assembled using the
CLC de novo assembler. Both singleton and assembled contiguous sequences (contigs) were queried
against the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank) using the basic local alignment
search tools blastn and blastx [12], with a high e-value cut-off of 10 and word sizes of 11 and three for
blastn and blastx queries, respectively. Contigs with significant homology to SFV were then mapped to
SFVmcy (macaque SFV; GenBank accession number NC_010819) as the reference sequence to generate
the consensus SFVhpi_SAM106 sequence.

2.3. Sanger Sequencing of LTR Region

We amplified the LTR region using primers specific to SFEVhpi_SAM106 in order to confirm the
LTR length. DNA was extracted from the tissue culture cells and 500 ng was used as template in
two separate nested PCRs using SFVhpi_SAM106-specific primers. One assay spanned the 5'LTR
and RU5 region while the second spanned the 3’end of bet and the 3'LTR. The primers for the

47



Viruses 2019, 11, 605

SFVhpi_SAM106_LTR-RU5 and SFVhpi_SAM106_bet-LTR fragments for the primary and secondary
PCRs respectively are:

SFVhpi_SAM106_LTRF2 (5 GCAGTAGGAGAACAACCTCCTT 3’) and FVRU5R1 (5’ CCCGACTT
ATATTCGAGCCCCAC 3’) and

SFVhpi_SAM106_LTR_nestF2 (5 GGAGGAATACTCCTCTCCCCCTCTC 3’); FVRU5R2 (5" CACG
TTGGGCGCCAAATTGTC 3’) and

SFVhpi_SAM106_bet_F1 (5 GTGGGAGAAGGTAATATTAATCC 3’) and SFVhpi_SAM106_LTR_R1 (5
GTGGAATATTCTGTGTTGATTATCC 3’) and

SFVhpi_SAM106_bet_nestFl (5% AGGCATATGGACCACCACAAG 3) and SFVhpi SAM
106_LTR_nestR1 (5 CAACCTTGTTGATAAGGGCAAC 3').

We performed an initial denaturation at 94 °C for 2 min. followed by 40 cycles of 94 °C for 1 min,
45 °C for 1 min; 72 °C for 2.5 min, with a final extension at 72 °C for 5 min. For both nested PCRs,
we used 3 puL of the primary PCR product as template. Nested PCR products were electrophoresed
in 1.0% agarose gels and visualized by ethidium bromide staining. For sequence analysis, the PCR
products were purified using the Qiaquick gel extraction kit (Qiagen Inc., Valencia, CA) and then
sequenced in both directions using a Big Dye terminator cycle kit (ThermoFisher Scientific, Waltham,
MA) and additional internal SFVhpi_SAM106-specific sequencing primers to ensure sufficient coverage.

2.4. Complete SFVhpi_SAM106 Genome Sequence Analysis

Gene annotation tools in CLC Genomics Workbench were used to locate open reading frames
(ORFs) within coding regions of the SFVhpi_SAM106 genome. Positions of the complete 5" and
3’ long terminal repeats (LTRs) were determined manually using previously published ape SFV
genomes as a reference. Potential splice donor and acceptor positions were inferred using neural
network predictions implemented in NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/). N-linked
glycosylation sites were predicted using the N-GlycoSite tool at the HIV LANL website (https:
//www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html) [44]. Potential nuclear localization
signals in the Tas protein were predicted using NucPred (https://nucpred.bioinfo.se/cgi-bin/single.cgi)
and PSORTII (https://psort.hgc.jp/form2.html). Coiled-coil motifs were inferred using the website
https://fembnet.vital-it.ch/software/COILS_form.html. Nuclear export signals (NESs) were inferred
using neural networks and hidden Markov models at http://www.cbs.dtu.dk/services/NetNES/.

Using Geneious v7.0.6, we extracted the five coding regions, gag, pol, env, tas, and bet, and aligned
them with representative SFVs with complete genomes from four other apes, two OWMs, four NWMs,
one prosimian, and one FV each from equine, bovine, and feline hosts (Table 1). We also created
a concatamer of the major FV coding regions (group-specific antigen (gag), polymerase (pol), and
envelope (env)) to enable maximally robust phylogenetic analysis. Concatamers of major coding
regions of other slowly evolving cell-associated retroviruses are commonly used for evolutionary
analyses [45-47]. Finally, since recombination was reported recently in the surface protein (SU) region
of env, we also prepared an alignment of the complete SFV env sequences of species in Table 1 and
those from chimpanzee, gorilla, humans, and macaques used in the analyses by Galvin et al. and
Richard et al. consisting of 48 taxa [19,48] All alignments were checked for evidence of potential
recombination events using first a 400-nt window and a 40-nt step, and then a 200-nt window and
20-nt step, using the Kimura-2 parameter nucleotide substitution model with gap stripping in Simplot
v 3.5.1 [49]. We also checked for recombination by using the Recombination Detection Program (RDP)
v4 with the default parameters [50].
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Table 1. Foamy virus complete genomes analyzed.

Foamy Virus Mammalian Host Host Scientific Family GenBank Accession
Name Number
SFVhpi_SAM106 Pileated gibbon Hylobates pileatus Hylobatidae M621235
SFVpve ‘.NeStem Pan troglodytes verus Hominidae U04327
chimpanzee
SFVpsc Eastern Pan trqglody fes Hominidae Y07725
chimpanzee schweinfurthii
SFVppy Bornean orangutan Pongo pygmaeus Hominidae AJ544579
SFVggo Lowland gorilla Gorilla gorilla gorilla Hominidae NC_039029
SFVcae African green Cercopithecus aethiops  Cercopithecidae M74895
monkey
SFVmcy Formosan rock Macaca cyclopsis Cercopithecidae X54482
macaque
SFVcja Common Callithrix jacchus Callitrichinae GU356395
marmoset
SFVsxa Yellow-bre‘asted Sapajus xanthosternos Cebinae KP143760
capuchin
SFVaxx Spider monkey Ateles species Atelinae EU010385
SFVssc Common squirrel Saimiri sciureus Saimirinae GU356394
monkey
SFVocr Brown greater Otolemur Galagidae KM233624
galago crassicaudatus
EFVeca Horse Equus caballus Equidae AF201902
BFVbta Cow Bos taurus Bovidae U94514
FFVfca Cat Felis catus Felidae Y08851

We performed codon-based nucleotide alignments using MAFFT v 7.017 [51], followed by
manual adjustments and gap stripping. We used the model selection algorithm in MEGA v6 [52]
to determine the best fitting nucleotide substitution model, which was inferred to be the general
time reversible (GTR) model with gamma (I') distribution and invariable sites (GTR+T+I). Likelihood
mapping of quartet topologies implemented in IQ-TREE v1.6.8 was used to check for evidence
of good phylogenetic signal in the alignment [53]. We also checked the phylogenetic signal and
evidence of nucleotide substitution saturation in the alignments with the program DAMBE v7.0.35
(http://dambe.bio.uottawa.ca/DAMBE/dambe.aspx).

Phylogenies and divergence dating were simultaneously inferred using Bayesian inference with the
program BEAST v.1.8.4 [54]. For BEAST analysis, we created six taxon groups, including Hominoidae
(great apes), Pan/Gorilla, NWMs, OWMs, OWM/Hominoidae, and all simians. We used the MAFFT
alignments and enforced monophyly for both simian and non-simian taxon groups in the analyses.
To evaluate the potential effect of nucleotide heterogeneity sometimes observed at third codon positions
of RNA viruses on the phylogeny, we also conducted phylogenetic analysis after stripping the third
codon positions (cdp) from the alignment. We used an uncorrelated lognormal relaxed molecular clock,
a birth-death speciation tree prior, and 100 million Markov Chain Monte Carlo (MCMC) iterations
with a 10% burn-in. To more accurately estimate divergence dates, we set priors for the time to the
most recent ancestor (TMRCA) dates across the FV phylogeny using normal distribution priors and
nuclear DNA split estimates for NHPs and other matching non-simian placental mammals from
www.timetree.org [55,56] as follows: 18.6-20.2 million years ago (mya), standard deviation (SD) 0.82
for Hominoidae; 8.44-9.06 mya, SD 0.33 for the Pan troglodytes/Gorilla split; 27.61-29.44 mya, SD 0.94
for the OWM/Hominoidae split; 74-78 mya, SD 2.0 for the Equs caballus/Bos taurus split; and 91-96 mya,
SD 3.1 for Boreoutheria (placental mammals).

We used Tracer v1.6 to ensure all parameters converged with effective sampling size (ESS) values
>250. Trees were logged every 10,000 generations. Two independent BEAST runs were performed to
ensure convergence and reliability of the results. We used TreeAnnotator v1.8.3 to choose the maximum
clade credibility tree from the posterior distribution of 10,001 sampled trees with a burn-in value of 1000
trees. The inferred trees were visualized using FigTree v1.4.2 http://tree.bio.ed.ac.uk/software/figtree/).
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2.5. Comparison of FV tRNA Binding Motifs

tRNA primer binding site sequences for SFVhpi_SAM106 were identified using tRNAdb (http:
//trnadb.bioinf.uni-leipzig.de), a database that can be queried for tRNA binding motifs and outputs
consensus and features of conservation for any selected set of tRNAs. FV tRNA motifs were compared
to investigate potentially divergent primer binding sites.

2.6. Nucleotide Sequence Accession Number

The complete genome of SFVhpi_SAM106 has been deposited in GenBank with the accession
number M621235.

3. Results

3.1. SFVhpi_SAM106 Genome Assembly

Assembly of 38,000 paired-end reads yielded the complete SFVhpi_SAM106 coding genome with
380x coverage. The longest contig obtained by de novo assembly was 11,815 nt. The read lengths
ranged from 175 to 250 bp. The average read length was 203.59 bp. The sequence of the complete
genome was determined by manual alignment of overlapping 5" and 3’ LTR regions to give a final
length of 13,885 nt.

3.2. Organization of the SFVhpi_SAM106 Genome and Comparison with Other Ape SFV's

The SFVhpi_SAM106 genome consists of all expected structural, enzymatic and auxillary gene
coding regions, including gag, pol, env, tas, and bet, together flanked by two LTRs (Figure 1).
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Figure 1. Genomic structure of SFVhpi_SAM106. Ets-1, ETS proto-oncogene 1 transcription factor
motif; CAP, catabolite activator protein transcription motif; TATA box, promoter region motif; LTR,
long terminal repeat; IP, internal promoter; gag, group-specific antigen; pol, polymerase; env, envelope;
tas, transactivator gene; bet, between env and tas genes; U3, unique 3’ region of the LTR; R, repeat region
of the LTR; U5, unique 5’ region of the LTR. The Bet protein is translated from a spliced RNA and
residues from the 5 part of tas indicated by the speckled region and dotted line.

Gene and genome length comparisons with other ape SFVs are provided in Table 2.
SFVhpi_SAM106 has the longest recorded genome among ape SFVs owing to its longer LTRs,
whereas the lengths of the five coding regions are comparable in size to those from other ape SFVs.

Table 2. Ape simian foamy virus (SFV) gene and genome nucleotide length comparison.

Virus ! LTR gag pol env tas bet Genome
SFVhpi_SAM106 2071 1974 3420 2966 897 1449 13,885
SFVpve 1760 1959 3438 2964 900 1470 13,246
SFVpsc 1767 1944 3431 2964 900 1446 13,242
SFVggo 1283 1964 3154 2963 897 1443 12,258
SFVppy 1621 1987 3236 2965 834 1392 12,823

1. SFVhpi_SAM106, pileated gibbon (M621235); SFVpve, chimpanzee (U04327); SFVpsc, chimpanzee (Y07725);
SFVppy, orangutan (AJ544579); SFVggo, gorilla (JQ867465); LTR, long terminal repeat; gag, group-specific antigen;
pol, polymerase; env, envelope; tas, transactivator gene; bet, between env and tas genes.
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Nucleotide and amino acid identity comparisons of the major genes and proteins, respectively, of
SFVhpi_SAM106 to those of other ape FVs are provided in Table 3. Sequence analysis showed the
SFVhpi_SAM106 genome was nearly equidistant from other ape SFVs, sharing approximately 65%
nucleotide identity across the gag—pol-env region of the coding genome. The highest gene and protein
identities were seen with pol/Pol followed by env/Env, gag/Gag, tas/Tas, and bet/Bet.

Table 3. Percent nucleotide and amino acid identity comparisons of SFVhpi_SAM106 compared to

SFVs of other ape hosts.

Virus ! gag/Gag pol/Pol env/Env tas/Tas bet/Bet Concatamer 2
SFVpve 49.2/38.9 74.3/75.9 67.0/66.2 49.2/31.3 49.2/27.9 65.6/63.4
SFVpsc 49.6/38.3 73.4/75.2 67.3/67.1 49.7/38.5 50.3/29.6 65.7/63.5
SFVggo 48.0/40.2 74.1/76.6 67.8/67.5 48.3/29.7 48.0/30.7 65.7/64.7
SFVppy 48.7/40.6 73.2/76.1 65.8/63.8 48.0/32.7 41.3/22.2 64.7/63.3

1. SFVhpi_SAM106, pileated gibbon; SFVpve, chimpanzee (U04327); SFVpsc, chimpanzee, (Y07725); SFVppy,
orangutan (AJ544579); SFVggo, gorilla JQ867465). gag, group-specific antigen; pol, polymerase; env, envelope;
tas, transactivator protein; Bet, between env and tas protein. 2. Concatenation of gag/Gag, pol/Pol, and env/Env
nucleotide/proteins.

The LTR, at 2071 nt (positions 1-2071), was found to be the longest among the ape SFVs by about
300 to 800 nucleotides. We confirmed the LTR length by PCR using SFVhpi_SAM106 PCR primers and
Sanger sequencing. Both the SFVhpi_SAM106_LTR-RU5 and bet-LTR fragments were 100% identical to
the LTR obtained by NGS and were 1968 bp and 2029 bp in length after removing the primer sequences.
The U3 region extends from positions 1 to 1704, which is about 300 nt longer than that of other ape
SFVs; followed by the R region (positions 1705 to 1911), which is about 20 nt longer than that of other
ape SFVs; and the U5 region (positions 1912 to 2071), which is about the same length as that in other
ape SFVs. Three TATA box motifs were found at nucleotide positions 76, 239, and 396 upstream of the
primer binding site (PBS), which is in turn 104 nt upstream of the start codon for gag. The poly A motif
(AATAAA) is located at position 1889, the conserved 3’ and central polypurine tracts (AGGAGAGGG)
are located at positions 7973 and 11,813, respectively. The first two dimerization signals (DS) were
highly conserved and are located at positions 2081 and 2140, but a potential third DS was not strictly
conserved and consisted of AAAAGTC instead of AAAATGG found in other SFVs [57]. There are
two Ets-1 transcription factor binding domains in the 5" LTR at positions 402 and 766. There are also
three CAP (catabolite activator protein transcription motif) sites at positions 1647, 1692, and 1808.
We also identified a polypurine tract (PPT) at positions 11,795, just upstream of the start of the 3" LTR.
The conserved tRNAlys PBS motif 5'-TGG CGC CCA ACG TGG GGC-3' at positions 2074 to 2091 in
SFVhpi_SAM106 is present in all available complete ape SFV genomes. The relatively conserved SFV
Env/Orf-2 splice donor (AGTTG"GTAATTT) and acceptor (TTTTAAG"ATAAT) sites are located at
positions 10,292 and 10,411, respectively, and were predicted by NetGene2. The nucleotide identity of
the SFVhpi_SAM106 LTR to other ape SFV LTRs ranged from 30% to 45%, with the closest identity to
LTRs from chimpanzee SFVs.

The internal promoter (IP) was identified by comparison with other FVs and is located at env
nucleotide positions 10,142 to 10,198 (5'-CAA GAG AA CATAAA AGA TCA AAT CGA GAG AGC
AAC CGC AGA GC-3’) (Figure 1). However, unlike the TATAAA box consensus motif of exogenous
FV IPs, the SFVhpi_SAM106 TATA promoter box is more similar to that of two endogenous FVs (sloth
and coelacanth) in that it starts with a cytosine (highlighted in the IP sequence in bold and italics)
instead of a thymine [58]. A potential CAP site was identified 48 nucleotides downstream of the IP.
Fifteen N-linked glycosylation sites were identified, of which one is in the LP region, 11 are in SU,
and three are in TM. Ten of these are NXT variants and five are NXS. In comparison, SFVppy has
13 N-linked glycosylation sites of which one is in LP, nine are in SU, and three are in TM. Nine of these
are NXT variants and four are NXS.
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The number, position, and composition of potential tas-response elements (TREs) varies among
SFVs and requires in vivo experiments for confirmation [58]. By comparison with other SFVs,
we identified a potential TRE upstream of the IP at position 10,021 (CTTAAAGGCAGAAGAGAAA).
TREs in the LTR region could not be readily identified.

We observed that gag (1974 nt; positions 2178-4151), pol (3420 nt; positions 4102-7521), env (2966 nt;
positions 7481-10,446), and tas (897 nt; positions 10,420-11,316) ORF lengths are similar to other ape
SFVs (Tables 2 and 3). To identify the potential splice/acceptor sites for the bet gene, we used an online
neural network prediction tool. Although we found evidence of a splice donor site in SFVhpi_SAM106
at positions 10,693 to 10,702 (5'-GAGGAATGA"TAAGTTAAT-3’) and a splice acceptor site at positions
10,991 to 11,010 (5’-CTCCTATTAG"GTACACTGGG-3’) indicating possible bet splicing, support was
not strong (0.54 and 0.30, respectively). We also found a splice acceptor site within the bet ORF
(positions 11,375-11,395, 5'-AATTCTCAG ATGATGAGGAT-3") with strong support (0.96), which
could potentially give rise to an alternate fas-bet fusion transcript 1065 nucleotides and 355 amino acids
in length.

