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ABSTRACT Mammarenaviruses establish a persistent infection in their rodent and bat
hosts, and the evidence suggests that reptarenaviruses and hartmaniviruses found in
captive snakes act similarly. In snakes, reptarenaviruses cause boid inclusion body dis-
ease (BIBD), which is often associated with secondary infections. Snakes with BIBD usu-
ally carry more than a single pair of reptarenavirus S and L segments and occasionally
demonstrate hartmanivirus coinfection. Here, we reported the generation of cell lines
persistently infected with a single or two reptarenavirus(es) and a cell line with persis-
tent reptarenavirus-hartmanivirus coinfection. By RT-PCR we demonstrated that the
amount of viral RNA within the persistently infected cells remains at levels similar to
those observed following initial infection. Using antibodies against the glycoproteins
(GPs) and nucleoprotein (NP) of reptarenaviruses, we studied the levels of viral protein
in cells passaged 10 times after the original inoculation and observed that the expres-
sion of GPs declines dramatically during persistent infection, unlike the expression of
NP. Immunofluorescence (IF) staining served to demonstrate differences in the distribu-
tion of NP within the persistently infected compared to freshly infected cells. IF staining
of cells inoculated with the viruses secreted from the persistently infected cell lines pro-
duced similar NP staining compared to cells infected with a traditionally passaged virus,
suggesting that the altered NP expression pattern of persistently infected cells does
not relate to changes in the virus. The cell cultures described herein can serve as tools
for studying the coinfection and superinfection interplay between reptarenaviruses and
studying the BIBD pathogenesis mechanisms.

IMPORTANCE Mammarenaviruses cause a persistent infection in their natural rodent and
bat hosts. Reptarenaviruses cause boid inclusion body disease (BIBD) in constrictor snakes,
but it is unclear whether snakes are the natural host of these viruses. In this study, we
showed that reptarenaviruses established a persistent infection in cultured Boa constrictor
cells and that the persistently infected cells continued to produce infectious virus. Our
results showed that persistent infection results from subsequent passaging of cells inocu-
lated with a single reptarenavirus, two reptarenaviruses, or even when inoculating the
cells with reptarenavirus and hartmanivirus (another arenavirus genus). The results further
suggested that coinfection would not result in overt competition between the different
reptarenaviruses, thus helping to explain the frequent reptarenavirus coinfections in
snakes with BIBD. The established cell culture models of persistent infection could help
to elucidate the role of coinfection and superinfection and potential immunosuppression
as the pathogenic mechanisms behind BIBD.
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Since their discovery in the 1930s, the members of the family Arenaviridae were
associated with rodent hosts, except for the Tacaribe virus found in bats. However,

the identification of arenaviruses from captive snakes in 2012 broadened the scope of
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potential hosts (1–4). Those discoveries led to a series of changes in arenavirus taxonomy.
The first revision established two novel genera, Mammarenavirus and Reptarenavirus, to
house the viruses found in rodents and bats, and those found in snakes (4). Sequencing
studies of reptarenavirus isolates led us to identify Haartman Institute snake virus 1 (HISV-
1) in 2015 (5), and further characterization of the isolated virus (6) led to the formation of
the novel arenavirus genus Hartmanivirus in 2018 (7). The identification of divergent arena-
viruses, Wēnlǐng frogfish arenaviruses 1 and 2 as well as salmon pescarenavirus 1, in fish in
2018/2019 (8, 9) led to the establishment of the genus Antennavirus in 2019 and expanded
the family Arenaviridae to comprise four genera (10). Due to the historical perspective, are-
navirology largely builds on the knowledge gathered from mammarenavirus studies,
whereas the information about and studies on the other arenavirus genera lag. The single-
stranded RNA genome of arenaviruses is bisegmented (S and L segment), except for
antennaviruses that are trisegmented (S, M, and L) (11). For the bisegmented arenaviruses,
the L segment encodes the zinc finger matrix protein (ZP) and RNA-dependent RNA poly-
merase (RdRp), except for hartmaniviruses that lack the ZP (6), while the S segment enco-
des the glycoprotein precursor (GPC) and nucleoprotein (NP) (11).