Notable motifs identified in silico in Gag include the cytoplasmic retention and targeting signal
(CTRS) (GEWGFGDRYNVVQIVLQD) located at aa positions 39 to 56 with the highly conserved
arginine (R) at position 46 essential for intracytoplasmic particle formation. The YXXL motif involved
in particle assembly was highly conserved at positions 77 to 80. The P3-cleavage site (RSFN/TVSQ)
is located at aa positions 624 to 631 in the carboxyl terminus. Analysis of the Gag sequence did
not identify conserved P(T/S)AP late domain motifs in the center of the protein, but we did find
two PPAP motifs at aa positions 269 to 272 and 296 to 299. These motifs are similar in number and
location to those in SFVpve and SFVggo, but not SFVppy, in which the single PSAP motif is located
near the end of Gag. We also identified an assembly domain (YEMLGL) at aa positions 462 to 467.
Examination of Gag for glycine-arginine (GR) rich boxes involved in viral replication identified four
potential GR-boxes at aa positions 485 to 509 (GGRGRGRNNRNAASGNTQGGNQRQSR), 515 to 534
(GRQSQGGRGRGSNNNTNSRQ), 538 to 562 (QNSSGYNLRPRTYNQRYGGGQGRR), and 595 to 612
(RGDQPRRSGAGRGQGGNR) compared to the three such motifs found in other SFVs. The highly
conserved chromatin binding motif was located in the third GR at AA positions 542 to 548 (underlined
above), which for other FVs is in GRII [59]. However, a nuclear localization signal (NLS) present in
GRII of SFVpsc was not identified in the SFVhpi_SAM106 GRIII by using PSORTII and NucPred [59].
An NES at the N-terminus of Gag has been shown to be critical for the late stages of virus replication
of SFVpsc (formerly HFV) and is partially conserved in SFVmcy and SFVcae [60]. Comparison
with other SFVs identified a potential NES at aa positions 91 to 108 (LAFNGIGPAEGALRFGPL);
however, NetNES predicted in the SFVhpi_SAM106 Gag a leucine-rich NES around aa positions 8
to 20 (LDVQELVLLMQDL), which is relatively conserved in other ape SFV Gag proteins. NetNes
correctly predicted the reported NES in SFVpsc, SFVpve, and SFVggo, but not in SFVppy, SFVmcy,
SFVcae, SFVocr, SFVcja, SFVaxx, SFVssc, SFVsxa, BFVbta, and EFVeca. An NES similar to that in
SFVhpi_SAM106 was predicted for FFVfca.

Within the Pro-Pol polypeptide, the highly conserved protease catalytic center (DTGA) and
reverse transcriptase (RT) catalytic site (YVDD) were located at aa positions 24 to 26 and 312 to 315,
respectively. The DSF motif required for RNAse H activity located at positions 670 to 672 was also
conserved. The viral protease cleavage site for the integrase (IN) protein (YTVN/NIQN) was partially
conserved (YVNN/XNXX) and located at aa positions 749 to 756, potentially coding for a 388 aa IN
peptide. The IN catalytic center (DD35E) was found at D8%D%¢E%2 and the zinc-finger motif at
HBBHB7C847 (850, Interestingly, we also identified a highly conserved TATA box motif at positions
4840 to 4846 in pol present in the RT region of all FVs with the consensus sequence (T(A/T)(T/C)AA(A/G)
(Figure 2). In SFVhpi_SAM106, this TATAAA motif is 80 nucleotides upstream of the RT active site.
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Figure 2. Conserved TATA box in alignment of foamy virus polymerase sequences. Dots represent
conserved nucleotides relative to the first sequence. Nucleotide positions are after alignment using
MAFFT. Old World apes (OWA): SFVpve, Pan troglodytes verus (chimpanzee), GenBank accession
number U04327; SFVpsc, Pan troglodytes schweinfurthii (chimpanzee), Y07725; SEVppy, Pongo pygmaeus
(orangutan), AJ544579; SFVggo, Gorilla gorilla (gorilla), NC_039029; SFVhpi_SAM106, Hylobates pileatus,
(pileated gibbon) M621235. Old World monkeys (OWMs): SFVcae, Cercopithecus aethiops (African green
monkey), M74895; SFVmcy, Macaca cyclopsis (macaque), X54482. New World monkeys (NWM): SFVja,
Callithrix jacchus (common marmoset), GU356395; SFVsxa, Sapajus xanthosternos (capuchin), KP143760;
SFVaxx, Ateles species (spider monkey), EU010385; SFVssc, Saimiri sciureus (squirrel monkey), GU356394.
Prosimian (Pro): SFVocr, Otolemur crassicaudatus (brown greater galago), KM233624. Non-simian
mammals (NSM): EFVeca, Equus caballus (equine), AF201902; BFVbta, Bos taurus (bovine), U94514; and
FFVfca, Felis catus (feline), YO8851.

For the 989-aa Env protein, the highly conserved WXXW motif required for Gag interaction and
budding is located at aa positions 10 to 13 (WLIW). The cellular furin protease cleavage sites, which
cleave the N-terminal leader peptide (LP) from the SU and the SU from the transmembrane (TM)
protein, are located at aa positions 125 to 131 (RLAR/RSLR) and 570 to 577 (RKRA/TSSN) to generate
three potential Env proteins of lengths 127 (LP), 446 (SU), and 416 (TM), respectively. The highly
conserved hydrophobic WXXW motif in the LP required for Env incorporation and particle release
is located at aa positions 10 to 13. The membrane-spanning domain located at aa positions 945
to 980 (AKGIFGTAFSLVAY VKPILIGIGVIILLVVIFKIIS) is partially conserved. The consensus KKK
endoplasmic reticulum retrieval signal located at aa positions 694 to 696 of the TM (or positions 985 to
987 of Env) is partially conserved and has the sequence KAK, whereas SFVppy, SFVaxx, SFVggo_BAK74,
and SFVssc motifs have the sequence KRK. A putative receptor-binding domain (RBD) is located in SU
at aa positions 227 to 552 and the relatively conserved fusion peptide (LRSMGYALTGGIQTVSQI) is
located in the TM at aa positions 581 to 598 of Env [61].

The ape SFV Tas proteins are highly divergent (Table 3) and hence identification of the poorly
defined acidic activation and DNA binding domains was not possible. Tas is a nuclear protein
involved in transcriptional transactivation with a partially conserved NLS at the 3’ end of the protein.
In SFVhpi_SAM106, the NLS GTGRKRRTN is located at aa positions 216 to 224 with a strong NucPred
score of 0.87, whereas PSORT II identified RKRR in this motif as an NLS, but with a low score (-0.16).
Neither prediction program found a bipartite NLS in SFVhpi_SAM106 or other ape SFV Tas proteins.
PSORT II predicted with high reliability (94.1) that the SFVhpi_SAM106 Tas was a nuclear protein,
similar to the Tas protein of SFVppy (reliability score = 94.1), but more likely than those from SFVggo
and SFVpve/psc (reliability score = 89). The PSORT II predictor uses a heuristic algorithm, including
neural networks, to identify nuclear proteins are rich in basic residues. The SFVhpi_SAM106 Tas
includes 41 basic amino acids (R = 25, K = 12, H = 4), or about 13.7% of the protein, compared to 12.2%
(34; R =15, K =15, H = 4) for SFVppy, 14.1% (42; R = 14, K = 20, H = 8) for SFVggo, 16.6% (50; R = 16,
K =22, H = 12) for SFVpve, and 15.3% (46; R = 18, K = 17, H = 11) for SFVpsc. A leucine-rich NES was
predicted to be at aa positions 97 to 107 (LICERLILLAL).
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Although the bet splice acceptor site described above was not strong, the SEVhpi_SAM106 Bet
protein length of 483 aa was similar to that of other ape SFVs (SFVpve = 490 aa, SFVpsc = 482 aa,
SFVggo = 481 aa, SFVppy = 464). Comparison with these other ape SFV Bet proteins identified
a potential integrin-binding motif (K/RGD) at aa positions 306 to 308 that was partially conserved
(KGT), with SFVpve, SFVggo, and SFVppy having a KGD motif and SFVpsc having an RGD motif.
The tripeptide RGD domain has been shown to be required for cell membrane binding, so it will
be important to examine the functionality of the D > T mutation at the third aa position in the
SFVhpi_SAM106 Bet. One study has proposed the SFVpve Bet is secreted in both the cytoplasm and
nucleus of infected cells and contains a bipartite NLS in the C-terminus [62]. PSORT II does detect the
bipartite NLS RKIRTLTEMTQDEIRKR at aa positions 463 to 479 of SFVpsc Bet, but with a cytoplasmic
protein reliability prediction of 70.6% rather than a nuclear one. NucPred did not predict a NLS in
the SFVpsc Bet. Neither NucPred nor PSORT Il identified any putative NLS in the SFVhpi_SAM106,
SFVpve, SFVggo, and SFVppy Bet proteins.

3.3. Absence of Evidence of Genetic Recombination in the SFVhpi_SAM106 Genome

Simplot analyses on the gag-pol-env concatamer alignment did not show any evidence of genetic
recombination at a threshold of 70% of permuted trees, a cutoff commonly used for the analysis of
other retroviruses (data not shown). These results were consistent across two window and step sizes
in the analysis. We also found no significant evidence of recombination using the recombination
detection program RDP4 using eight methods (RDP, GENCONYV, Chimaera, MaxChi, BootScan, SiScan,
3Seq, and LARD). We did not find any evidence of recombination of the SFVhpi_SAM106 env using
the 48 taxa dataset by phylogenetic and RDP analysis, but we did confirm the two different SU RBD
SFV clades as previously reported (Supplementary Figure S1) [19,48]. Phylogenetic analysis of the
two alignments encompassing the complete env and the region without the RBD in SU showed the
typical co-evolutionary history of FV with SEVhpi_SAM106 ancestral to SFVppy, SFV OWMs, and
then chimpanzees and gorillas with strong support. In the analysis of only the BD region of SU,
SFVhpi_SAM106 was ancestral to the chimpanzee and gorilla SFVs, but with no support. In addition,
SFVppy clustered FFVfca with good support between the NWM SFV and the other OWMA SFVs.
Combined, these results suggest an absence of recombination in SFVhpi_SAM106 and that genetic
recombination did not affect our phylogenetic results when using the gag-pol-env concatamer.

3.4. Evolutionary Relationships and Divergence Dating of SEVhpi_SAM106 and Other FVs

Likelihood mapping of the 15 taxa 7,412 position gag-pol-env concatamer alignment showed
an equal distribution of the majority of possible quartets across the tree of which 98.4% were fully
resolved, i.e., tree-like, with only 1.68% of unresolved quartets. These results suggest an overall
dataset with very good phylogenetic signal and very little “noise” and hence suitable for phylogenetic
reconstruction. Excellent phylogenetic signal was also found in both gag-pol-env alignments with scores
>99.3 using DAMBE. Little nucleotide substitution saturation was found in the alignments using the
method of Xia in DAMBE [63]. Together, our results indicate the alignments were satisfactory for
phylogenetic analysis.

Phylogenetic trees generated using Bayesian inference of the gag-pol-env concatamer showed that
FV sequences from a broad range of genetically diverse NHPs and non-simians formed monophyletic
lineages and distinct clusters that mirrored host taxonomic relationships (Figure 3). SFVhpi_SAM106
clustered with other ape SFVs with strong posterior probability (PP > 1) support (Figure 3). The FV
phylogeny was similar to that seen in our previous study, where SFVhpi_SAM106 is a sister taxa of
but ancestral to the great ape SFVs, mirroring the phylogeny of the host mitochondrial and nuclear
sequences in which the lesser apes are an outgroup to the great apes [6,42]. An identical phylogeny was
obtained with the gag-pol-env first and second cdp alignment, indicating the absence of substitution
saturation at the third cdp in the analysis of the unstripped alignment (Figure 3). As expected,
the representative prosimian FV sequence from a galago (SFVocr) was ancestral to all other SFVs.
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The three non-simian FVs from equine, feline, and bovine formed a clade separate from the SFVs, with
BFV and EFV clustering together with strong support (PP = 1). All BEAST analyses had standard
deviation values of the uncorrelated lognormal relaxed clock (ucld.stdev) greater than zero but less
than one, indicating that variation in substitution rates across branches was not consistent with a strict
molecular clock but also was not so great as to bias the analyses (Table 4). The absence of site-to-site
variation was also supported by alpha parameters of the gamma distribution above 1.0 (Table 4).
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Figure 3. Evolutionary relationships and divergence dates of foamy viruses (FVs) and their mammalian
hosts. (A) FV phylogeny inferred using gag-pol-env concatamer (~7.4 kb). (B) FV phylogeny inferred
using the first and second coding positions of the gag-pol-env concatamer (~4.9-kb). Phylogeny inferred
using BEAST and mammalian host phylogeny inferred at Timetree.org as well as the corresponding
geologic timescale. Old World apes (OWAs): SEVpve, Pan troglodytes verus (chimpanzee), GenBank
accession number U04327; SFVpsc, Pan troglodytes schweinfurthii (chimpanzee), Y07725; SFVppy,
Pongo pygmaeus (orangutan), AJ544579; SFVggo, Gorilla gorilla (gorilla), NC_039029; SFVhpi_SAM106,
Hylobates pileatus, (pileated gibbon) M621235. Old World monkeys (OWMs): SFVcae, Cercopithecus
aethiops (African green monkey), M74895; SEVmcy, Macaca cyclopsis (macaque), X54482. New World
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monkeys (NWM): SFEVqja, Callithrix jacchus (common marmoset), GU356395; SFVsxa, Sapajus
xanthosternos (capuchin), KP143760; SFVaxx, Ateles species (spider monkey), EU010385; SFVssc,
Saimiri sciureus (squirrel monkey), GU356394. Prosimian (Pro): SFVocr, Otolemur crassicaudatus (brown
greater galago), KM233624. Non-simian mammals (NSMs): EFVeca, Equus caballus (equine), AF201902;
BFVbta, Bos taurus (bovine), U94514; and FFVfca, Felis catus (feline), YO8851). Posterior probabilities
(on the branch left of the node) and time to most recent ancestors in millions of years (right of node) are
provided at each node of the FV phylogeny. Solid circles in the Timetree.org mammalian phylogeny
indicate nodes that map directly to the NCBI taxonomy and open circles indicate nodes that were
created during the polytomy resolution process. TOR, Tortonian; BUR, Burdigalian; CHT, Chattian;
RUP, Rupelian; LUT, Lutetian; YPR, Ypresian; DAN, Danian; MAA, Maastrichtian; TUR, Turonian ages.
PAL, Paleogene epoch.

Bayesian dating analyses showed that for the gag-pol-env concatamer alignment, the TMRCA for
SFVhpi_SAM106 and the Hominoidea was 20.69 mya with a 95% highest posterior density (HPD)
interval of 19.13 to 22.19 mya (Table 4). This divergence date occurs during the Miocene epoch (Figure 3).
The TMRCA for the SFV OWM/ape split (Crown Catarrhini) was 27.28 mya with a 95% HPD interval of
27.28 to 30.09 mya. The SFVpsc, SFVpve/SFVggo split (Crown Homininae) had a TMRCA of 9.18 mya
with a 95% HPD interval of 8.54 to 9.8 mya. For the OWM SFV (Crown Cercopithecinae), a TMRCA of
18.05 mya was inferred with a 95% HPD interval of 11.29 to 24.7 mya. In contrast, TRMCAs for the
non-simian FVs were much older, estimated to be 92.4 mya (95% HPD interval of 85.03-98.69 mya).
The TMRCA for the Boreoutherian (placental mammals) at the root of the FV phylogeny was estimated
to be 95.46 mya (95%HPD interval of 90.08 to 101.19 mya) during the Upper epoch and Mesozoic era.
Similar TMRCAs were inferred for the 12 cdp alignment (Table 4). Our inferred FV and host divergence
dates were similar to those inferred by others using different methods, supporting the robustness of our
dating methods (Table 4). The inferred mean substitution rates ranged from 5.05 x 10~ to0 9.82 x 10~°
nucleotides/site/year across the gag-pol-env coding region (Table 4).
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4. Discussion

Using a metagenomics approach, we obtained the first complete genome of an SFV from a lesser
ape, the pileated gibbon (Hylobates pileatus). Next generation sequencing is a powerful molecular
method and has been used to obtain complete genomes of other SFV isolates recently [13,67,68].
We characterized the SFVhpi_SAM106 genome by detailed sequence analysis and provided a deeper
understanding of the evolutionary history of FVs, especially within the Hominoidea. Most of the
important genomic structures and functional domains were conserved in SFVhpi_SAM106 with some
exceptions. While the organization of the SFVhpi_SAM106 genome is similar to that of other FVs,
it has several unique features, including an LTR at ~2 kb that is 1.2 to 1.6 times longer than that in
other FVs, attributable mostly to longer U3 and R regions. Given that the 5 LTR U3 and R regions
of FVs contain transcriptional start control elements, including the tas response elements (TREs) and
cellular transcription factors, it will be important to conduct transcription-mapping experiments
to determine the functional significance of the longer LTRs of SFVhpi_SAM106 for replication and
regulation. Since the number and location of FV TREs are not conserved, we were unable to locate the
SFVhpi_SAM106 TREs within the LTRs or env sequences in silico. Others have shown that tissue culture
of chimpanzee SFV in diploid human fibroblasts isolated from an infected human selects for isolates
with substantial nonrandom nucleotide deletions in the U3 region can increase viral replication [69].
The U3 deletion variant was also present as the majority variant in the infected human but was absent
from naturally-infected chimpanzees [69]. However, SEVhpi_SAM106 was isolated from infected
PBMCs using canine thymocyte cells [42], which have not been shown to impact SFV LTR length or
functionality in this dog cell line or in other non-human cells, including SFVggo and SFVcpz isolates
from zoonotically-infected humans grown in baby hamster kidney cells (BHK-21) [57]. Comparisons
of SFVhpi_SAM106 LTRs directly from PBMCs from the pileated gibbon and those obtained by culture
may be needed to further evaluate this unusually long LTR.

Additional differences from other FV prototypes included four instead of three potential GR
boxes in Gag and a TATA box promoter motif in the IP in env, which is more similar to those of two
endogenous FVs from the sloth and coelacanth by starting with a cytosine instead of a thymine present
in other FVs [58]. Since the GR and TATA box motifs are important for viral replication, studies are
needed to determine the effect of these genetic differences on SFVhpi_SAM106 replication and growth.
Some subtypes of human and simian immunodeficiency viruses (HIVs and SIVs) have the CATAAA
TATA box sequence in their LTRs, which have not been shown to decrease LTR promoter activity by the
HIV-1 transcription activator (Tat) protein in vitro [70]. Examination of the SFVhpi_SAM106 genome
for additional TATA promoters identified a highly conserved TATA box upstream of the RT active site
promoter in the FV genome and its possible effect on viral replication is needed.

FVs have been shown to have co-evolved with their hosts for millions of years as vertebrates
diversified in the Paleozoic Era [5,6,64]. Our results expand knowledge of the evolutionary history of
FVs and show for the first time that SFVhpi_SAM106 from the lesser ape, Hylobates pileatus, follows
this same ancient co-speciation trajectory. The phylogenetic position of SFVhpi_SAM106 mirrors
that of the gibbon host, with a divergence date of about 21 mya (95% HPD 19.13-22.19 mya) during
the Miocene Epoch of the Cenozoic Era. The FV divergence dates inferred with our methods are
strongly congruent with those of Aiewsakun and Katzourakis, who used Bayesian phylogeny and a
time-dependent rate power-law decay function that is independent of archaeological calibrators [64].
Our Hylobatidae/Hominidae divergence dates are also consistent with those of Matsudaira et al.
(20.3 mya, 95% CI 17.5-23.6 mya) and Chan et al. (19.25 mya, 95% HPD 15.54-22.99), who examined
ape complete mitochondrial sequences [71,72]. The Hylobatidae/Hominidae divergence dates are
slightly older than those of reported by Thinh et al. (16.26, 95% HPD 14.69-18.16 mya), who used
only complete cytochrome B mitochondrial sequences [38]. In addition, our inferred SFV divergence
dates are also highly consistent with those reported for the evolutionary histories of NHPs and other
placental mammals examined in our study and had very close divergence dates with overlapping
confidence intervals (Table 4). Together, these results show that our use of multiple host divergence
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calibration points provided a robust inference of FV evolutionary histories. As with all evolutionary
studies, the inferred divergence dates represent minimum ages that are younger than true ages, because
the fossil record is incomplete.

Given the strong evidence of FVs co-diverging with their hosts, both FVs and their mammalian
hosts [73] should have very similar evolutionary rates. Indeed, FVs have extremely low rates of
evolution, similar to rates observed for mitochondrial protein-coding genomes of about 1 x 1078
substitutions/site/year [4,6,11]. However, our estimates were a log lower and are more similar to
those of the mammalian neutral substitution rate for nuclear genes and for endogenous retroviruses
of 1 x 107 substitutions/site/year [74,75]. Our lower inferred FV nucleotide substitution rates may
reflect the use of older calibration dates for the Equs caballus/Bos Taurus split and for Boreoutheria in the
phylogenetic analyses.

Genetic recombination did not appear to affect our phylogenetic results. Phylogenetic analysis
of only the FV env region with additional SFV taxa from the gorilla, chimpanzee, and macaque with
evidence of a variant RBD from a potential recombination event showed that SFVhpi_SAM106 was
ancestral to SFVppy and then all other OWMA SFVs instead of ancestral to only the apes as we found
for the gag-pol-env concatamer alignments. Similar results were inferred even after removal of the
putative recombination region in the RBD of SU, whereas in the RBD-only alignment, placement of the
SFVhpi_SAM106 and SFVppy taxa were not resolved. Similar genetic relationships were observed
by Richard et al. in SEVppy when examining complete gorilla and chimpanzee env sequences [19].
One exception in their analysis of the variant RBD region is that SFVppy clustered ancestral to
chimpanzee and gorilla clade 1 instead of with FFVfca as in our analysis since non-simian FVs
were not included in their analysis [19,48]. Such nonconforming FV co-evolutionary phylogenetic
relationships may reflect the phenomenon called long branch attraction (LBA), which can occur when
highly divergent lineages are included in the phylogenetic analysis [73]. LBA can potentially be
resolved by the addition of additional sequence information [73], which we have done by using the
gag-pol-env concatamer, or by inclusion of more SFV sequences from gibbons and orangutans when
they become available.

As with other NHPs, gibbons are threatened by habitat encroachment for forest clearance, road
construction, and changes in agriculture resources. Gibbons are also hunted for food, medicine, or
for exportation for the pet trade (see also the International Union for Conservation of Nature’s Red
List at www.iucnredlist.org) [40,76]. Gibbons are also common members of zoological exhibits. All of
these activities can lead to human exposures to gibbons and their microbial communities, including
SFVs, which have crossed into humans from many NHP species [12]. Until now, only two short SFV
integrase sequences were available to inform the design of sensitive PCR assays for the detection of
human infection [42]. More sensitive molecular assays are needed to detect the low copies of integrated
genomes typically found in SFV infection. The small number of complete SFV genomes from all
available NHPs has also limited the design of generic SFV PCR primers. These limitations may help
explain the inability to detect SFV sequences in seropositive pileated gibbons from Cambodia using
generic PCR assays [28]. The availability of the complete SFVhpi_SAM106 genome from our study
will facilitate the design of more sensitive and specific PCR assays for the detection of gibbon SFVs
and fills an important knowledge gap in the SFV database, facilitating future studies of FV infection,
transmission, and the evolutionary history of FVs.

5. Conclusions

By using a metagenomics approach, we obtained the complete SFVhpi_SAM106 genome from a
pileated gibbon (Hylobates pileatus). Bayesian analysis showed that SFVhpi_SAM106 is ancestral to
other ape SFVs with a divergence date of ~20.6 million years ago, reflecting ancient co-evolution of
the host and virus. Our molecular analysis also showed that the SFEVhpi_SAM106 genome has the
longest genome (13,885 nt) of all SFVs with complete genomes available, due to a much longer LTR
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(2071 bp). The complete sequence of the SFVhpi_SAM106 genome will provide invaluable information
for further understanding the epidemiology and evolutionary history of SFVs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/7/605/s1.
Supplementary Figure S1.
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Abstract: A recent study reported the discovery of an endogenous reptilian foamy virus (FV),
termed ERV-Spuma-Spu, found in the genome of tuatara. Here, we report two novel reptilian foamy
viruses also identified as endogenous FVs (EFVs) in the genomes of panther gecko (ERV-Spuma-Ppi)
and Schlegel’s Japanese gecko (ERV-Spuma-Gija). Their presence indicates that FVs are capable of
infecting reptiles in addition to mammals, amphibians, and fish. Numerous copies of full length
ERV-Spuma-Spu elements were found in the tuatara genome littered with in-frame stop codons
and transposable elements, suggesting that they are indeed endogenous and are not functional.
ERV-Spuma-Ppi and ERV-Spuma-Gja, on the other hand, consist solely of a foamy virus-like env gene.
Examination of host flanking sequences revealed that they are orthologous, and despite being more
than 96 million years old, their env reading frames are fully coding competent with evidence for
strong purifying selection to maintain expression and for them likely being transcriptionally active.
These make them the oldest EFVs discovered thus far and the first documented EFVs that may have
been co-opted for potential cellular functions. Phylogenetic analyses revealed a complex virus—host
co-evolutionary history and cross-species transmission routes of ancient FVs.

Keywords: foamy virus; spumavirus; reptile foamy virus; endogenous foamy virus; endogenous
retrovirus; ancient retroviruses; co-evolution; co-speciation; foamy virus-host interactions

1. Introduction

Foamy viruses (FV; the Spumaretrovirinae subfamily) are a unique subgroup of retroviruses
(family Retroviridae) comprising an independent lineage basal to all other exogenous retroviruses [1].
FV surveillance and the discovery of their endogenous retrovirus (ERV) counterparts revealed that
the host range of FVs covers a wide range of vertebrates, including mammals [2,3], amphibians [4],
lobe-finned fish [5], bony fish [4,6], and cartilaginous fish [4,7], considerably wider than those of other
retrovirus groups. Owing to the wealth of sequence data and the identification of multiple instances
of endogenization for FVs, the longer-term evolutionary history of FVs can be investigated in great
detail. For example, analysis of endogenous and modern-day viral sequences revealed that FVs have
been broadly co-diversifying with their hosts since the origin of vertebrates, dating back almost half a
billion years ago to the early Palaeozoic Era [4].

A recent study reported the discovery of the first reptilian endogenous FV (EFV) in the tuatara
genome, namely ERV-Spuma-Spu [8]. Phylogenetic analysis showed that ERV-Spuma-Spu is basal
to the clade of mammalian FVs. Based on this finding, the authors speculated that the reptilian FV
lineage may have diverged from the mammalian FV linage more than 320 million years ago under the
virus-host co-speciation assumption. Nevertheless, since there was effectively only one reptilian FV
linage in the study, the inferred co-speciation could not be verified, and a history of viral cross-species
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transmissions might have been overlooked. Indeed, this was shown to be the case before for the
lobe-finned fish EFV, CoeEFV [4].

Here, we further characterize ERV-Spuma-Spu and report two additional reptilian EFVs found in the
genomes of panther gecko (Paroedura picta) and Schlegel’s Japanese gecko (Gekko japonicus), designated
ERV-Spuma-Ppi and ERV-Spuma-Gja, respectively. Evolutionary analyses together with other currently
available FV and EFV sequences suggest that these reptile EFVs do not form a monophyletic clade and
that they are significantly younger than their hosts. This in turn suggests that, in contrast to what was
previously suggested, their ancestors likely originated from cross-species transmissions, where one
gave rise to ERV-Spuma-Spu and the other gave rise to the two gecko EFVs. Our results improve our
understanding of how FVs evolved and interacted with their hosts in the distant past.

2. Materials and Methods
2.1. ERV-Spuma-Spu Mining

The tuatara genome (Sphenodon punctatus; accession number: QEPC01000000) was searched using
tBLASTn and a CoeEFV Pol protein query with an E-value cut off of 1 x 107°. This returned 20,581 hits
from 2370 contigs (Table S1). These hits were then combined together (including the sequence between
the two hits) if they were < 5000 base pairs apart or overlapping and were in the same orientation.
This resulted in 12,520 merged Pol hits (Table S2).

These hits were subsequently subjected to reciprocal BLASTx against a database of retrovirus
proteins one by one with an E-value cut off of 1 x 107 (Table S2). If the best match protein did not
belong to a member of the Spumaretrovirinae subfamily or the Spumavirus genus, the hit was then
excluded from the downstream analyses. Ultimately, 87,387 retrovirus proteins were retrieved from the
National Center for Biotechnology Information (NCBI) protein database on the 7" of June 2018 using 3
search queries. The first query was ‘txid11632[Organism:exp] NOT “partial” AND 500:100000[SLEN]’,
which retrieved proteins that belong to the members of the Retroviridae family [NCBI: txid11632] with a
length between 500 and 100,000 amino acids and were not annotated as partial (86,662 sequences). The
second query was ‘txid186534[Organism:exp] NOT “partial” AND 500:100000[SLEN]’, which retrieved
proteins that belong to the members of the Caulimoviridae family [NCBI: txid186534] with a length
between 500 and 100,000 amino acids and were not annotated as partial (720 sequences). The last
query was ‘txid186665[Organism:exp]’, which retrieved proteins that belong to the members of the
Metaviridae family [NCBI: txid186665] (5 sequences). Out of 12,520 Pol hits, only 2757 exhibited the
greatest similarity to FV proteins (Table S2). The rest were removed from the subsequent dataset.

We noted that some of these 2757 Pol sequence candidates, nevertheless, may actually have been
those of Class III ERVs and not actually of EFVs. To further exclude false positive hits, we used them
as queries in a BLASTx search against 194 retrovirus and ERV Pol protein sequences, publicly available
from the database held at http://bioinformatics.cvr.ac.uk/paleovirology/site/html/retroviruses.html.
Those with the best hit protein that did not belong to the Spumavirus genus at an E-value cut off of
1 x 1076 were further excluded from the dataset. Only 1959 sequence candidates remained after this
procedure (Table S2).

To recover potentially full elements, we extracted these 1959 Pol hits from the tuatara genome
with 10,000 base pairs extended on both ends. They were then searched against the CoeEFV Env
protein query using tBLASTn. The analysis showed that only 165 out of 1959 sequences exhibited
similarity to CoeEFV Env protein at the 1 X 1076 E-value cut off (Table S3). These 165 endogenous viral
elements were designated ERV-Spuma-Spu elements.

2.2. Consensus Sequence Reconstruction

The top 20 elements of the 165 ERV-Spuma-Spu elements that exhibited the greatest similarity
to the concatenated CoeEFV Pol-Env protein sequence were aligned and used to reconstruct a
consensus sequence. At the time of analysis, the quality of the tuatara genome was low, however,
containing many large strings of undetermined nucleotides (‘N’s). Furthermore, the majority of the
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identified ERV-Spuma-Spu elements were also interrupted by transposable elements. Because of this,
the standard protocol of consensus sequence reconstruction (or ancestral sequence reconstruction)
inferred false gaps where they should not have been. To overcome this problem, we only allowed
gaps in the consensus sequence if there were more than 15 sequences containing gaps in that
particular position; otherwise, a consensus base pair from non-gap sequences would be inferred.
Standard ambiguous bases were used in the case of base count ties. The consensus sequence of the
virus internal region was inferred separately from the LTR portion (Data S1), and the consensus
LTR sequence was inferred from both 5" and 3’ LTRs (Data S2). Only 16 LTR sequences from 11
elements could be aligned with confidence. ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/)
was used to identify open reading frames, and tRNAScan (http://lowelab.ucsc.edu/tRNAscan-SE/)
was used to identify the primer binding site. We also attempted to identify the internal promoter in
ERV-Spuma-Spu by comparing its sequence to those of mammalian FVs. The consensus sequence is
in Figure 1, Figure S1, and Data S3. As previously reported [8], reciprocal BLASTp searches showed
that the proteins identified from the consensus sequence were most similar to those of modern-day
FVs, supporting that these ERV-Spuma-Spu elements are indeed FVs.

2.3. EFVs in Other Reptiles

Pol and Env protein sequences of the consensus ERV-Spuma-Spu and CoeEFV were used in a
tBLASTn search against the NCBI Whole Genome Shotgun database restricted to reptiles and excluding
the tuatara genome to examine if other reptile genomes had any EFVs.

Numerous tBLASTn hits were returned from six reptile genomes showing similarity to the Pol
protein sequences. From each genome, we selected one to five top hits (19 hits in total) and examined if
they were most similar to modern-day FVs. Reciprocal BLASTx analysis suggested that none of them
were FV-like, however (Table S4). We thus did not analyze these sequences any further.

In contrast, only two FV-like env elements were found. One was found in the genome of the panther
gecko (Paroedura picta; BDOT01000314.1:c548029-545198), and the other was found in the genome
of Schlegel’s Japanese gecko (Gekko japonicus; LNDG01066615.1:c46188-43360). Neither elements
contained in-frame stop codons or transposable elements. Results from reciprocal BLASTx searchers
(Table S4) suggested that they were indeed EFVs, showing the greatest similarity to modern-day FVs.
They were designated ERV-Spuma-Ppi and ERV-Spuma-Gja, respectively.

The contigs containing ERV-Spuma-Ppi and ERV-Spuma-Gja were co-linear, suggesting that
they may be orthologs. Genes surrounding the EFVs were determined and compared to confirm
orthology. While LNDG01066615.1 was annotated with genes, BDOT01000314.1 was not. We thus used
the gene prediction program AUGUSTUS [9] to annotate the contig. Homologous regions in other
reptiles, including the European green lizard (Lacerta viridis, OFHU01003482.1), the brown spotted
pitviper (Protobothrops mucrosquamatus, BCNE02010247.1), and the green anole (Anolis carolinensis,
NW_003339653.1), were identified based on the genes found on LNDG01066615.1 and BDOT01000314.1
by using tBLASTn. AUGUSTUS [9] was used to annotate the genes on these contigs when gene
annotations were not available. The results are shown in Figure 2.

To determine the type of selection that ERV-Spuma-Ppi and ERV-Spuma-Gja were under, their
nucleotide sequences were aligned, and a dN/dS ratio was computed by using CodeML implemented
in PAML 4.9¢ [10]. The run mode was set to the “pairwise” mode (runmode = —2). No clock was
assumed (clock = 0: no clock) with all sites assumed to have evolved under the same rate (fixed «
=1and « = 0), and the equilibrium codon frequencies were assumed to be equal to those that were
observed (CodonFreq = 3: code table; estFreq = 0: use observed freqs). The universal genetic code
(icode = 0: universal) was used to determine the number of synonymous and non-synonymous sites
and changes. The basic model of selection (model = 0: one dN/dS ratio; NSsites = 0: one w) was used
to compute an overall dN/dS ratio for the entire env like gene.

To investigate the possibility that ERV-Spuma-Ppi and ERV-Spuma-Gja might be transcriptionally
active, we used them to query the Reptilian Transcriptomes v2.0 Database [11], using both BLASTn and
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tBLASTn searches. One very significant hit was returned from the transcriptomic sequence database
of common leopard Gecko (Eublepharis macularius), named “EMA_Contig_Illumina_8645”. It was a
consensus contig that was estimated from 499 raw transcript reads.

2.4. Recombination Analyses

A concatenated alignment of pol-env nucleotide sequences of mammalian, tuatara, amphibian,
and lobe-finned fish FVs/EFVs was prepared for recombination analyses. Their gag sequences were
not included, as they could not be aligned among these viruses. To obtain ERV-Spuma-Spu’s pol
and env sequences, we used BLASTn to query the 165 ERV-Spuma-Spu elements with the consensus
ERV-Spuma-Spu’s pol and env sequences with an E-value cut off of 1 x 107°. Hits that were found in
the same ERV-Spuma-Spu element and that were in the same orientation were concatenated according
to their hit locations to obtain contiguous viral sequences without transposable elements. We only
included those with both pol and env gene coverage of > 80% in the alignment. The final alignment
contained 45 sequences, 27 of which were ERV-Spuma-Spu elements and were 4695 nucleotides (nt)
long (pol: 2685 nt; env: 2010 nt) (Data S4).

Potential recombination events were detected using 7 programs: RDP, GENECONYV, Chimaera,
MaxChi, BootScan, SiScan, and 3Seq, implemented in Recombination Detection Program 4 [12] with
their default settings. Only those detected with >4 programs were considered significant.

2.5. Phylogenetic Analyses

Recombination analyses suggested that FVs’ pol and env genes might have different evolutionary
histories (see Results). We thus estimated Pol and Env protein phylogenies separately under the
Bayesian phylogenetic framework by using MrBayes 3.2.6 [13] to better understand how they evolved
(Figure 3). The Env protein alignment was derived from the env nucleotide alignment used in the
recombination analyses with the addition of sequences from the two gecko EFVs (Data S5). For the Pol
protein alignment, sequences from fish EFVs and non-FV class III ERVs were included as an outgroup
(Data S6). This alignment (containing only the reverse transcriptase and integrase coding domain
portions) was based on the one we used in our previous study, allowing the results to be compared.
The best-fit amino acid substitution models were determined to be JTT+I+I'(4)+F for the Env alignment
and JTT+I'(4)+F for the Pol alignment by ProtTest 3.4.2 [14] under the sample size corrected Akaike
information criterion. Two Markov chain Monte Carlo chains were run for 10,000,000 steps with a
sampling frequency of 1 per 1000 steps. The metropolis coupling algorithm (3 hot chains and 1 cold
chain) was used to improve the sampling. The first 25% of sampled parameter values were discarded
as burn-in. Potential scale reduction factors of all parameters were ~1.000 in both analyses, indicating
that they were all well sampled from their posterior distributions and had converged.

2.6. Evolutionary Timescale Inference

Many studies have shown that mammalian FVs have a long-term co-speciation history with their
hosts throughout the entire evolution of the eutheria [2,15-17]. This extraordinarily evolutionary
feature has led to the observation that the relationship between the virus total per-lineage substitution
numbers (s) and the evolutionary timescales (f) can be approximated very well by a power-law function:
log(t) = alog(s) + B [18]. We used this relationship, the so-called time-dependent rate phenomenon
(TDRP) model, to estimate evolutionary timescales of reptile EFVs.