Descriptions of boid inclusion body disease (BIBD), a disease considered eventually le-
thal, in boid snakes go back to the 1970s (12). BIBD manifests as the formation of inclu-
sion bodies (IBs) in various cell types of affected snakes and the disease is associated with
central nervous system (CNS) signs (12). Curiously, given the 40-year history of the disease
descriptions, three independent groups identified reptarenaviruses in constrictor snakes
(boas and pythons) with BIBD in the 2010s (1–3). Both Hetzel et al. (1) and Stenglein et al.
(3) showed that reptarenavirus infection causes IB formation and that the IBs comprise
reptarenavirus NP, suggesting a causal link between the virus and BIBD. Stenglein et al.
(13) experimentally reproduced BIBD through inoculation of pythons and boas with iso-
lated reptarenavirus via cardiac venepuncture. The study reported classical BIBD, charac-
terized by IB formation in various tissues in boas, whereas the infected pythons showed
predominantly CNS signs (13). We were unable to reproduce BIBD in boas using tracheal
inoculation. However, we could reproduce infection with CNS signs in pythons (14).
Snakes with BIBD often carry multiple reptarenavirus S and L segments (5, 15), and they
can vertically transmit some or all their segments to their offspring (16). Both naturally
and experimentally reptarenavirus infected snakes mount an antibody response against
the main component of the IBs, i.e., reptarenavirus NP (14, 17, 18). However, the anti-NP
response appears to correlate inversely with the presence of IBs because naturally
infected snakes demonstrated higher reptarenavirus-neutralizing antibody responses
than the experimentally infected snakes (14, 18). Snakes are poikilotherm and their
immune response is temperature-dependent (19) as is reptarenavirus growth (20), and we
speculate that these factors affect the course of reptarenavirus infection and BIBD pathoge-
nesis in snakes (14). Mammarenaviruses establish a persistent infection in their respective
hosts and each mammarenavirus infects a specific or closely related rodent species, suggest-
ing virus-host codivergence in evolution (21). Rodents with persistent mammarenavirus
infection can mount a measurable antibody response against the virus. However, significant
differences in the induced response may occur between virus strains (21).

We initiated this study to evaluate whether reptarenaviruses and hartmaniviruses
would act similarly to mammarenaviruses in cell culture in that they would establish a per-
sistent infection. For this study, we selected one single reptarenavirus isolate (i.e., a pair of
S and L segments), one isolate with two reptarenaviruses (two S and two L segments), and
one isolate containing a reptarenaviruse and a hartmanivirus. We used quantitative real-
time PCR (qRT-PCR) and immunoblot to study virus replication and protein expression dur-
ing passaging of the infected cells, and immunofluorescence (IF) analysis to study the
expression of viral NP and the glycoproteins (GPs) in the persistently infected cell cultures.

RESULTS
Generation and evaluation of virus segment-specific quantitative reverse tran-

scription PCR (qRT-PCR). We designed S and L segment-specific one-step qRT-PCR
assay for aurora borealis virus 1 (ABV-1), University of Giessen virus 1 and 2 (UGV-1 and
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-2), University of Helsinki virus 1 and 2 (UHV-1 and -2), and Haartman Institute Snake vi-
rus 1 (HISV-1). To enable the translation of Ct values to copy numbers, we used in vitro
transcription to produce control RNAs (approximately 450 to 500 nt depending on the
target) from plasmids bearing synthetic gene blocks. Fig. 1 shows the performance of
each set of primers and probes (sequences provided in Table 1) with the specific tem-
plate alone and in a mixture with all the other control RNAs. The presence of S and L
segment templates of other reptarenaviruses did not markedly affect the amplification
specificity of the primer and probe combinations. By titrating the specific control RNAs,
we further observed that each set of primers and probes was able to detect less than
10 copies of the specific control RNA per reaction.

Passaging of arenavirus-infected cells generated persistently infected cell cul-
tures as judged by the presence of viral S and L segment RNA. To study if reptarena-
viruses or hartmaniviruses could establish a persistent infection in cultured host cells,
we inoculated Boa constrictor kidney cells (I/1Ki) with a virus stock containing a single
reptarenavirus (UGV-1), two reptarenaviruses (ABV-1 and UHV-1), or a reptarenavirus
(UHV-2) and a hartmanivirus (HISV-1). At 10 days postinfection (dpi), we collected 1/3
of the cells for RNA extraction and 1/3 to analyze protein expression and continued
incubating the remaining 1/3 of cells in a new flask. After the remaining cells became
confluent, we collected samples as above, placed the remaining cells in a new flask to
grow until confluent, and continued the cycle for 10 consecutive cell passages. While
the reptarenavirus-infected cells did not show any cytopathic effect (CPE) during the
passaging of the cells, we observed cytopathic effects (cell rounding and detachment)
and slowed growth in the first few passages in the cells initially inoculated with a com-
bination of UHV-2 and HISV-1. We named the generated persistently infected cell lines

FIG 1 Performance and specificity of qRT-PCRs targeting S and L segments. In vitro transcribed synthetic RNAs served for testing the specificity of the
primer and probe combinations targeting the S and L segments of ABV-1, UGV-1, UGV-2, UHV-1, UHV-2, and HISV-1. The one-step qRT-PCRs included a 10-
fold dilution series ranging from 100,000 to 100,000,000 copies per reaction of the specific target alone or in mixture with the RNA targets of the other
primer-probe combinations. The plots show the performance of (A) ABV-1 S and L segment, (B) UHV-1 S and L segment, (C) UHV-2 S and L segment, (D)
UGV-1 S and L segment, (E) UGV-2 S and L segment, (F) HISV-1 S and L segment targeting primers and probe with (gray line) and without (black line) the
synthetic RNA targets of other viruses and segments. The y-axis represents the copy number in reaction, and the x-axis shows the respective Ct values.
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PIwUHV (inoculated with UHV-1 and ABV-1), PIwUGV-1 (inoculated with UGV-1), and
PIwSn11 (inoculated with HISV-1 and UHV-2).

We employed segment-specific qRT-PCR to measure the S and L segment RNA lev-
els with respect to a housekeeping gene (GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase) over the first 10 cell passages. The results shown in Fig. 2 indicate that the
S and L segment RNA levels remain high even at cell passage 10. The single-infected
PIwUGV-1 cells (Fig. 2A) showed a steady decline in the viral RNA level after passage 2
with a passage 10 level that was approximately half of the one of passage 1. The dou-
ble infected PIwUHV cells (Fig. 2B) demonstrated fluctuating S and L segment levels for
both ABV-1 and UHV-1. UHV-1 segment levels appeared to stabilize at a high level
from cell passage 8 onwards, whereas the ABV-1 segment levels increased in the last
cell passage after a steady decline after passage 3. The PIwSn11 cells (Fig. 2C), infected
with both a reptarenavirus (UHV-2) and a hartmanivirus (HISV-1) showed similar fluctu-
ating viral RNA levels of both viruses. Like the UGV-1 RNA level in the PIwUGV-1 cells,
the HISV-1 RNA level declined (;90% for the L segment and ;60% for the S segment)
toward cell passage 10. However, the UHV-2 RNA level fluctuated substantially over
the entire examination period, without a clear trend. Regardless of the different trends
in RNA levels, the results indicate that passaging of the infected cells leads to persis-
tent infection with the viruses tested. We also compared the ratio of S and L segments
within the cells during the passaging and did not observe marked changes in the ratio
of any of the pairs. While most viruses showed an average S to L segment ratio of
approximately 1 to 2, the UHV-1 and UGV-1 infected cells demonstrated significantly
higher ratios, 4.76 and 6.15 on average throughout cell passages 1 to 10 (Fig. 2).

TABLE 1 Sequences of the primers and probes utilized in qRT-PCR

Virus
Segment-Primer/
probe Sequence (59–39)

UHV-1 S seg FWD 59-ACAAACTGAATAAGACTGCTGCATT-39
S seg REV 59-AGGGCTATACACACATAGTTGGATG-39
S seg probe 59-6-Fam-TCCTCTGCCGCAAAAGACTATGTCACAG-BHQ-1-39

UHV-1 &-2 L seg FWD 59-TTGGGGAGTTTGTTACCAATGT-39
UHV-1 L seg REV 59-CTGAAGTCGGTCCAAATAATAAACCT-39

L seg probe 59-6-Fam-TTCCCTAGGTCCACCCACTTGTTCTTTTATG-BHQ-1-39
UHV-2 S seg FWD 59-GCAAAACAGAACTGCTGCAGTC-39

S seg REV 59-TGCGATACAGACATAATTAGAGACATTG-39
S seg probe 59-6-Fam-GTCACCATGTGTCCCTCAGAACTCATTCA-BHQ-1-39
L seg REV 59-GTGGGCCCAAATAACAAACCT-39
L seg probe 59-6-Fam-CTCTCTCGGACCTCCCACTTGTTCCTTTATG-BHQ-1-39