For each of the trees in the posterior distribution obtained from the Bayesian phylogenetic
analyses, we traced the simian foamy virus Pan troglodytes verus (SFVpve) backwards in time to
various virus-host co-speciation nodes to obtain various s estimates, of which the corresponding ¢
estimates could be inferred directly under the co-speciation assumption (Table S5). Based on virus-host
tree topology comparison, seven co-speciation nodes could be inferred in the Pol phylogeny (Figure 3A,
labeled with black Roman numerals), and five were inferred in the Env tree (Figure 3B, labeled with
black Roman numerals) down the SFVpve lineage. These corresponding s and t estimates were used to
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calibrate the TDRP model. The model fitting was performed by using the Im function implemented in R
3.1.2 [19], and the f and the s estimates were log-transformed (base 10) prior to the linear model fitting.
The model was then extrapolated to estimate the timescales of other nodes from their s estimates.

3. Results

3.1. Characterisation of ERV-Spuma-Spu

By using a series of BLAST searches (see Materials and Methods for details), we identified 165
FV-like endogenous viral elements (EVEs) in the genome of tuatara (Sphenodon punctatus; accession
number: QEPC01000000). All of these EVEs showed the greatest similarity to modern FV Pol protein
sequences (and not to those of other retroviruses) and harbored FV-like env sequences (Tables S1-53).
We observed that most of these EVEs contained transposable elements, interrupting their protein
coding regions, indicating that they are genuine non-functional and old endogenous viruses and not
contamination of extant virus sequences in the sequence of the tuatara genome. Due to the poor
quality of the tuatara genome at the time of analysis, many EVE sequences contained large strings of
“N”, representing undetermined nucleotide sequences. We treated them as gaps in the downstream
analyses in this study.

A consensus sequence of these FV-like EVEs (Figure 1A) was reconstructed for genome annotation
(see Materials and Methods for details). Twenty out of the 165 elements that showed the greatest
similarity to the concatenated CoeEFV’s Pol and Env protein sequence were aligned and curated and
subsequently used to reconstruct a consensus sequence. The consensus sequence of the virus body
was inferred separately from the long terminal repeat (LTR) portion (Data S1), and the consensus LTR
sequence was inferred from both 5’- and 3’-LTR sequences (Data S2). An average pairwise distance
between these 20 elements was estimated to be only 0.118 substitutions per site (body portion), and
they could be aligned with high confidence, indicating that they are of the same virus lineage. See
Figure S1 and Data S3 for the full consensus sequence. Sequence comparison revealed that this virus
is highly similar to the ERV-Spuma-Spu previously reported in [8]. They exhibit 97.17% nucleotide
percentage identity and 97% coverage (with the one in [8] being 3% shorter), suggesting they are
the same virus. The slight differences are likely due to the different methods we used to reconstruct
the sequences.

1 1K 2K 3K 4K 5K 6K 7K 8K 9K 10,044

5'LTR . 3'LTR

PBS (tRNA-Lys)

W ool G55

[T (][ 5

OO CHEN:
R | PRY [ B39 1 B | BEE] B

Figure 1. Reconstructed, putative, ERV-Spuma-Spu genome (A) and foamy virus (FV) internal promoters
(B). Top-A, scale bar indicates nucleotide position. Middle-A, schematic diagram representing the
genomic organisation of ERV-Spuma-Spu. LTR: long terminal repeat (grey); PBS: primer binging site;
Gag: group antigen gene (green); Pol: polymerase gene (yellow); Env: envelope gene (blue). Bottom-A,
start (green) and stop (red) codon positions in the six translation frames (+1, +2, +3, -1, =2, and -3).
Potential open reading frames are shown in purple. The dotted boxes indicate the two open reading
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frames identified as a single accessory gene in [8]. The nucleotide sequences of consensus
ERV-Spuma-Spu can be found in Figure S1 and Data S3. Left-B, internal promoters (TATAAAA)
towards the 3" end of the env gene could be identified in all mammalian FVs (highlighted in yellow)
but were absent from CoeEFV (endogenous FVs) and ERV-Spuma-Spu. Right-B, protein sequences
used to guide the nucleotide alignment. Those corresponding to the sequences on the left are shown in
brighter colors.

In summary, the consensus sequence was 10,044 nucleotides (nt) long. The LTRs were 935 nt in
length (5’-LTR: nt 1-935, 3’-LTR: nt 9110-10,044), which were longer than those of other retroviruses
such as alpharetroviruses (~350 nt), gammaretroviruses (~600 nt), deltaretroviruses (~550-750 nt), and
lentiviruses (~600 nt), but were typical for FVs (~950-1700 nt) [20]. We noted that our LTRs were
longer than those reported in [8] (694 nt); a sequence comparison showed that the consensus sequence
reported in [8] was missing ~240 nt corresponding to the beginning (i.e., the 5" end) of the LTRs (Data
S2). A lysine tRNA utilizing primer binding site (PBS) was identified downstream of the 5’-LTR
(TGGCGCCCAAYGTGGGGCTCGA, nt 938-959), which is typical of mammalian FVs [21,22]. The gag
gene was predicted to be 1308 nt long (nt 1085-2392) to generate a 435 amino acid (aa) protein. This was
markedly shorter than those of mammalian FVs (~550-650 aa). The pol and env genes were determined
to be 3540 nt (nt: 2487-6026; 1179 aa) and 3003 nt (nt: 5956-8958; 1000 aa) long, respectively, which are
typical lengths of mammalian FV pol and env genes. Results from reciprocal BLAST analyses revealed
that all three protein products were most similar to those of mammalian FVs (Table 1), consistent
with previously reported results [8]. Phylogenetic analysis also showed that these EVEs clustered
with other FVs and EFVs (see below), supporting that this consensus sequence is indeed derived from
EFV elements.

Table 1. Reciprocal BLASTp analyses of ERV-Spuma-Spu against the National Center for Biotechnology
Information (NCBI) non-redundant retroviral protein database.

. . . Accession Query o .
Protein Best reciprocal BLASTp Hit Number Coverage E-Value % Identity
Gag Gag polyprotein [Feline foamy virus] AAC58530.1 95% 5% 10733 27%
Pol Pol [Rhesus macaque simian foamy virus] ~ YP_009513242.1 96% 0.0* 44%
Env Env protem []apanese macaque simian YP70095085571 91% 1% 10_101 28%

foamy virus]

* as explicitly reported by the program.

One hypothetical open reading frame (ORF) was identified as an accessory gene in the previous
study [8]. This ORF could be mapped to nt 9114-9498 in our consensus sequence, corresponding to the
LTR portion (Data S2). In our consensus sequence, the identified ORF appeared to be broken into two
separate ORFs of different frames (nt 9114-9305, frame +3 and nt 9343-9498, frame +1; Figure 1A).
The crucial difference was that the Wei et al. sequence missed a nucleotide, causing the two ORFs to
merge as one (Data 52; 10049th column in the alignment; 196th nt in our consensus LTR sequence).
Indeed, we failed to locate any accessory genes between the env gene and the 3’-LTR, typical of a
mammalian FV (Figure 1A). In addition, as previously noted, the hypothetical accessory protein did
not exhibit significant similarity to any known FV proteins [8] or indeed any molecular sequences in
the National Center for Biotechnology Information (NCBI) non-redundant (nr) nucleotide collection
database. Furthermore, we could not identify an internal promoter towards the 3’ end of the env
gene (Figure 1B) required for efficient accessory gene expression [23,24]. All these results suggest that
ERV-Spuma-Spu may actually lack accessory genes and that the previously identified accessory gene
was an artifact.
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3.2. The Discovery and Characterisation of Gecko EFV's

In addition to ERV-Spuma-Spu elements, we were able to recover two FV-like elements from
two gecko genomes, namely panther gecko (Paroedura picta; accession number: BDOT01000000) and
Schlegel’s Japanese gecko (Gekko japonicus; accession number: LNDG01000000). They were found on
contig BDOT01000314.1 (nt: ¢548,029-545,198; 943 aa) and contig LNDG01066615.1 (nt: c46,188-43,360;
942 aa), respectively. Both elements consisted solely of a full-length FV-like env gene, and no other
FV-like elements could be identified. Interestingly, neither of them contained any in-frame stop codons
or transposable elements. Reciprocal BLAST analyses showed that both elements were most similar to
modern mammalian FVs (Table S4). Consistent with this finding, phylogenetic analysis revealed that
they clustered with other FVs and EFVs (see below). Combined, these results strongly suggest that
they are EFVs. We designated the two elements ERV-Spuma-Ppi and ERV-Spuma-Gja, respectively.

We determined that BDOT01000314.1 and LNDG01066615.1 were co-linear, suggesting that
ERV-Spuma-Ppi and ERV-Spuma-Gja might be orthologous. ERV-Spuma-Gja was found in the intronic
region of the predicted endoplasmic reticulum membrane protein complex subunit 1 gene (EMCI:
XM_015412627.1) between exon 21 and 22 in the antisense orientation. Further examination revealed
three other genes in the same vicinity of ERV-Spuma-Gja, namely ubiquitin protein ligase E3 component
n-recognin 4 gene (UBR4: XM_015412557.1), MRT4 homolog, ribosome maturation factor gene (MRTO4:
XM_015412607.1), and aldo-keto reductase family 7 member A2 gene (AKR7A2: XM_015412595-6.1).
At the time of analysis, the contig BDOT01000314.1 (of the panther gecko genome) was not annotated
with genes; nevertheless, we were able to confirm that ERV-Spuma-Ppi had the same genomic location
as ERV-Spuma-Gja and was surrounded by the same set of genes in the same order, confirming that
they are orthologs. Moreover, we were able to identify corresponding homologous genomic regions
in the genomes of European green lizard (Lacerta viridis, OFHU01003482.1), brown spotted pitviper
(Protobothrops mucrosquamatus, BCNE02010247.1), and green anole (Anolis carolinensis, NW_003339653.1)
based on the presence of these genes. However, none of these reptile genomes had homologs of
ERV-Spuma-Ppi and ERV-Spuma-Gja. The results are shown in Figure 2. We thus could infer that
ERV-Spuma-Ppi and ERV-Spuma-Gja are at least 96 (83-98) million years (myr) old based on the
speciation date of panther gecko and Schlegel’s Japanese gecko [25]. Furthermore, a pairwise nucleotide
sequence comparison of ERV-Spuma-Ppi and ERV-Spuma-Gja estimated its dN/dS ratio to be 0.14
(0.08-0.54), strongly suggesting that they were under strong purifying selection pressure.

Remarkably, when we queried the Reptilian Transcriptomes V2.0 Database [11] with
ERV-Spuma-Ppi and ERV-Spuma-Gja, we recovered a transcript consensus contig from the
transcriptome of common leopard gecko (Eublepharis macularius), which is closely related to panther
gecko and Schlegel’s Japanese gecko. The sequence exhibited 82.2 and 93.0 aa percentage identity
(E-value = 4 x 107% and 2 x 1077#) and 81.6 and 86.94 nt percentage identity (E-value = 1 x 1073
and 4 x 107118) to ERV-Spuma-Ppi and ERV-Spuma-Gja, respectively. The contig was 626 bases long
and constructed from 499 raw reads. We could not check for the homolog of ERV-Spuma-Ppi and
ERV-Spuma-Gja in the leopard gecko genome, as it is currently not available. However, this finding
suggests that ERV-Spuma-Ppi and ERV-Spuma-Gja might be transcriptionally active.
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Figure 2. FV-like env sequences in panther gecko (Paroedura picta, BDOT01000314.1) and Schlegel’s
Japanese gecko (Gekko japonicus, LNDG01066615.1). (A) Alignment of Env protein sequences of prototype
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FV (SFVpsc), consensus ERV-Spuma-Spu, and the two gecko FV-like endogenous viral elements,
BDOT01000314.1: ERV-Spuma-Ppi, and LNDG01066615.1: ERV-Spuma-Gija. (B) BLASTn dot matrix
between LNDG01066615.1 and BDOT01000314.1. The red circle indicates the location of the FV-like
env sequences. (C) Homologous regions in three other reptiles, namely European green lizard (Lacerta
viridis, OFHU01003482.1), brown spotted pitviper (Protobothrops mucrosquamatus, BCNE02010247.1),
and green anole (Anolis carolinensis, NW_003339653.1). Genes were predicted by AUGUSTUS [9]. Four
eukaryotic genes are shown on the diagram from left to right: ubiquitin protein ligase E3 component
n-recognin 4 (UBR4, red), ER membrane protein complex subunit 1 (EMC1, orange and yellow), MRT4
homolog, ribosome maturation factor (MRTO4, green), and aldo-keto reductase family 7 member A2
(AKR7A2, blue). Gene homology at the protein level was examined by using BLASTp. FV-like env
genes are highlighted in grey. Grey bars represent the contigs, and the scale bar (black) represents a
length of 10 kb.

3.3. Recombination Analyses

A concatenated nucleotide alignment of pol and env sequences of ERV-Spuma-Spu elements
together with those of mammalian, amphibian, and lobe-finned fish FVs and EFVs was checked for
potential recombination events by Recombination Detection Program 4 (RDP4) [12]; gag sequences
were not included, as they could not be aligned among these viruses. We found that, out of 165
ERV-Spuma-Spu elements, 138 of them (83.6%) had coverage of either pol or env genes of < 80% (see
Methods and Materials for details), likely due to the poor genome quality at the time of analysis.
We thus decided to exclude them from any further downstream analyses. The alignment contained
45 sequences, 27 of which were those of ERV-Spuma-Spu elements, and was 4695 nt (pol: 2685 nt; env:
2010 nt) long after curation (Data S4).

The analysis first identified two ERV-Spuma-Spu elements as recombinants (QEPC01002018.1:
1489335-1511987, and QEPC01002018.1: 1489335-1511987), harboring an integrase coding domain of
unknown origin at the same genomic locations (position in the alignment: nt 2038-2596; Figure S2). We
removed the recombinant regions (nt 21522432 after manual inspection) and performed the analysis
again to further examine for other potential recombination events.

The results from the second round of analysis suggested that the pol and the env genes have
different evolutionary histories. Based on the default dendrogram outputs from RDP4 [12] estimated
using the unweighted pair group method with arithmetic mean, we found that, while ERV-Spuma-Spus’
pol genes are more closely related to those of CoeEFV, their env genes are more similar to those of
mammalian FVs (Figure S3). No recombination could be detected in either of the individual pol and
env nucleotide alignments after that.

3.4. Phylogenetic Analyses and Evolutionary Timescale Estimation

To better understand how the pol and env genes evolved, their evolutionary histories were
estimated from their corresponding protein alignments by using a Bayesian phylogenetic method
(Figure 3). The Env protein alignment was derived from the env nucleotide alignment used in the
recombination analyses with the addition of the two gecko EFVs to investigate how they relate to other
FVs (Data S5). For the Pol protein alignment, we included sequences from fish EFVs and non-FV class
IIT ERVs as an outgroup. This Pol alignment (Data S6) was based on the one we used previously in the
study reporting the discovery of amphibian and fish EFVs [4], allowing the results to be compared.

Overall, the well-established broad co-speciation pattern between mammalian FVs and their
hosts could be recovered from both the Pol and the Env phylogenies (Figure 3), and the topology
of the Pol tree was comparable to that previously published in [4]. Our analyses suggested that
ERV-Spuma-Spus’ Pol is sister to that of CoeEFV (Bayesian posterior probability clade support = 0.99),
while their Env is more closely related to those of mammalian FVs (Bayesian posterior probability
clade support = 0.97). These results were consistent with those obtained from the recombination
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analysis (Figure 53). In addition, we found that the Env proteins of ERV-Spuma-Spu elements did not
cluster with gecko EFVs; they instead formed two separate lineages, with gecko EFVs being closer to
mammalian FVs (Bayesian posterior probability clade support = 1.00). In addition, we noted that, while
our Pol protein analysis strongly supports the sister taxon relationship between ERV-Spuma-Spu and
CoeEFV, the previous Pol protein analysis showed that ERV-Spuma-Spu is a sister taxon of mammalian
FVs, inferred under the maximum likelihood framework with 89% bootstrap support [8]. This could
be due to the differences in the methods (Bayesian vs. maximum likelihood) and/or the alignments
used (reversed transcriptase + RNase-H + integrase domain vs. reversed transcriptase + RNase-H).
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Figure 3. Foamy virus Pol, Env, and host phylogenies. Bayesian Pol (A) and Env (B) phylogenies were
estimated by using MrBayes 3.2.6 [13], and their scale bars are in the units of amino acid substitutions
per site. Both Pol and Env trees were rooted by the mid-point rooting method, and the determined
outgroups are shown in grey. Arabic numerals on nodes are Bayesian posterior probability clade
support values. The topologies of the Pol and the Env trees were compared to that of the host phylogeny
(C) to identify virus-host co-speciation events labeled with Roman numerals. Nodes on different
phylogenies that are labeled with the same Roman numeral are those corresponding to the same
co-speciation event. The timescale of the identified co-speciation nodes, directly inferred from their
hosts (Table S5), was used to calibrate the timescales of other nodes. The host tree topology was
estimated elsewhere [26], and its scale bar is in units of millions of years. The virus-host association can
be found in Table S6. SFV: simian foamy virus; psc, Pan troglodytes schweinfurthii chimpanzee; pve, Pan
troglodytes verus chimpanzee; ggo, Gorilla gorilla gorilla; ppy, Pongo pygmaeus orangutan; mcy, Macaca
cyclopis macaque; cae, Chlorocebus acthiops Grivet; cja, Callithrix jacchus marmoset; axx, Ateles spider
monkey; scc, Saimiri sciureus squirrel monkey; ocr, Otolemur crassicaudatus brown greater galago; BFVbta,
bovine foamy virus Bos taurus; EFVeca, equine foamy virus Equus caballus; FFVfca, feline foamy virus
Felis catus; PSFVaye, prosimian foamy virus aye-aye; EFV, endogenous foamy virus; SIoEFV, sloth EFV;
ChrEFV, Cape golden mole EFV; CoeEFV, Coelacanth EFV; NviFLERV-1, Notophthalmus viridescens
foamy virus-like endogenous retrovirus - 1.