ABV-1 S seg FWD 59-CCGTACTGCACAACTGATGATG-39
S seg REV 59-AGCAACACAGGAGTAACCTGTCAC-39
S seg probe 59-6-Fam-CATGAATTCTTCATCGACATCAGAAACCG-BHQ-1-39
L seg FWD 59-AAAAGATCTTGCAATCCTCTTCA-3
L seg REV 59-GGGCCCAGAGAACTATATGT-3
L seg probe 59-6-Fam-TGGAGAACTTTTTGTCTGAGTTGAGGCA-BHQ-1-39

UGV-1 &-2 S seg FWD 59-CAAGAAAAACCACACTGCACA-39
S seg REV 59-AACCTGTTGTGTTCAGTAGT-39

UGV-1 S seg probe 59-6-Fam-CTCGACAAGCGTGGGCGGAGG-BHQ-1-39
UGV-2 S seg probe 59-6-Fam-CGAGCACGGTCAAAGGGGATGAAGAG-BHQ-1-39
UGV-1 &-2 L seg FWD 59-TCATAAAAGCTTCTAGCTATTCTTTTCAT-39

L seg REV 59-CAAGTTGGAGGCCCAAGAG-39
UGV-1 L seg probe 59-6-Fam-TGAAGTCTCCTCCAAGACCCTGGTTATCAG-BHQ-1-39
UGV-2 L seg probe 59-6-Fam-TTAGGCAACAAGCTTCATAACAGCTG-BHQ-1-39
HISV-1 S seg FWD 59-CTCAAAATCTTACCGAAGTTGTATGTAC-39

S seg REV 59-CACTTTCCCTTTTGGATCTTTG-39
S seg probe 59-6-Fam-GTGACGACCAAGTGTCGGGTCACAC-BHQ-1-39
L seg FWD 59-GAGTCTTTGTTTGATAATGGTGGTT-39
L seg REV 59-ATTGAAGACTACAGAACCATATC-3
L seg probe 59-6-Fam-TCATTTGATTCAAGTGTTCTCAGGGCA-BHQ-1-39
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Antisera against reptarenavirus GP2 and UGV-1 GPC showed good cross-reac-
tivity against reptarenavirus GPCs. We have generated several rabbit antisera
against the NPs of reptarena- (1, 20, 22) and hartmaniviruses (6, 23), which in the case
of reptarenaviruses, but not hartmaniviruses show good cross-reactivity between NPs
of different species. Somewhat surprisingly, GP2 appears to be the most conserved
reptarenaviral protein because the GP2s of different reptarenavirus species (excluding
the California Academy of Sciences virus [CASV]) show amino acid identities between
87 and 99% (6). We, therefore, decided to attempt to produce a broadly cross-reacting
antiserum against the reptarenavirus GP2s by expressing a synthetic gene comprising
the most conserved regions of GP2. In parallel, we produced an antiserum against the
UGV-1 GPC produced in unprocessed form (i.e., not cleaved to GP1 and GP2) via
expression in mammalian cells. To evaluate the cross-reactivity of the two rabbit anti-
sera generated, we tested their ability to recognize the HA-tag-bearing recombinant
GPCs of different reptarenaviruses and HISV-1 in immunoblots undertaken with lysates
of HEK293T cells transfected in an earlier study (24). These showed that the anti-GP2
serum cross-reacts with all reptarenavirus GPCs (Fig. 3A). The immunoblot with anti-
UGV-1 GPC serum showed a very similar result, indicating good cross-reactivity against
the GPCs of other reptarenavirus species (Fig. 3B). This suggested a good response
against the GP2 because the GP1s of reptarenaviruses show considerably higher
sequence variation. Neither antiserum showed a reaction against HISV-1 GPC.

We next evaluated the cross-reactivity of the produced antisera in IF staining using