Evolutionary timescales of reptile EFVs were estimated using the time dependent rate phenomenon
(TDRP) model [18,27]. The TDRP model is a model that describes the relationship between total per
lineage substitutions (s estimates) and their associated evolutionary timescales (t estimates) using a
power law function (t = asf), and this relationship can be used to estimate a t value for an arbitrary
node given its s (node height in the units of substitutions per site) [18,27]. We traced simian foamy virus
Pan troglodytes verus (SFVpve) down the trees to obtain total per lineage substitutions across various
timescales for the TDRP model estimation. Based on virus-host tree topology comparison, we inferred
seven virus-host co-speciation events in the Pol phylogeny (Figure 3A, labeled with Roman numerals)
and five in the Env tree (Figure 3B, labeled with Roman numerals) that lie along the SFVpve lineage,
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and the timescales of these nodes were inferred directly from those of their hosts (Table S5). Two TDRP
models were estimated based on the ¢ and the s estimates of these identified co-speciation nodes, one
for the Pol protein [a = 364.08 (242.33-533.43), f = 1.59 (1.34-1.86), Adjusted R? = 0.95 (0.90-0.99)],
which was comparable to the one previously reported {a = 407.89 (264.32-583.97), p = 1.63 (1.38-1.90),
Adjusted R? =0.95(0.91-0.99) [4]}, and the other for the Env protein [a = 124.18 (100.42-152.36), = 1.41
(1.21-1.60), Adjusted R? = 0.96 (0.91-0.99)]. They were then used to extrapolate in order to calculate
the timescales of other nodes based on their s estimates.

Analyses of the Pol protein sequences suggested that the ERV-Spuma-Spu lineage diverged 232.50
(173.70-303.33) myr ago (mya), which was comparable to that estimated based on the Env protein
sequences, which was 257.15 (202.49-324.05) mya. These age estimates were, however, significantly
lower than those of their hosts, which were estimated to be 324.7 (318-331.4) mya [28]. The age of the
gecko EFV lineage was estimated to be 208.54 (171.59-250.91) myr old based on phylogenetic analysis
of the Env protein sequences. This was consistent with their minimum age estimate of ~96 myr old.
In addition, based on the Pol phylogeny, we also estimated the age of the amphibian EFV lineage and
the entire clade of vertebrate FVs/EFVs to be 326.40 (229.14-448.65) myr old and 479.08 (298.31-718.86)
myr old, respectively. These estimates were comparable to those previously reported {amphibian
FVs: 348 (251-478) myr old and vertebrate FVs: 455 (304-684) myr old [4]} and those of their hosts
(amphibians: ~335myr old [29], and vertebrates: ~465 myr old [29]). Our results are thus consistent
with those previously reported and support the long-term co-evolution between FVs and their hosts
since the origin of vertebrates.

4. Discussion

This study reports two novel reptile EFVs that reside in the genomes of panther gecko
(ERV-Spuma-Ppi) and Schlegel’s Japanese gecko (ERV-Spuma-Gja) and further characterizes
ERV-Spuma-Spu [8]. Together with ERV-Spuma-Spu [8], we analyzed the evolutionary history
of reptilian FVs in detail, filling in the gap in our knowledge of the deep history of FV-host co-evolution.

ERV-Spuma-Ppi and ERV-Spuma-Gja are not full length ERVs, comprising only a full-length
FV-like env gene, and are present in only a single copy in each genome. We showed that they are
orthologous, being present in the same host genomic location in both species. Based on the speciation
date of their gecko hosts, we inferred that these EFVs are at least 96 (83-98) myr old [25], making them
the oldest EFVs ever discovered to date. The two gecko EFVs are located in the intronic region of the
EMC1 gene in an antisense orientation typical of an old fixed intronic ERV; antisense integrations are
favored because they are likely minimally disruptive to the host’s gene transcription processes [30].
Remarkably, they do not contain any in-frame stop codons or transposable elements despite being
almost 100 myr old and have been under strong purifying selection with a dN/dS estimate of 0.14
(0.08-0.54). Furthermore, by searching the transcriptomic sequence database of the common leopard
gecko in the Reptilian Transcriptomes v2.0 Database [11], we discovered a transcript consensus
sequence constructed from 499 reads that is highly similar to ERV-Spuma-Ppi and ERV-Spuma-Gja,
exhibiting more than 80 percent identity both at the protein and the nucleotide levels. Combined, these
findings suggest that they might be transcriptionally active and have been maintained for potential
cellular functions, making them the first ever known co-opted EFVs. We, however, noted that the
transcript we retrieved was distinct from the two gecko EFVs obtained from a different host species and
mapped to only a small portion of the 3" end of the env genes. Additional analyses of transcriptomic
data obtained directly from Gekko japonicas and Paroedura picta are thus required to confirm that the
two gecko EFVs are transcriptionally active.

Retroviral env genes are known to have been co-opted many times by various vertebrate hosts
for a wide range of functions. The most well-known one is perhaps the syncytin genes, which was
captured for a function in placental formation numerous times by various mammals (see [31,32] for
reviews). A recent study identified (for the first time) a functionally active syncytin gene outside
mammals, namely syncytin-Mabl, in a lizard Mabuya [33,34]. The reptilian syncytin gene was identified
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as a gammaretrovirus env gene, however, which belongs to a different group to our two gecko EFVs.
Furthermore, Mabuya is a viviparous placental lizard, while geckos are not. Thus, the functions of
ERV-Spuma-Ppi and ERV-Spuma-Gja might differ from that of syncytin-Mab1.

The fact that the env reading frames are still intact and under purifying selection despite their old
age suggests that ERV-Spuma-Ppi and ERV-Spuma-Gja are functional at the protein level. BLASTp
analyses against the NCBI nr protein database failed to identify cellular proteins that are related to
ERV-Spuma-Ppi and ERV-Spuma-Gja. Therefore, their functions still remain elusive. Nonetheless,
the two gecko EFVs are inserted in the EMC1 gene, which intriguingly shows greatest expression
level in placenta tissues in human [35]. One could thus imagine that the two genetic elements might
be co-expressed and are in turn functionally associated, as has been repeatedly shown in several
organisms [36-38]. Although geckos lay eggs and do not possess true placenta tissues such as
Mabuya lizards, the physical association of EMC1 with co-opted retroviral env sequences suggests
their possible involvement in the reproductive system of geckos, analogous to the syncytin gene in
mammals [31,32] and viviparous placental lizards [33,34]. Furthermore, the EMC1 protein influences
virus cross-membrane transportation and infectivity via direct physical contact with viral particles [39].
The two gecko EFVs might thus play an active role in the host immune systems as well, if their functions
are indeed associated with those of EMC1. Indeed, studies have shown that retroviral env genes
can be co-opted and exapted for host anti-viral defense, acting as restriction factors against related
retroviruses [40,41]. Our finding warrants further functional investigation to confirm the potential
involvement of ERV-Spuma-Ppi and ERV-Spuma-Gja in gecko reproductive and/or immune systems.

We were able to identify 165 ERV-Spuma-Spu elements in the tuatara genome. Examination
of their consensus sequence revealed that ERV-Spuma-Spu only possessed the three main retroviral
core genes, namely gag, pol, and env, flanked by two LTRs. A previous study identified one short
hypothetical open reading frame (192 nt) as an accessory gene [8]; however, we found that the sequence
was actually part of the 3’-LTR. On the other hand, we could not identify any accessory genes located
between the env gene and the 3° LTR, which is typical for a mammalian FV [4,6,42]. The authors of the
previous study also noted that the identified accessory gene did not exhibit similarity to any known
foamy accessory genes. Further examination revealed that the hypothetical protein was not intact
and did not exhibit significant similarity to any known molecular sequences in the NCBI nr database.
In addition, we could not identify a potential internal promoter towards the 3" end of the env gene.
It is thus possible that the previously identified accessory gene in ERV-Spuma-Spu might have been
an artifact. At face value, the observed lack of accessory genes is suggestive of ancient gene losses in
ancestral exogenous reptile FVs. Alternatively, it could be that the ancestral exogenous tuatara FVs did
possess accessory genes but lost them after becoming endogenous. This observation is also consistent
with multiple acquisitions of accessory genes in other FVs at the same genomic location, which is
perhaps less parsimonious but nevertheless possible. Discovery of other reptilian FVs or EFVs will
help elucidate this issue.

Furthermore, we found that the ERV-Spuma-Spu gag gene was markedly shorter than those of
typical simian FVs. Protein sequence comparison showed that the putative ERV-Spuma-Spu Gag
protein had a full matrix domain essential for Gag-Gag interaction [43,44], Gag—Env interaction [44],
and Gag-microtubular network interaction [45]. The conserved central region, which is evolutionarily
related to orthoretroviral capsid proteins [46], could also be found. The regions between the matrix
and the capsid domain (aa ~180—-~300 of the SFVpsc Gag protein) were missing, however, containing
the late domain (P»g4SAP domain), which mediates viral particle release [47]. Nevertheless, this region
was not highly conserved; indeed, non-primate FVs including bovine, equine, and feline FVs also lack
this region and the late domain [48].

Moreover, a region homologous to the C-terminus of the nucleocapsid domain (corresponding to aa
549-648 in the SFVpsc Gag protein) containing part of the glycine/arginine rich box (GR) I and the entire
GR-III was also missing from the putative ERV-Spuma-Spu Gag protein. GR-I, a nucleolar localization
signal [49] that mediates nucleic acid binding [50] and is important for Pol packaging [51] and particle
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formation [52], could still be found. Sequence examination revealed that the chromatin-binding
sequence (CBS) in GR-II (aa 534-546 in the SFVpsc Gag protein [53]) required for a direct physical
contact between FV Gag protein and host nucleosomes [54] was still intact (Figure 4). The conserved
tyrosine and arginine residues in the CBS (Y405 and R408) could also be found (Figure 4), and are
essential for Gag chromosome binding and nuclear accumulation of Gag and genomic DNA [49,54,55].
The arginine-tyrosine-glycine (RYG) residues following the CBS (Figure 4) are crucial for nuclear
accumulation of FV Gag and DNA, and, perhaps most importantly, DNA integration [55]. Mutagenesis
of these residues causes significant reduction in all three activities, even if the CBS is complete [55].
Intriguingly, the RYG domain is absent from both ERV-Spuma-Spu and CoeEFV (Figure 4), which are
incidentally the only two EFVs known to be present in high copy numbers in the host genomes [5,8].
In addition, the missing GR-III box was shown to be a nucleolar localization signal similar to
GR-I [49]. Studies have shown that the deletion of GR-III only marginally affects viral budding [52,56],
intracellular localization [52,57], reverse transcription [52], RNA packaging/binding [50,52,56,58], and
particle morphology [52] but significantly reduces DNA packaging [52] and thus infectivity [52,56].
The lack of GR-III box and the RYG residues might help with the virus retrotransposition process
by allowing their DNA to accumulate in the host cell and subsequently re-integrate into the host
chromosomes in a steady and non-aggressive manner. As previously reported [8], a number of
ERV-Spuma-Spu elements of different ages with paired-LTRs could be recovered. This means that at
least some of the ERV-Spuma-Spu elements originated from the re-integration process and not via host
genomic copying or LINE-mediated retrotransposition of viral mRNA, supporting our hypothesis.
These observations might underlie the high copy number of ERV-Spuma-Spu and CoeEFV elements
found in the tuatara [8] and the coelacanth genomes [5], respectively.

Chromatin binding

sequence RYG
SFVpse NEEEENEREN <5
SFVpve I -562
SFVggo I. -554
SFVppy l -s<o0
SFVcae -545
SFVmcy -558
SFVcja -535
SFVssc -501
SFVaxx -539
SFVocr -562
BFVbta 0 -<c5
EFVeca H -2s0

L |
Frvica 413- EEEEN-NNNBENNENEE- - HENEE -

CoeFV 401- MHNEH_AENENER----------- -413
ERv-Spuma-Spu 402~ AAMEH.ANEEE=H----------- -a14

Figure 4. An alignment of chromatin-binding sequences (CBS) and surrounding regions. CBSs
of CoeEFV and ERV-Spuma-Spu are intact. The conserved tyrosine (Y; 4" column) and arginine
R; 7th column) residues in the CBS, which are essential for Gag mitotic chromosome binding and
nuclear accumulation of Gag and genomic DNA [49,54,55], could be found in all viruses. The
arginine-tyrosine-glycine (RYG) residues, which are also important for nuclear accumulation of FV Gag
and DNA [55], were absent from CoeEFV and ERV-Spuma-Spu but could be found in all mammalian FVs.

Based on their observation that ERV-Spuma-Spu is more closely related to mammalian FVs than
CoeEFV, Wei et al. proposed an ancient co-speciation of ERV-Spuma-Spu and mammalian FVs dating
back more than 320 million years ago [8]. This study, on the other hand, estimated the dates directly
based on molecular analyses of Pol and Env protein sequences and the more well-established history of
mammalian FV-host co-speciation. Our evolutionary analyses of Pol and Env proteins showed that the
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ERV-Spuma-Spu lineage is only 232.50 (173.70-303.33) and 257.15 (202.49-324.05) myr old, respectively,
comparable to one another in age. These estimates are much lower than those of their hosts, ~324.7 myr
old [28]. This finding rejects the ancient co-speciation hypothesis previously proposed and instead
suggests that the ancestral virus that gave rise to ERV-Spuma-Spu elements arose from (potentially a
series of) cross species transmission(s) from an unknown, non-reptilian host. This result also highlights
the pitfall of using tree topologies alone to infer a virus-host co-speciation history, especially when
there are only a few lineages in the investigation.

Our phylogenetic analyses of Env proteins revealed that, while ERV-Spuma-Ppi and
ERV-Spuma-Gja form a clade, they do not form a monophyletic clade with ERV-Spuma-Spu elements,
with the two gecko EFVs being closer to mammalian FVs than ERV-Spuma-Spu (Bayesian posterior
probability clade support = 1.00). We estimated the age of the gecko EFV lineage to be 208.54
(171.59-250.91) myr old. Again, this low age estimate is suggestive of a cross-species transmission
origin for the gecko EFVs’ ancestor, one that is broadly contemporary but independent from the
transmission that gave rise to the ancestor of ERV-Spuma-Spu elements.

The phylogenetic placement of CoeEFV with respect to that of the ERV-Spuma-Spu lineage also
suggests an evolutionary history of cross-species transmission. While the Pol protein of CoeEFV
exhibits a sister relationship with that of ERV-Spuma-Spu viruses (Figure 3A), its Env protein does
not, instead being basal to the clade of mammalian and reptile FVs (Figure 3B). Since CoeEFV forms
a clade with ERV-Spuma-Spu viruses in the Pol phylogeny, their branching dates from mammalian
FVs are hence the same, estimated to be 232.50 (173.70-303.33) mya. This is indeed comparable to
the previously reported estimate of 262.76 (195.00-342.08) mya [4] and further supports the complex
evolutionary history of FVs that might have transmitted several times between terrestrial and aquatic
animals in the distant past [4].

On the other hand, we estimated CoeEFV’s Env protein (and thus its env gene) to share a most
recent common ancestor with that of mammalian FVs 332.68 (236.13-451.42) mya. This age estimate
is drastically older than that of the pol gene, suggesting that CoeEFV’s pol and env genes might have
different evolutionary histories. We note however that this age estimate is conditioned on how the Env
tree is rooted. In this study, we chose the mid-point rooting method, which placed NviFLERV-1 (the
amphibian EFV) as the most basal lineage in the Env tree (Figure 3B), consistent with the topology of
the Pol tree (Figure 3A). However, if the pol and the env genes can have different evolutionary histories,
then there would be no intrinsic reasons for the Pol and the Env tree topologies to closely resemble
each other. Another possibility is to subjectively place CoeEFV as the most basal linage in the Env tree,
in which case the estimated date would be the divergence date of NviFLERV-1 instead, which in turn
would make it a lower bound estimate for the branching date of CoeEFV’s env gene. This nonetheless
still supports the hypothesis that CoeEFV’s pol and env genes have different evolutionary histories.

This finding mirrors observations from primate [59] and feline FVs [60,61]. Studies at the
population level identified the surface domain of their env genes to have evolutionary histories that are
strikingly different from the rest of the env gene and the pol gene [59-62], segregating into two variants
that co-circulate in the same host populations while other genomic regions are not phylogenetically
distinguishable. This domain carries the receptor binding domain and is targeted by neutralizing
antibodies [60,63], which may help explain its greater diversity. Our analyses could not detect this
evolutionary feature, since our dataset comprises only one sequence from each FV species. Nonetheless,
it is remarkable that a similar evolutionary pattern could still be observed at the species level focusing
on different timescales. Our results thus further support the modular nature of FV genomes and that
this might be a widespread evolutionary feature of FVs.

Our analyses reveal a complex evolutionary history and ancient transmission routes of ancient
FVs, likely involving host switches across the boundary between water and land, as well as the modular
nature of their genomes. Our work also highlights the importance and the value of recombination
analysis and temporal information in evolutionary inference as well as the pitfalls of tree-topology
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based virus-host co-speciation analysis. Discovery of additional EFVs will undoubtedly further our
understanding and improve our knowledge of the complex and rich natural history of FVs.
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Pol as probe against the tuatara genome, Table S2: Merged Pol hits and reciprocal BLASTx results, Table S3:
tBLASTn using CoeEFV Env as probe against the extended Pol hits, Table S4: foamy virus-like endogenous viral
elements in other reptiles, Table S5: host evolutionary timescales, Table S6: foamy virus-host association, Data S1:
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Abstract: Foamy viruses (FVs), also known as spumaretroviruses, are complex retroviruses that are
seemingly nonpathogenic in natural hosts. In natural hosts, which include felines, bovines, and
nonhuman primates (NHPs), a large percentage of adults are infected with FVs. For this reason,
the effect of FVs on infections with other viruses (co-infections) cannot be easily studied in natural
populations. Most of what is known about interactions between FVs and other viruses is based
on studies of NHPs in artificial settings such as research facilities. In these settings, there is some
indication that FVs can exacerbate infections with lentiviruses such as simian immunodeficiency
virus (SIV). Nonhuman primate (NHP) simian FVs (SFVs) have been shown to infect people without
any apparent pathogenicity. Humans zoonotically infected with simian foamy virus (SFV) are
often co-infected with other viruses. Thus, it is important to know whether SFV co-infections affect
human disease.

Keywords: foamy virus; spumaretrovirus; co-infections; NHP; pathogenesis; zoonoses

1. Introduction

Foamy viruses (FVs) comprise the Spumaretrovirinae subfamily of the family Retroviridae and are
also designated spumaretroviruses [1]. FVs are ancient complex retroviruses that have co-evolved with
their nonhuman primate (NHP) hosts for at least 60 million years [2]. Interestingly, recent sequencing
of an ancient marine fish, the coelacanth, revealed an endogenous foamy virus (FV) [3]. The coelacanth
is an ancient marine four-lobed fish believed to be the organism that first became terrestrial and is the
ancestor of all terrestrial organisms. This indicates that FVs have existed for an estimated 400 million
years [3], making Spumaretrovirinae the oldest known extant vertebrate virus subfamily.