FIG 2 Cellular level of S and L segments through the first 10 passages of the infected cells. The RNA extracted from the infected cells at each cell passage
served as the template for qRT-PCR targeting the S or L segments of the virus or viruses used in initial inoculation and the housekeeping gene GAPDH
(glyceraldehyde 3-phosphate dehydrogenase). The plots show the S (black line) and L (gray line) segment copy numbers per reaction normalized against
GAPDH (y-axis) at passages 1 to 10 (x-axis), and the S/L ratio below the cell passage number shows the amount of S to L segment RNA at each passage.
The plots show the results of (A) single reptarenavirus infection, PIwUGV-1, qRT-PCR for UGV-1 segments, (B) dual reptarenavirus infection, PIwUHV, qRT-
PCR for ABV-1 (left) and UHV-1 (right) segments, and (C) reptarenavirus-hartmanivirus coinfection, PIwSn11, qRT-PCR for UHV-2 (left) and HISV-1 (right)
segments.
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I/1Ki cells transfected with plasmids encoding the GPCs of various reptarenaviruses
and HISV-1 as the source of antigen. The results, correlated with the immunoblot find-
ing, i.e., both antisera recognized all tested reptarenavirus GPCs but not the GPC of
HISV-1 (Fig. 4A and B). In IF, at the tested dilutions, the anti-UGV-1 GPC antiserum pro-
duced less prominent staining with ABV-1, CASV, S5-like, and UHV-1 GPCs than the
anti-GP2 antiserum, likely reflecting the serum’s epitope distribution.

Finally, we tested the generated antisera in immunohistology by staining brain sec-
tions of a Boa constrictor diagnosed with and euthanized due to BIBD. Corresponding
sections from a BIBD-negative boa constrictor served as controls. Staining with preim-
mune sera from the animals used for producing the hyperimmune sera against GP2
and GPC did not produce staining in the BIBD-positive brain section (Fig. 5A and B,
left). Both anti-GP2 and anti-GPC hyperimmune sera produced a positive reaction in
the neurons of a brain section from a BIBD-positive Boa constrictor (Fig. 5A and B, mid-
dle and right). Neither the preimmune nor the hyperimmune sera produced positive
staining in the case of a brain section from a BIBD-negative Boa constrictor (Fig. 5C). To
assess the applicability of the antisera in immunohistology further, we stained a pellet
of UGV-1 infected I/1Ki cells with preimmune and hyperimmune sera. Only the hyper-
immune sera produced staining in the pellet of infected cells (Fig. 5D) further support-
ing staining specificity.

The expression of viral proteins during the first 10 cell passages. To study
whether the observed fluctuation and overall decrease in S segment RNA levels would
translate to the expression of viral proteins, we analyzed the collected cell pellets by

FIG 3 Cross-reactivity of anti-GP2 and anti-UGV-1 GPC sera against different reptarenavirus GPCs in immunoblot. Lysates of
HEK293T cells transfected with plasmids encoding the GPCs of various reptarenaviruses and HISV-1, generated in an earlier study
(24), were separated on precast 4% to 20% Mini-Protean TGX Precast Proteins Gels (Bio-Rad), transferred on nitrocellulose and
probed simultaneously with monoclonal antibody (clone 16B12) against HA-tag and (A) anti-GP2 or (B) anti-UGV-1 GPC antiserum.
The membranes were probed with IRDye 800CW Donkey anti-rabbit IgG (LI-COR Biosciences) and Alexa Fluor 680-labeled donkey
anti-mouse IgG (ThermoFisher Scientific) secondary antibodies were scanned using Odyssey Infrared Imaging System (LI-COR
Biosciences) to enable simultaneous detection of the mouse (the HA-tag in C terminus of the recombinant GPCs) and rabbit
antibodies (the GPCs). The left shows the anti-HA tag staining in red (ABV-1 GPC is with FLAG-tag), the middle shows the staining
with rabbit antiserum in green, and the right shows an overlay of the HA-tag and rabbit antiserum staining. The abbreviations
are ABV-1/2 (aurora borealis virus 1/2), CASV (CAS virus), GGV (Golden Gate virus), S5-like (GPC from a virus homologous to S5 S
segment described by Stenglein et al. (15)), TSMV-2 (Tavallinen Suomalainen mies virus 2), UGV-1 (University of Giessen virus),
UHV-1/2 (University of Helsinki virus 1/2), HISV-1 (Haartman Institute snake virus 1, a hartmanivirus).
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immunoblot and included a mock-infected cell pellet as a control. We separated the
proteins of the cell pellets collected at each cell passage by SDS-PAGE and performed
immunoblots using anti-reptarenavirus NP, anti-HISV-1 NP, anti-GP2, or anti-UGV-1
GPC sera together with pan-actin antibody. The immunoblot of PIwUGV-1 cells
(Fig. 6A) showed the amount of GPC to decline from passage 1 onwards and to reach
an overall lower level after passage 4. The amount of NP demonstrated a rather con-
stant level during the first 10 passages, although a slight decline toward the 10th pas-
sage of the cells, similarly to the S segment RNA levels (Fig. 2A) as quantified using the
primers and probe targeting the NP open reading frame (ORF), could be supported by
the result. The apparent decrease in the GPC level over the passaging led us to specu-
late that mRNA levels could explain the observed difference between the NP and GPC.
We thus designed primers and probes targeting the GPC ORF, but the qRT-PCR results
with both NP and GPC ORF targeting primers produced similar results invalidating the
hypothesis.