FVs are apparently nonpathogenic in their natural hosts, which include NHPs (reviewed in [4]),
felines [5], bovines [6], and equines [7]. FVs have also been found in bats, although the physiological
consequences were not stated [8]. In non-primate hosts, FV prevalence is reported to be between ca.
30-70% in adults, depending on age, host, and location (reviewed in [9]). FVs were first identified
by their cytopathicity in tissue culture cells ([10-12], reviewed in [13]). Thus, there have been many
efforts to determine whether these viruses are pathogenic in vivo. To date, there have been no reports
demonstrating clear-cut pathogenicity in natural or accidental hosts (reviewed in [14]). However, in
research settings, there is some evidence that FVs can exacerbate the pathogenesis of other viruses.
This phenomenon cannot be well studied in natural infections, as finding FV uninfected adult animals
is difficult.

Simian FVs (SFVs) replicate primarily in tissues of the oral mucosa [15,16], and transmission most
likely occurs through transfer of saliva from one individual to the next. Often, infected saliva transfer
occurs through grooming, biting, or sharing food (reviewed in [4]). It is also thought that SFVs from
saliva enters the blood or oral cavity of the recipient [17]. In NHP blood transfusion studies, SFV can
be transmitted through blood [17,18]. However, it is not known whether this occurs in natural settings.
In natural FV-infected felines, FV DNA has been detected in buccal swabs and in the blood [19].
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While humans have contacts with felines and bovines, there is no evidence for actual infection
of humans with FVs from these species (reviewed in [14]). Zoonotic infections with SFVs are
frequent among animal caretakers, zoo keepers, bushmeat hunters, and others in direct contact with
NHPs [20-23]. For example, ca. 2-5% of individuals in North America who report contact with NHPs
are FV-infected, as determined by SFV polymerase chain reaction (PCR) (reviewed in [14]). There is no
evidence for human-to-human transmission. The underlying reason(s) as to why the virus has not
adapted to humans, but to all other primate species, is unknown.

Interestingly, SFV replication takes place in the most terminally differentiated superficial epithelial
cells of the oral mucosa—those about to slough off into saliva [15]. The lack of pathogenicity of
FV infections may be a result of this replicative niche in a cell type that turns over rapidly and is
relatively dispensable to the host [15]. If this cellular niche for SFV replication is altered as described
below for experimental simian immunodeficiency virus (SIV) infections, there may be potential for
pathogenic effects.

2. FVs and the Virome

Each organism is host to a multitude of microbes, known as the microbiome. Organisms are
also host to a collection of viruses, known as the virome (reviewed in [24]). Since, in natural species,
FVs infect the majority of adults, FVs are considered part of the virome. It is well established that
the virome plays a role in health and disease and that co-infecting viruses can affect each other and
the microbiome [24]. In this review, we will consider the effect of FVs on infections by other viruses,
in some cases, pathogens, and we will also consider the effects of other viruses upon FV infections,
summarized in Table 1.

Table 1. Foamy virus (FV) and retrovirus co-infections: their effects on the host.

Co-Infecting

. Genus Host Species Effects on FV Effects of FV References
Retrovirus
Increased SIV
RNA loads in [25]
Simian Macaca mulatta S the blood
Immunodeficiency  Lentivirus (thesus v rephcan'o? expanded to the Decreased
Virus (SIV) macaque) Jeunum survival and 2%
greater CD4+ T 201
cell loss
Simian T . . . . .

. . Papio anubis FV proviral load increased in the Not
cell-Lymphotropic Deltaretrovirs (baboon) eripheral blood, but not in saliva determined 271
Virus (STLV-1) perip '

Higher FFV DNA loads in PBMC
correlated with increased FeLV [28]
Feline Felis catus viremia and disease progression Not
Leukemia Virus  Gammaretrovirus (domestic éat) FFV DNA in the oral cavity was detern(:line d
(FeLV) detected in more cats with
progressive FeLV disease [19]
compared to regressive FeLV
disease

3. SFV Zoonotic Infections

There is evidence for zoonotic transmission of SFVs to humans (reviewed in [14]). Many of the
zoonotically infected people are those with direct contact with NHPs, including bushmeat hunters in
Africa as well as zoo and laboratory workers [20-23,29]. People whose interactions with NHPs are less
direct but who are SFV-infected have been found in Asia [30]. There are small numbers of individuals
identified who are infected with both SFV and human immunodeficiency virus (HIV) [31,32]. Moreover,
as there is interest in using FV as a vector for gene therapy [33,34], the questions surrounding FV
co-infections are becoming more relevant.
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4. SFV and Other Retrovirus Co-Infections

SFVs are endemic in all NHP species examined to date in Africa, Asia, and the Americas [13,35].
In Africa, there are at least three other endemic complex retroviruses that infect NHPs. These are
SIV, simian T-cell lymphotropic virus-1 (STLV-1), and simian retrovirus type D (SRV D). SIV had been
thought to be nonpathogenic in its natural African monkey hosts [36], but there are reports of an
acquired immunodeficiency syndrome (AIDS)-like illness in some SIV-infected natural hosts [37,38].
Additionally, when SIV infects other NHP species, such as chimpanzees and gorillas, it can be
pathogenic in some cases [39-41].

STLV-1 has not been as extensively studied in its natural NHP hosts as human T-cell lymphotropic
virus-1 (HTLV-1) has been in humans. HTLV-1 is pathogenic in only a small fraction of infected
humans (reviewed in [42]), and STLV-1 infection in NHPs has been associated with a number of T cell
abnormalities, including lymphomas and leukemias (reviewed in [43]). Many Asian NHPs are infected
with another retrovirus, SRV D [44,45]. Thus, it is likely that many macaques are co-infected with SRV
D and SFV. In NHPs, SFV as well as cytomegalovirus (CMV), a herpesvirus, are endemic and therefore
many adult animals are co-infected with both viruses [46]. However, whether these CMV or SRV D
co-infections alter animal health has not been reported.

4.1. SFV and SIV Co-Infections

Researchers have used the rhesus macaque (RM), also known as Macaca mulatta, as a model for
HIV infections. In the wild, SIV is not known to exist in Asia [47,48], the natural habitat of RM. SIV
sooty mangabey (SIVsm) has been found to be pathogenic in RM [49] and has become the virus used
to infect RM to recapitulate HIV infections. SFV infection is latent in most tissues, including the
blood. SFV replication is only detected in oropharyngeal tissues [16,25]. A key question concerning
FV-host interactions is whether FV replication is controlled by the host immune system. To address this
question, RM infected with pathogenic SIV strains (SIVmac239 and SIVmac155T3) that lead to CD4+ T
cell depletion were studied, and SFV replication was assessed in the blood and other tissues [25]. In
SIV/SFV co-infected RM, SFV replication was expanded to include the small intestine, the jejunum [25],
which is a site of SIV-induced CD4+ T cell depletion [50]. However, other tissues that were CD4+ T
cell depleted were not permissive for SFV replication [25]. Thus, it is not only CD4+ T cell depletion
per se that is responsible for the expansion of SFV replication to the jejunum. Overall, this indicates
that the host immune system is not limiting systemic SFV replication. It is important to note that the
strains of SIV used in this study were lab-adapted, highly pathogenic strains that are HIV infection
models in NHPs and are unlike SIV strains in natural hosts, which are usually poorly pathogenic.

It is also possible that SFV can affect the pathogenicity of other viruses, such as SIV. In natural
settings, most adult NHPs are naturally infected with SFV. Therefore, this issue was addressed using
RM individually housed in primate center facilities. The researchers examined SFV— and SFV+ RM
infected with a pathogenic SIV strain (SIVmac239) [26]. The SFV+ animals had increased SIV viral
loads in the blood and died more rapidly than SFV— RM. Thus, SFV infection does exacerbate STV
pathogenesis in experimentally SIV-infected RM.

The mechanism by which SFV increases SIV pathogenesis is unknown. One tissue target of SIV
pathogenesis in RM is the jejunum [50]. Whether SFV replication in the jejunum contributes to this
pathogenicity is an outstanding question. Because the SIV RM model commonly uses SFV+ animals,
the RM model might not totally recapitulate HIV pathogenesis in people who are SFV-. There is
evidence of HIV/SFV co-infections in humans [29,32]. Bushmeat hunters often get bitten by NHPs
and become SFV-infected [29]. The number of bushmeat hunters co-infected with SFV and HIV is
small. It would be of interest to compare HIV infections of bushmeat hunters who are SFV-infected
or uninfected.

Free-living chimpanzees (cpz) in multiple countries of Africa, such as Cameroon and Gabon, have
been analyzed for infection with SFVcpz and SIVcpz [51]. The researchers found that 15/70 (~21%) of
SFV-infected animals were co-infected with SIV. This indicates that co-infection of these two viruses is
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common in chimpanzees. In another study, in the monkey the Ugandan red colobus [52], SEFV/SIV
co-infections were also common, with 23% of individuals co-infected. The routes of transmission of
these two viruses are apparently different, with SFV transmission primarily through saliva. In the case
of SIV, both sexual transmission and aggressive behavior have been implicated (reviewed in [53]). The
effects of these two viruses on the health of free-living NHPs was not noted in either study, but this
would be of great interest because these are clear examples of natural co-infections.

4.2. SFV and STLV-1 Co-Infections

A cohort of naturally SFV-infected baboons were studied. Some of the baboons were also naturally
infected with STLV-1, while others were not, with 18 baboons studied per group. It was found that SFV
DNA levels in the blood, but not in the saliva, were increased in the STLV-1-infected baboons [27]. It is
not known why there is increased SFV DNA in the blood after STLV-1 infection. Two possibilities are
(1) increased integrated SFV proviruses, or (2) increased numbers of SFV viral particles in the blood.
The authors show that, in tissue culture cells, the related HTLV-1 transcriptional activator protein (Tax)
can stimulate the FV long terminal repeat (LTR). They suggest that this could be a mechanism that
explains the in vivo results [27]. However, it is also possible that since STLV-1 increases the number
of lymphoid cells in the blood, this could result in more SFV in the blood as well. Overall, STLV-1
infection is unlikely to alter SFV transmission, since SFV transmission is mostly through saliva rather
than blood. It is not known whether SFV infection alters the pathogenicity of STLV-1, since all of the
STLV-1-infected animals were also SFV-infected. There is also concern about SFV/HTLV-1 co-infection
in humans [54], as discussed further below.

4.3. SFV and SRV D Co-Infections

SRV D infections in Asian primates such as macaques sometimes causes an immunodeficiency-like
syndrome [44,45]. SRV D appears to be transmitted through saliva as well as urine and feces [55].
There is a report of one worker who is seropositive for both SFV and SRV D [56]. It should be noted
that this individual was both seropositive and PCR positive for SFV, but could not be shown to be PCR
positive for SRV D. Thus, this person may have been exposed to both viruses, producing antibodies,
but may not be actively SRV D infected. There is no evidence that this SRV D/SFV seropositive human
has any retroviral-related pathogenesis.

5. SFV Zoonotic Co-Infections and Hematological Changes

One study identified HTLV-1 and SFV co-infected hunters in Central Africa [54]. Fifty-six percent
of the hunters bitten by NHPs and infected with HTLV-1 were also infected with SFV, suggesting that
these two viruses may have been co-transmitted via the bites [54]. However, the pathogenic effects of
the co-infection were not evaluated.

There is a publication presenting evidence that SFV-infected bushmeat hunters from Cameron
seem to have different levels of hematological markers, including hemoglobin, creatine phosphokinase,
and bilirubin, than SFV-uninfected bushmeat hunters [57]. The SFV-infected group had a higher
incidence of HTLV-1 infections, and all participants except for one were infected with hepatitis B virus
(HBV). Thus, it is hard to ascribe the differences in hematological markers to SFV infection alone. These
differences could result from SFV co-infection with either HTLV-1 or HBV. In fact, as described in
baboons infected with STLV-1 [27], FV DNA levels were increased in the blood of co-infected animals.
Another publication reports no hematological differences in SFV-infected North American research
and zoo workers occupationally exposed to NHPs [58]. Since these individuals were unlikely to be
infected with HTLV-1 and/or HBYV, this supports the notion that hematological changes from SFV
infection are a result of co-infections. In natural hosts, there is no evidence that SFV alone leads to any
hematological changes. However, hematological changes in natural hosts infected with FV have not
been thoroughly investigated.
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6. Non-Primate FV Co-Infections

Most work on FV transmission has been done in NHPs. This has served as the general model for
FV transmission in other natural species. While the transmission route for non-primate FVs has been
speculated to include saliva, other transmission modes seem to occur. For example, bovine foamy
virus (BFV) has been detected in bovine breast milk [59]. In fact, BFV has been shown to be transmitted
from mothers’ milk to calves [60].

6.1. BFV and Herpesvirus Co-Infections

A serious illness of unknown origin in dairy cows is non-responsive post-partum metritis (NPPM).
It is thought to be caused by a virus, as it is unresponsive to antibiotics. There is some evidence that
bovine gammaherpesviruses (BoHVs) are associated with this disease (M. Materniak-Kornas, personal
communication, 2019). Since many cows are infected by BFV [60], it is possible that co-infection of
BFV and BoHV-4 or BoHV-6 is a factor in the disease. However, the researchers found that is not the
case, since as many healthy cows as sick cows were infected with BFV (M. Materniak-Kornas, personal
communication, 2019).

6.2. FFV and Other Retrovirus Co-Infections in Cats

Feline leukemia virus (FelLV), a retrovirus of cats, often leads to fatal diseases, including
lymphomas [61]. One study examined FeLV and FFV co-infections in domestic cats [28]. Natural FeLV
infections can have two outcomes; these are progressive infections leading to disease, or regressive
infections. Regressive infections are characterized by a transient production of viral structural proteins
and a persistence of low levels of integrated viral DNA. Cats that are progressively infected have
detectable FeLV RNA and infectious virions. It was found that higher levels of FFV DNA in the
blood correlated with increased FeLV viremia and disease progression [28]. In another feline study,
the researchers examined FelV regressive versus progressive infections [19]. In cats with regressive
infections, there were lower levels of FFV DNA in the oral cavity. This suggests the possibility that
innate or adaptive immunity to FeLV in the regressors could affect FFV as well.

There are cats co-infected with FFV and feline immunodeficiency virus (FIV), a lentivirus causing
decreases in CD4+ T cells and feline acquired immune deficiency syndrome (FAIDS) [62]. In one study,
a small number of cats were experimentally infected with FIV alone or with FIV and FFV. In this study,
FFV co-infection did not enhance the pathogenesis of FIV [63]. This is in contrast with what was seen
in RM infected with SFV and SIV, as described above [26]. However, in a study of FFV experimental
infection, FFV RNA was rarely seen in saliva samples (in only 1 of 80 samples) [64]. Thus, the FIV/FFV
co-infection study might be flawed, since it is possible that FFV experimental infection does not mirror
natural FFV infections. More studies are needed to assay viral RNA in tissues of naturally FV-infected
non-primates, including cats.

7. Conclusions

In natural hosts, FVs are highly prevalent and therefore finding uninfected adult animals is
difficult. Thus, all information about the effect of FVs on other viral infections in these species involves
artificial situations in which some animals are kept FV-free. Most of the studies on FV effects on
other viral infections use lab-adapted pathogenic viruses. In research laboratory settings, there is clear
indication that FV infections exacerbate lentiviral outcomes. There is also evidence that SFV has an
expanded tissue tropism in lentiviral co-infected NHPs. The prevalence of FV co-infected individuals
has been described in natural hosts. However, these studies did not report whether FV co-infection
affects pathogenesis induced by other viruses. Therefore, it is not known whether the results from
lab settings are relevant to what occurs in natural settings. The mechanism of how FV infections may
affect other viral infections is not clear.
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Humans can be zoonotically infected with SFVs from NHPs. While it has been reported that there
are people co-infected with SFV and HIV or HTLV-1, there are almost no data about whether SFV
infection of humans can exacerbate other viral infections. Overall, more studies in natural settings
and of human zoonotic FV co-infections would be important to understand whether FVs contribute to
the pathogenicity of other microorganisms. One example of a FV pathogenic effect on hosts is in RM,
using lab-adapted strains of a lentivirus, SIV. In the future, it will be important to see whether HIV
pathogenesis is worse in humans co-infected with SFV. It is also possible that in humans, FV infections
could exacerbate other viral infections such as HTLV-1, HBV, or even CMYV or other herpesviruses. The
understanding of how SFVs affect other human viruses is important, given the potential use of FV
vectors for gene therapy to treat human diseases.
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Abstract: Simian foamy viruses (SFV) infect a wide range of Old World and Neotropical primates
(NP). Unlike Old World primates, little is known about the diversity and prevalence of SFV in NP,
mainly from a free-living population. Phylogenetic analyses have shown that SFV coevolved with
their hosts. However, viral strains infecting Leontopithecus chrysomelas did not behave as expected
for this hypothesis. The purpose of this study was to determine the eco-epidemiological profile and
molecular characterization of SFV in a recently captured invasive population of L. chrysomelas located
in Niteroi/R] using buccal swab as an alternative collection method. A prevalence of 34.8% (32/92)
and a mean viral load of 4.7 log copies of SFV/10° cells were observed. With respect to time since
capture, SFV prevalence was significantly higher in the group of animals sampled over 6 months after
capture (55.2%) than in those more recently captured (25.4%) (p = 0.005). Infected solitary animals
can contribute to SFV transmission between different groups in the population. SFV strains formed
two distinct clades within the SFV infecting the Cebidae family. This is the first study to use buccal
swabs as a tool to study SFV diversity and prevalence in a recently free-living NP population upon
recent capture.

Keywords: spumavirus; viral prevalence; epidemiology; Neotropical primates; free-living
primates; Brazil
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1. Introduction

Simian foamy viruses (SFV) are complex retroviruses that naturally infect a wide range of
non-human primates, including Neotropical primates (NP) [1-3]. Phylogenetic analyses have indicated
that SFV coevolved with nonhuman primates for at least 60 million years [4], contributing to the lack
of pathogenicity observed in these animals [5]. In NP, the prevalence is generally higher in animals in
captivity (45-51%) compared to animals in the wild (14-30%) [2,3]. Although SFV has been described
in at least 23 species of NP [3], there are only five complete genomes sequenced [6-9], a small number
considering the high diversity of NP, distributed in at least 176 species, 17-21 genera and three to
five families according to distinct classification systems [10,11]. Although the first NP SFV has been
identified over four decades ago in cell cultures of spider monkey (Ateles sp.) saliva [12], very little
is known about the distribution, prevalence, and genetic variability of SFVs that infect this group,
and most studies have been conducted with captive animals. Although there are two studies reporting
SFV prevalence in free-ranging NP, they are restricted to a limited number of available specimens and
species [2,3]. Therefore, the epidemiological profile of SFV for a given NP species and/or genera in the
wild is at least an inaccurate estimate since it has never been evaluated at the population level.

Leontopithecus chrysomelas (golden-headed lion tamarin) is a small size NP belonging to the Cebidae
family [13] categorized as EN-Endangered by The International Union for Conservation of Nature
(IUCN) [14] and it is endemic in the south of Bahia state, Brazil [15]. However, a few L. chrysomelas
individuals have been introduced into an urban Atlantic Forest fragment in Niteri city (Rio de Janeiro
state, Brazil) by a private collector in the mid-90s, being considered as an exotic invasive species
in this region [16]. This invasive population have had close contact with humans and domestic
animals, entering at human houses and being fed by them, increasing the risk of virus transmission
in both directions [17-20]. Moreover, the few introduced animals reproduced, becoming hundreds
of animals, estimated in excess of 700 in late 2015 [21], and could be a threat to the local golden lion
tamarin (Leontopithecus rosalia), an endangered species endemic to Rio de Janeiro state, with risks of
disease transmission [14-16], competition by habitat and hybridization [16]. For those reasons, many L.
chrysomelas family groups were captured as part of a conservation project to remove this introduced
species, administered and conducted by the non-governmental organization Pri-Matas Institute since
2012. The captured animals were kept in quarantine at Centro de Primatologia do Rio de Janeiro (CPR];
Guapimirim, RJ, Brazil) and between 2012 and 2013 some were translocated to an area in southern
Bahia without L. chrysomelas and others groups were maintained in captivity [16].

Yet retroviruses have a close phylogenetic relationship with their hosts [22], the dynamics
of infection can be influenced by ecological and behavioral factors, impacting their prevalence,
virus-host interactions, within- and between-species transmission [23,24], and also transmission to
the surrounding human population [25-27]. SFV transmission occurs mainly through bites and
grooming [28]. Therefore, social behaviors that increase contact between individuals may potentiate
the likelihood of SFV transmission, impacting SFV prevalence rates. In NP, there are different complex
social and behavioral structures [29,30]; however, little is known about how these structures and
anthropogenic actions impact the viral ecology of SFV in free-living animals. In a phylogenetic analysis
early study by our group, the only SFV sequences obtained from a L. chrysomelas and a L. rosalia did
not cluster to form a single clade for Leontopithecus [3]. Here, for the first time in NP, a large number of
recently-captured L. chrysomelas specimens were analyzed, allowing us to deepen our knowledge on
SFV prevalence, circulating viral genetic diversity, and how social behaviors and the environment may
influence SFV transmission in this population.

2. Materials and Methods

2.1. Study Population and Ethics Statement

Buccal swab samples were collected from of 92 L. chrysomelas captured in Niterdi city (Rio de
Janeiro state, Brazil) in the period from December 2014 to September 2017. The captured specimens were
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distributed in 29 family groups and 4 were found to be solitary (captured alone). Each L. chrysomelas
family group and solitary specimen was kept separated after their capture and have their material
collected from two to fourteen months. Specimens were classified as two groups, those collected from
two to six months after their capture and those collected from seven to fourteen months after their
capture. The sexual maturity was classified according to size, dentition and weight of the specimens
and these data, as well as gender, geographic location of capture and family groups were made
available. The material and information were collected by the CPR] and Pri-Matas veterinarians.

All procedures were conducted in full compliance with Federal permits issued by the Brazilian
Ministry of the Environment (SISBIO 30939-12) and samples were collected following the national
guidelines and provisions of IBAMA (Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais
Renovaveis, Brazil; permanent license number 11375-1). The project was approved by the Ethics
Committee on the Use of Animals (CEUA/CCS) of Universidade Federal do Rio de Janeiro, under the
reference number 037-14.

2.2. Sample Collection, Processing and Confirmation of Genomic DNA Integrity

Buccal swabs were collected using sterile cotton swabs with a plastic shaft that was then placed into
a sterile tube containing 500 uL of saline solution (0.9% NaCl), transported to the Genetics Department
of Universidade Federal do Rio de Janeiro on ice and were stored at —80 °C until processing. Genomic
DNA (gDNA) was extracted from buccal swab samples using the PureLink®Genomic DNA kit
(ThermoFisher Scientific, Grand Island, NY, USA) according to the manufacturer’s specifications.
After extraction, samples had their contaminants (PCR inhibitors) removed using the OneStep™ PCR
Inhibitor Removal Kit (Zymo Research, Irvine, CA, USA). Shortly thereafter, samples were quantified
using Nanodrop and stored at —20 °C. The integrity of the gDNA for PCR analysis was checked by
PCR amplification of a mitochondrial constitutive gene (cytB) as previously described [1]. All DNA
samples testing positive for cytB sequences were further considered suitable for SFV PCR detection.

2.3. Detection and Quantification of SFV

To detect NP SFV proviral DNA, we first performed a screening semi-nested PCR for short
integrase sequences of 192 bp using generic primers and standard PCR conditions as previously
described [1] as a diagnostic PCR test for NP SFV using 12 ng of buccal gDNA. In addition to the
conventional diagnostic PCR for SFV detection, a real-time PCR assay was also performed to detect
and quantify SFV viral copies in buccal swab samples, targeting a 124 bp region of the pol gene as
previously described [31]. Primers and probes were designed using an alignment of available pol
sequences from NP SFV, including representatives from all three NP families [1]. Briefly, one forward
and one reverse primer were used (QSIP4Nmod (for) 5'-TGC ATT CCG ATC AAG GAT CAG C-3’ and
QSIRINmod?2 (rev) 5’- TTC CTT TCC ACY WTY CCA CTA CT-3’), with the probe DIAPR2 5’-FAM-
TGG GGI TGG TAA GGA GTA CTG WAT TCC A-SpCé6-3’. Following a 10 min incubation at 95 °C to
activate Taq polymerase, a three-step PCR was performed at 95 °C for 15 sec, 50 °C for 15 sec, and 62 °C
for 15 sec for 55 cycles using the 7500 Real-Time PCR platform (Applied Biosystems, Foster City, CA,
USA). The sensitivity of the assay was 100 copies of SFV/reaction, as determined in [31].

To normalize the amount of diploid cells per reaction, the mean number of housekeeping gene
ribonuclease P/MRP 30 kDa subunit (RPP30) copies of five L. chrysomelas swab samples (284 copies/ng)
was used, as described previously [31]. Thus, since each cell has two copies of the RPP30 gene, the mean
used was 142 cells/ng of DNA in buccal swab samples of L. chrysomelas.

2.4. Amplification of a Larger SFV Fragment from the Cebidae Family

For the positive samples in at least one of the SFV detection tests (diagnostic PCR or real-time
PCR), one additional PCR was carried out to amplify a larger SFV subgenomic region for phylogenetic
analysis. Despite the controversy about the number of NP families, the Leontopithecus genera was
classified as part of the Cebidae family in the present report [11]. Primers were then designed using a
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conserved region of pol in an alignment of two SFV complete genomes representing the Cebidae family
available at GenBank from marmoset and yellow-breasted capuchin (accession numbers GU356395
and KP143760, respectively) [7,9] and pol sequences generated by the diagnostic PCR test in this study
as describe above. Briefly, the new nested PCR was performed using primers: (1° Round: pol5474 5
GCCAAACATGAGAAAGGATG 3’ and pol5960 5* TACCACTTTGTAGGTCTTCC 3’ with annealing
temperature of 53.4 °C) and (2° Round: pol/5500 5 GTCATATCCGTAYGTGCAAAC 3’ and pol5878
5 CTTTGGGGGTGGTAAGG 3’ with annealing temperature of 56 °C), amplifying a 378 bp fragment.

In addition, primer combinations were tested in the 2° round above to analyze the amplification
efficiency of the viral fragments. The pol5474 and pol5878 primers (annealing temperature of 54 °C),
and pol5500 with pol5960 (annealing temperature of 56 °C) were combined, amplifying fragments of
404 bp and 460 bp, respectively. PCR were performed with an initial temperature of 94 °C, followed
by 35 cycles of 94 °C for 30 seconds, primer annealing at temperatures varying according to the
combination of primers for 30 sec and 72 °C for 90 sec. Products were sequenced by the Sanger method
using and ABI 3130 XL automatic sequencer (Applied Biosystems) and primers of the second round.

2.5. Sequence Analysis

Generated sequences were submitted to the BLASTn tool (http://blast.ncbi.nlm.nih.gov) for
similarity analysis with SFV sequences deposited at Genbank. SFV sequences were edited using
the SeqMan program v.7.0 (DNASTAR, Madison, WI, USA) and aligned with NP SFV reference
sequences deposited in GenBank using the BioEdit Sequence Alignment Editor v.7.0.4 [32]. From the
alignment, a phylogenetic tree was generated with Mega? [33], using the maximum likelihood method
and the Tamura 3-parameter correction model with discrete gamma rate variation. The bootstrap
method was used with 1000 replicates to estimate the reliability of the phylogenetic clusters. Values
above 70% were considered significant [3]. A similarity analysis between SFVlcm strains in the pol
sequence was conducted using the Maximum Composite Likelihood model. The analysis involved 13
nucleotide sequences. All positions containing gaps and missing data were stripped. There was a
total of 263 nucleotide positions in the final dataset. Evolutionary analyses were conducted in MEGA?.
The geographical distribution of the L. chrysomelas family groups was plotted using the coordinates of
family groups using program RStudio [34] using package Leaflet OpenStreetMap® contributors under
license Open Data Commons Open Database License (ODbL).

2.6. Statistical Analyses

To understand better the epidemiology of SFV in L. chrysomelas, differences in SFV prevalence were
evaluated with Chi Square trend analysis for the following categories: males and females; and infants,
juveniles and adults. We also divided the familiar groups according to the time elapsed between
capture and collection: one group between 1 and 6 months of captivity time (1 = 63) and another group
between 7 and 14 months in captivity (n = 29). After logarithmic transformation of SFV viral load data,
T-tests were performed to test for associations between viral loads and all the characteristics mentioned
above. For low sample numbers (1 < 20), the Fisher Exact Test was used to evaluate epidemiological
prevalence between groups with different captivity times and the efficiency of amplification by the
diagnostic PCR between the two strains of SFVlem described in this study. For all these tests, p-values
< 0.05 were considered significant.

2.7. Data Availability

All SFV sequences generated herein have been deposited at GenBank with the accession numbers
MN178627 to MN178637.
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3. Results

3.1. Population Profile

Samples of 29 golden-headed lion tamarin family groups were collected in this study. The mean
number of specimens captured was eight per group, ranging from three to 12, while the mean number
of specimens collected was three by group, ranging from one to seven animals. Of the 92 animals
collected at CPRJ, we found a higher proportion of males (56.5%) than females (43.5%) (Table 1).
With respect to sexual maturity, the specimens analyzed were constituted largely by adults (n = 45;
49%), followed by juveniles (1 = 32; 35%) and infants (1 = 15; 16%). All gDNA samples extracted from
buccal swabs were positive for the constitutive mitochondrial cytB gene, and therefore were considered
suitable to the molecular tests for SFV detection and quantification.

Table 1. Comparison of simian foamy virus (SFV) prevalence estimates by quantitative PCR (qPCR)
and conventional PCR (cPCR) in relation to sex and the sexual maturity of L. chrysomelas.

Characteristic N (%) qPCR+/cPCR+ qPCR+/cPCR- qPCR-/cPCR+ qPCR-/cPCR- SFV Prevalence (%)
Total 9 11 (12%) 17 (18.5%) 4 (4,3%) 73 (58%) 32/92 (34.8%)
Sex
Male 52 (56.5%) 6 (11.5%) 8 (15.3%) 2 (4%) 36 (66.2%) 16/61 (30.7%)
Female 40 (43.5%) 5 (12.5%) 9 (22.5%) 2 (5%) 24 (60%) 16/40 (40%)
Sexual maturation

Infants 15 (16%) 1 (6.7%) 3 (20%) 2 (13.3%) 9 (60%) 6/15 (40%)

Juveniles 32 (35%) 3 (9.4%) 7 (22%) 1 (3%) 21 (65.6%) 11/32 (34.4%)
Adults 45 (49%) 7 (15.5%) 7 (15.5%) 1(2.2%) 30 (66.7%) 15/45 (33.3%)

3.2. SFV Molecular Detection and Quantification

A sample was considered positive for SFV infection when it tested positive in either one of the two
molecular tests used (conventional diagnostic PCR and/or qPCR). Using this criterion, 15 samples (16.3%)
were positive by diagnostic PCR and 28 (30.4%) were positive by qPCR (Table 1). When comparing
the two assays, the results were 70% concordant. Of the discordant results, qPCR was more sensitive
(17%) than the conventional diagnostic PCR (4%) (p = 0.006). Thus, 32/92 (34.8%) of the animals were
considered infected with SFV (Table 1). Females and males presented similar SFV prevalence (40%) and
(30.7%), respectively (p = 0.483). Regarding sexual maturity, no statistical difference was observed in
the prevalence of SFV infection between different groups (p = 0.502) (Table 1). By grouping infants with
juvenile specimens and comparing with adults, the SFV prevalence between immature and mature
animals was very similar, 17/47 (36.2%) and 15/45 (33.3%), respectively (p = 0.946).

We sought to address whether the low sensitivity of the conventional diagnostic PCR was related
to the lower number of SFV DNA copies of the negative samples for diagnostic PCR, but positive
for qPCR, but there was no correlation between those conditions (p = 0.175). Among the 28 samples
that had detectable SFV DNA VL, after normalization with the mean RPP30 copies in buccal swab
cells, the mean VL was 4.7 log copies of SFV/10° cells, ranging from 3.47 to 5.98 log copies/10° cells.
No differences were found between oral SFV DNA VL of males (1 = 14) and females (1 = 14) (mean of
4.7 log and 4.8 log copies/10° cells, respectively; p = 0.735). Regarding sexual maturity, the mean DNA
VL were also similar between the different groups: infants (n = 4), juveniles (n = 10) and adults (n = 14)
with means of 4.7, 4.6 and 4.7 log copies/10° cells, respectively (p = 0.254).

With respect to time in captivity, SFV prevalence was lower in animals kept in captivity within
1-6 months (25.4%; 16/63) than in animals that stay in captivity more than seven months (55.2%; 16/29)
(p = 0.005) (Table 2). The SFV prevalence among females also differed in the two groups with 32%
(9/28) in the former group and 66.6% (8/12) in the latter (p = 0.042). The same was observed to male
infections, with 20% (7/35) in the shorter captivity group and 47.1% (8/17) in the longer captivity group
(p = 0.043). The SFV prevalence was also higher in the longer captivity group among all different age
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groups. However, only in juveniles had SFV prevalence reached a borderline statistical significance
(p = 0.055; Table 2).

Table 2. Comparison of SFV prevalence in relation to sex and sexual maturity of groups classified
according to captivity time at Centro de Primatologia do Rio de Janeiro (CPR]).

1-6 Months 7-14 Months p-Value

Gender
Male 7/35 (20%) 8/17 (47%) 0.043
Female 9/28 (32%) 8/12 (67%) 0.042

Sexual Maturity

Infants 4/12 (33%) 2/3 (67%) 0.525
Juveniles 4/19 (21%) 7/13 (54%) 0.055
Adults 8/32 (25%) 7/13 (54%) 0.062
Total 16/63(25%) 16/29 (55%) 0.005

3.3. Phylogenetic Analysis and Similarity of SFV from L. Chrysomelas

To perform a phylogenetic analysis and to infer the evolutionary history of the SFV that infect
this population of L. chrysomelas, it was necessary to amplify larger PCR fragments. Of the 32 SFV
previously positive samples, three samples amplified a 378 bp fragment with the 5500 and 5878 primer
combination (see Methods); another six samples amplified a 404 bp fragment with the 5474 and 5878
primer combination and two additional samples amplified a 460 bp fragment with the 5500 and 5960
combination of primers tested in the second round PCR. Only two samples amplified for two different
primer combinations (5500 and 5878; 5474 and 5878). However, for one of the samples (specimen 780),
the two primer combinations amplified two distinct variants (Figure 1). In total, 10 animals amplified
for larger region of pol. Due to a short sequence overlap of our generated sequences with the SFV pol
sequences available from Genbank, the phylogenetic analysis was limited only to the five complete NP
SFV genomes available in the literature. The analysis suggests there are two distinct lineages of SFV
co-circulating in the population of L. chrysomelas analyzed; a major lineage, herein named SFVlem-1
(described in red; Figure 1), formed a single clade that branches out of the other SFVs infecting the
Cebidae family, and another lineage (SFVIcm-2; described in blue), formed a clade with SFV infecting
Sapajus xanthosternos and Callithrix jacchus (Figure 1). As expected, both strains clustered within the
viruses infecting the Cebidae family. When analyzing the PCR amplification efficiency of NP SFV
between the two strains found, we observe that among SFVlem-1 strain only 25% (2/8) amplified by
the conventional diagnostic PCR, whereas SFVlem-2 strain had 100% (2/2) of the strain PCR-amplified
(p = 0.520).

The pairwise distance analysis showed that the sequences within each strain are similar to each
other, with an average divergence of 1% within strain 1 and of 2.6% within strain 2. When comparing
SFVlem-1 to -2, the mean divergence between them was 11%, higher than when compared strain 1
to sequences of other representatives of the Cebidae family, 8.5% and 8.8% for Sapajus and Callithrix,
respectively (Table 3).

3.4. Evaluation of SFV Transmission among Groups of L. chrysomelas

To investigate the eco-epidemiological profile of the SFV infection among the L. chrysomelas groups,
a map was plotted using the GPS coordinates obtained during specimens’ captures in the forest area of
Niteroi city to analyze SFV distribution (Figure 2). The viral distribution among the family groups was
widely disseminated in the population. The SFVlcm-1 strain was present in three spatially separated
groups and the SFVlem-2 strain was limited to a single group. All groups belonged to the central forest
area (Figure 2).
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Figure 1. Platyrrhini SFV: phylogeny tree inferred using maximum likelihood analysis with a fragment
of viral polymerase (360 bp). New sequences generated in the current study are marked in red (cluster
SFVIem-1) and in blue (cluster SFVlem-2), all deposited at GenBank under the accession numbers
MN178627 to MN178637. Bootstrap support was determined using 1000 nonparametric resampling
replicates and values > 70% are provided at nodes.

Table 3. Evolutionary divergence estimates between SFV sequences from Cebidae.

1 2 3 4 5 6 7 8 9 10 11 12
1.210 SFVIem-1
2.385 SFVlem-1 0.000
3.439 SFVlem-1 0.000  0.000
4.447 SFVlem-1 0.012  0.012 0.012
5.502 SFVlem-1 0.000  0.000 0.000 0.012
6.503 SFVIcm-1 0.004 0.004 0.004 0.015 0.004
7.511 SFVlem-1 0.023  0.023 0.023 0.027 0.023 0.027
8.1992 SFVlem-1 0.011  0.011 0.011 0.015 0.011 0.015 0.035

9.780 SFVlem-2_CP1 0.116 0.116 0.116 0107 0.116 0.121 0.106 0.103
10.780 SFVIem-2_CP2  0.125 0.125 0.125 0.116 0.125 0.130 0.120 0.121  0.039

11.786 SFVIem-2 0.116 0.116 0.116 0.107 0.116 0.121 0.106 0.103 0.000 0.039
12.SFVsxa 0.090 0.090 0.090 0.077 0.9 0.094 0.076 0.077 0.051 0.081 0.051
13.SFV¢ja 0.090 0.090 0.090 0.090 0.090 0.094 0.085 0.081 0.064 0.094 0.064 0.039

The number of nucleotide substitutions per site between sequences is shown. Standard error estimates are shown
above the diagonal. Analyses were conducted using the Maximum Composite Likelihood model. The analysis
involved 13 nucleotide sequences. Codon positions included were 1st + 2nd + 3rd. All positions containing gaps
and missing data were stripped. There were a total of 263 nucleotide positions in the final dataset. Evolutionary
analyses were conducted in MEGA7. The colors represent the viral strains: in red SFVlem -1; blue SFVIem-2 and
gray the complete genomes of SFVsxa and SFVcja.

Interestingly, we observed that of the four solitary animals, three were infected by SFV (Figure 2).
Three were males and one was female, with an SFV prevalence of SFV of 67% (2/3) and 100% (1/1),
respectively. All the solitary animals were adults. These data suggest that errant males and females
can contribute to the spread of SFV infection within this free-ranging primate population.
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Figure 2. Eco-epidemiology of SFV in the L. chrysomelas family groups in the city of Niteroi/R].
The location of each L. chrysomelas family group is represented by circles and of solitary animals by
triangle. The red color represents infected animals or groups (when at least one animal is infected in the
group), while the blue color represents the uninfected animals measured by conventional diagnostic
PCR and/or quantitative PCR. Gray halos around the circles depict the presence of the SFVlem-1
strain, while the yellow halo represents the SFVlcm-2 strain. The absence of halos indicates lack of
amplification of the larger pol fragment, not allowing the classification in SFVlem-1 or 2.

4. Discussion

The study of SFV in NP can be specially challenging due to the difficult access to free-living
primates and limited volumes of blood that can be collected, since many specimens have a small size [29].
Moreover, of the 176 species of NP that circulate in Brazil, many are threatened to extinction [35].
To detect the SFV provirus, a high mass of genomic DNA (250-500 ng) is necessary from peripheral
blood mononuclear cells [1], since blood cells are a recognized site of foamy virus latency [36]. Therefore,
the use of buccal swabs is an important tool for SFV detection, since it preserves the animal’s health
and provides a higher viral load since the oral mucosa is a major SFV replication site [28,31]. Thus,
alternative stress-relieving methods, such as buccal swab, are attractive sample sources for the study of
SFV, mainly in small primates threatened to extinction.

In the more recently-captured subgroup studied here, an SFV prevalence of 25.4% was observed,
similar to the one found in previous studies with free-living primates (14-30%) [2]. However, the SFV
prevalence of the subgroup with longer time in captivity was much higher (55.2%), in agreement to the
observed in captive Peruvian and Brazilian primates (45-51%) [2,3]. This increase in SFV prevalence
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among animals kept in captivity for longer occurred for both sexes and mainly among juveniles.
Although this population of L. chrysomelas lived in a restricted fragment of Atlantic forest, favoring the
contact between groups, the captivity environment clearly contributed to increased transmission of
SEV. It is known that an environment that does not promote the welfare and interest of the animal can
generate stress, which can be reflected in behavioral changes such as increased aggressiveness [37],
but likely also in the susceptibility to infectious agents. Transmission of SFV can happen through
blood transfusion [38], maternal milk [39] and mainly by biting and grooming [5]. Thus, stressful
environments can collaborate for a higher dissemination of SFV between captive animals.

The area where these animals have occupied is very fragmented (Figure 2), and some areas are
very close to urban areas, where many of these animals were seen close to household waste to feed [18].
The proximity between non-human primates and humans can contribute to a risk of SFV zoonotic
transmission to the latter [25-27]. Although until now SFV is not known to cause disease in its natural
hosts [5], the association of SFV infection with mild anemia was observed in humans [40]. Little yet is
known about the transmissibility of SFV from NP to humans and their consequences, but, previous
work by our group has shown prevalence rates of SFV zoonotic transmission to primate handlers
using serological assays [25]. We are currently working with primate handler samples to deepen our
knowledge of NP SFV zoonotic transmission.

When conventional diagnostic PCR was standardized, there were only three complete NP SFV
genomes available at Genbank, and the sensitivity of the assay was measured at 100% in seven NP
genera studied (Cebus, Alouatta, Callithrix, Aotus, Ateles, Saimiri, Cacajao and Pithecia) [1]. However,
sensitivity drops too much for detecting SFV from other genera such as Leontopithecus. Therefore,
a quantitative PCR was developed using all available NP SFV pol sequences as references for degenerate
primer design that amplifies a smaller and more conserved pol gene region. This assay was able
to detect SFV in two additional species of Leontopithecus, and in one species each of Callimico and
Saguinus previously found to be SFV-negative using the conventional diagnostic PCR assay [31].
As demonstrated previously [31], the qPCR was shown to be more sensitive than the conventional
diagnostic PCR for detection of NP SFV, When correlating the number of SFV copies with the sensitivity
of conventional diagnostic PCR, similar to what has been observed for feline FV [41], no association
was found. These results suggest that the false negatives in the conventional PCR may be due to a high
genetic heterogeneity of NP SFV sequences at primer locations determined previously to be 41% in the
virus pol region [1].

SFV DNA VL comprises both the integrated virus (provirus) and the genomic DNA of the virus
particle, since SFV can produce both DNA and RNA particles [5]. Little is known about the standards
of the DNA VL in the oral mucosa of NP. A recent study [31] found a mean viral load of 4.7 log SFV
copies/10° cells among 23 NP specimens of 12 different species in captivity, including four L. chrysomelas
specimens [31], similar to that has been found in this study. However, when comparing the VL of
only four L. chrysomelas and one L. rosalia quantifiable for SFV of the previous study (range 2.9-7.3 log
SFV copies/lO6 cells), the variation was much higher than the one observed in this study (standard
deviation 0.62), which can be explained by differences in sample size. In addition, no association
was found regarding the viral load and the sex of the animal, also as observed in the previous study.
Finally, also as in the previous study [31], we could not observe any age-related viral load trends in
buccal swab samples. These results differ from those reported for rhesus macaques, in which viral
load increases with age in the oral cavity of the animals [36]. However, it should be noted that we
quantified VL DNA instead of VL RNA, as reported in the rhesus study, and that may explain such lack
of correlation observed here. Another important issue is that Liu et al. [24] tested 173 fecal samples
from wild chimpanzees (including 87 SFVcpz RNA-positive samples), and none of them detected
viral DNA. DNA genome particle production may not reflect replication in vivo, and may represent an
in vitro artifact when using tumor cells with high dNTP levels. Thus, it is unclear whether the viral
detection tests (conventional diagnostic PCR and quantitative PCR) in this study are also detecting
viral DNA but only proviral DNA.
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When comparing the impact of different demographic factors on SFV prevalence, either in
the population or in subgroups according to the captivity time, we observed that, as described by
others [1-3], the animal sex does not seem to influence SFV acquisition. Yet it has been reported that
SFV prevalence increases with age [3,39], no such correlation was observed here. This homogenization
in the prevalence between the age groups can be explained, at least in part, by the social behavior
of Leontopithecus. Group members do social grooming, all members of the family groups help to
carry the offspring of the alpha couple and in nature (or captivity), all individuals sleep together,
often in the hollows of trees [42], intensifying the contact between them and consequently the chance
of SFV transmission. Another interesting ecological characteristic of many NP like L. chrysomelas,
upon reaching maturity and especially males, is to leave their groups to form a new family group to
avoid consanguinity [42]. Interestingly, of the four solitary animals, three were infected, even though
they were kept isolated after months at CPR] since their capture in the wild, showing that these animals
may contribute to the dissemination of SFV in the population by entering into existing groups or
forming new groups. Our results demonstrate for the first time a new SFV transmission dynamics
in primates, on an ecological scale, highlighting the importance of molecular and ecological virology
studies in free-living primates.

The use of primers for PCR amplification of larger fragments of the SFV LTR-gag region and the
pol region from previous studies showed a low efficiency to amplify SFV from L. chrysomelas [1,3],
indicating that SFVlem can harbor a high nucleotide heterogeneity, at least in the region of primer
annealing. To amplify larger DNA fragments, we developed new PCR primers only using sequences
of representative SFV genomes infecting primates of Cebidae family to increase specificity. However,
the new PCR amplified only 24% of samples diagnosed as SFV-positive, suggesting that there may
be more variants circulating in the population, requiring more sensitive techniques, such as shotgun
next-generation sequencing, to amplify the complete genomes of these viruses [6].

Phylogenetic analysis showed that, unlike a previous study [3] where a SFV sequence of L.
chrysomelas clustered with SFV infecting Pitheciidae family members, all SFV sequences from L.
chrysomelas here in generated grouped into the Cebidae family, which is expected according to the
co-speciation hypothesis [4]. However, two distinct lineages of SFVlecm were observed. The most
frequent, which formed a separate clade, was named SFVlcm-1, while the other, SFVIem-2, formed
a clade with SFVsxa and SFV(ja, infecting Sapajus xanthosternos and Callithrix jacchus, respectively
(Figure 1). The nucleotide divergence between the two strains was 11%, although this refers to a
small fragment of the viral pol gene, which is conserved among SFVs. Since an earlier study has
reported the occurrence of cross-species transmission between L. chrysomelas, Sapajus xanthosthernos and
Pitheciidae species [3], cross-species transmission between species may have occurred in the Atlantic
forest fragment where L. chrysomelas lives, where there are reports of other PN species, such as Callithrix
jacchus. Another possibility could indicate that these variants came from cross-species transmission
events prior to the arrival of the specimens in Niteroi/R], since in the endemic area of Bahia there are
also other species of primates, as black-tufted marmoset (Callithrix penicillata) and yellow-breasted
capuchin monkey (Sapajus xanthosthernos). However, as the phylogenetic inference of the two lineages
was limited to only five complete NP SFV genomes available in the literature, of only two NP families,
and was based on short pol sequences, we cannot assess whether the SFVlem-2 clade was derived from
a recombination event between SFVlcm-1 and an SFV from another species, as it has been already
described in SFV-Infected Old World monkeys [43]. These alternative scenarios turn the understanding
of the complete evolutionary history of the SFV infecting L. chrysomelas a difficult task at the moment.
This issue will only be clarified with the amplification of larger SFV sequences or complete genomes
from L. chrysomelas derived from the native population of Bahia and other NP SFV representatives.

In conclusion, we have demonstrated here for the first time an increase in the SFV prevalence of
recently-captive L. chrysomelas, including the characterization of two novel SFV strains, SFVlem-1 and
-2, by using oral swab as an efficient alternative non-invasive method. We also present new ecological
dynamics of SFV transmission from infected solitary animals that dispersed to form new groups or
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joined existing groups. Further studies are needed to fully characterize the SFV variants in this species,
only preliminarily described here, which will improve our understanding of retroviral infections in the
Platyrrhini parvorder, covering all primates of the Americas.
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Abstract: Foamy viruses (FVs) are widely distributed and infect many animal species including
non-human primates, horses, cattle, and cats. Several reports also suggest that other species can be
FV hosts. Since most of such studies involved livestock or companion animals, we aimed to test blood
samples from wild ruminants for the presence of FV-specific antibodies and, subsequently, genetic
material. Out of 269 serum samples tested by ELISA with the bovine foamy virus (BFV) Gag and Bet
antigens, 23 sera showed increased reactivity to at least one of them. High reactive sera represented
30% of bison samples and 7.5% of deer specimens. Eleven of the ELISA-positives were also strongly
positive in immunoblot analyses. The peripheral blood DNA of seroreactive animals was tested by
semi-nested PCR. The specific 275 bp fragment of the pol gene was amplified only in one sample
collected from a red deer and the analysis of its sequence showed the highest homology for European
BFV isolates. Such results may suggest the existence of a new FV reservoir in bison as well as in
deer populations. Whether the origin of such infections stems from a new FV or is the result of BFV
inter-species transmission remains to be clarified.

Keywords: foamy viruses; BFV; wild ruminants; European bison; red deer; roe deer; fallow deer;
seroreactivity; inter-species transmission

1. Introduction

Foamy viruses (FVs), also known as spumaviruses, are the least known subfamily of Retroviridae [1].
Some features of their replication pathway and complex genomic organization distinguish them from
other retroviruses [2,3]. Infections with FVs are persistent with sustained antibody response against
viral antigens and the presence of viral DNA in leukocytes [4]. The most likely routes of FV transmission
are via the transfer of blood and saliva and social interactions [3,5-7]. Over the last 60 years, FVs have
been isolated and described in different species of non-human primates (Simian FVs (SFVs)) [8], as
well as in cattle (Bovine FV (BFV), in the past also called bovine syncytial virus (BSV)) [9,10], cats
(Feline FV (FFV)) and horses (Equine FV (EFV)) [3,11]. Several other non-primate FVs have been
reported as having been isolated or simply described in sea lions, leopards, sheep, goats, hamsters, and
American bison on the basis of cross-antigenicity with known FV, specific cytopathic effects or electron
microscopy analyses [10,12-16]. Although FVs can be commonly isolated from infected animals, no
disease has been associated with infections and, therefore, FVs are recognized as apathogenic on their
own [17,18]. This lack of pathogenicity contrasts strongly with the cytopathic effects seen in vitro in
infected cell cultures, with the appearance of “foamy-like” syncytia [17,19]. Based on the detection
of diverse SFVs in simian-exposed humans, many studies have been focused on the inter-species
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transmission of FVs from simian and non-simian FVs [18,19]. While infections of humans by FVs
from different simians and non-human primates are well evidenced, little is presently known about
the possibility of such inter-species transmission caused by FVs of live-stock animals. Since BFV is
highly prevalent within cattle populations [3,7,20], special attention should be paid to the possible
involvement of BFV in inter-species transmission, especially regarding free-ranging wild ruminants.
This is a very important and pertinent issue, owing to increasing human impact on the environment,
globalization, and the establishment of breeding of some wild ruminants posing new threats including
the uncontrolled transmission of infectious agents into wildlife [21,22]. There are many examples of
highly prevalent life-stock viral pathogens crossing species barriers into wild ruminants, including
bovine respiratory viruses like parainfluenza virus (BPIV-3), bovine adenovirus (BAdV), or bovine
respiratory syncytial virus (BRSV) infecting European bison (Bison bonasus) in Poland [23]. The most
important alphaherpesvirus, bovine herpesvirus 1 (BoHV) have also been reported to infect almost
40% of cervids in Poland [24], and a low percentage of the bison population [25]. Inter-species
infections with ruminant retroviruses have been also reported previously: Bovine leukemia virus (BLV)
infections have occasionally been described in European bison [25] or alpaca (Vicugna pacos) [26], while
small ruminant lentiviruses (SRLV) infections have been found in Rocky Mountain goats (Oreamnos
americanus) [27], Passirian goat in northen Italy [28] and recently in red deer (Cervus elaphus) and
muflon (Ovis aries musimon) in Spain [29]. All reported cases are most likely due to the spill-over from
domestic animals, acquired similarly to the well documented case of SRLV infection of endangered
wild ibex (Capra ibex) in the French Alps, which was probably a result of sharing grazing grounds with
a small herd of heavily infected goats [30].

The goal of the current study was the detection of antibodies and genetic material of BFV or a
related FV in blood samples collected from free-ranging wild ruminants in Poland in order to address
questions related to inter-species transmissions and altered pathogenicity in the new host or as part of
a changed virome/microbiome.

2. Materials and Methods

2.1. Animal Samples

The samples used in this study came from 269 wild ruminants (suborder: Ruminantia, within the
order of even-toed ungulates, Artiodactyla). Out of those, 256 samples were collected from cervids
(family of Cervidae) including red deer (Cervus elaphus, n = 134), roe deer (Capreolus capreolus, n = 103),
or fallow deer (Dama dama, n = 19), and 13 from free-ranging bovides (family of Bovidae), the highly
endangered European bison (Bison bonasus). The serum samples of European bison and 18 fallow
deer had been deposited as archival samples in the Departments of Biochemistry and Virology, NVRI,
respectively. Whole blood samples were collected from the main vein or aorta of red deer and roe deer
mainly as blood clots during seasonal hunting. All specimens were collected during the 2009/2010
hunting season. Blood clots were squeezed through sterile gauze and centrifuged for 15 min. at
3000 rpm. Obtained supernatants were collected for serological testing and pellets containing blood
cells were washed twice with PBS and frozen at —70 °C until DNA preparation.

2.2. DNA Preparation

Total DNA was extracted from pelleted blood cells using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions. DNA concentrations and the 260 nm/280
nm ratio were measured spectrophotometrically using GeneQuant (GE Healthcare, Warsaw, Poland)
and stored at —20 °C until use. The DNA quality of selected samples was tested using capillary
electrophoresis with highly sensitive gel (Fragment Analyser, Agilent).
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2.3. Antibody Detection

GST (glutathione S-transferase) capture ELISAs were performed to examine the antibody response
to BFV proteins in sera of wild ruminants using a well-established and validated generic GST-ELISA for
domestic cattle as described by Romen and co-workers [7]. In short, 96-well microtiter plates (Thermo
Labsystems, Dreieich, Germany) were coated with glutathione casein, blocked with 0.2% (w/v) casein
and 0.05% (v/v) Tween 20 in PBS (blocking buffer), and then incubated with cleared E. coli lysates at
a concentration of 0.25 pg/uL (total lysate in blocking buffer) containing the GST-tag or GST-X-tag
fusion proteins (X = BFV-Gag, BFV-Bet, or BFV-Env). For pre-absorption of GST-binding antibodies,
all sera were incubated at a dilution of 1:100 in a blocking buffer containing 2 ug/uL total lysate of a
GST-tag expressing E. coli culture prior to application on the coated plates. After pre-absorption serum
samples were incubated for 1 h at RT in the coated ELISA plate wells, washed, and incubated for 1 h at
RT with Protein G—peroxidase conjugate (Sigma, 1:10,000 dilution). Protein G has a broad binding
capacity for ruminant IgG [31]. TMB (Tetramethylbenzidine, Sigma, Poznan, Poland) was added as a
substrate. For each serum, the absorbance of the GST-tag was determined and subtracted from the
abso