In contrast to the single reptarenavirus infected PIwUGV-1 cells, the immunoblot of
PIwUHV cells infected with two reptarenaviruses showed an increase in the NP expres-
sion until 4th cell passage, after which it declined for the next two passages before
starting to increase toward the 10th cell passage (Fig. 6B). The amount of NP in the
PIwUHV cells mimicked the RNA levels of ABV-1 and UHV-1 S segments (Fig. 2B), and
the amount of GPC appeared to mirror the NP levels at least to some extent because
the intensities increased on the 3rd and 10th cell passage (Fig. 6B). The staining with
anti-reptarenavirus GP2 antiserum produced faint background bands (also in the right
of Fig. 6C) above the band of interest, which according to the staining of mock-
infected cells (the rightmost lane) likely represent cellular proteins.

FIG 4 Performance of anti-GP2 and anti-UGV-1 GPC sera in immunofluorescence. I/1Ki cells transfected with plasmids
encoding the GPCs of various reptarenaviruses and HISV-1, grown on collagen-coated 96-well plates, were fixed and incubated
with (A) anti-GP2 or (B) anti-UGV-1 GPC antiserum. Donkey anti-rabbit IgG Alexa Fluor 594 served as the secondary antibody,
Hoechst 33342 for visualizing the nuclei, and ZOE Fluorescent Cell Imager (Bio-Rad Laboratories) for recording the images. The
left shows a red channel only (rabbit antiserum staining) and the right shows an overlay of the blue (nuclei of the cells) and
red channel.
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In the case of reptarenavirus (UHV-2) and hartmanivirus (HISV-1) coinfected PIwSn11
cells, the reptarenavirus NP expression showed a peak at around the 6th cell passage, af-
ter which the level of NP appeared to stabilize (Fig. 6C). The probing with anti-reptarena-
virus NP antiserum produced additional staining above and a prominently stained band
below the band of interest, both of which likely represent cellular proteins because they
are present also on the rightmost lane representing the staining of mock-infected cells.
The expression of UHV-2 GP2 (Fig. 6C) showed a decreasing trend throughout cell pas-
saging similar to PIwUGV-1 GPC (Fig. 6A). We observed the amount of HISV-1 NP to
decline toward higher cell passages (Fig. 6D), and similarly to single reptarenavirus
infected PIwUGV-1 cells the slight decline appeared to correlate with the decrease in S
segment RNA levels at passage 1 versus passage 10 (Fig. 2C). The PIwSn11 cells at pas-
sage 2 were in poor condition, as reflected by the aberrant migration and unclear results
in the immunoblot. However, the cell growth normalized at around the 3rd and 4th cell
passage. Unfortunately, we were unable to monitor HISV-1 GPC expression due to the
lack of a suitable antibody or antiserum.

FIG 5 Performance of anti-GP2 and anti-UGV-1 GPC sera in immunohistochemistry. (A and B)
Immunohistological staining of the brain from a boa constrictor with confirmed BIBD diagnosis. (A)
Incubation with the preimmune serum (left) does not yield a reaction. Several neurons express viral
GP2 (right) within the cytoplasm (arrow). GP2 was also weakly expressed in the inclusion bodies
(arrowheads). (B) Similarly, no reaction is seen after incubation with the GPC preimmune serum (left),
whereas staining with anti-UGV-1 GPC antiserum shows a moderate cytoplasmic reaction in individual
neurons (right). (C) Staining sections of the brain from a BIBD-negative boa constrictor does not yield
any reaction. (D) Both viral GP2 and GPC are expressed within boa constrictor (I/1Ki) cells infected with UGV-
1 and harvested at 6 days postinfection. Immunocytochemistry, hematoxylin counterstain. Bars = 25 mm.
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The staining pattern of reptarenavirus NP in freshly and persistently infected
cells. Reptarenavirus infection causes BIBD (13, 14) in which cytoplasmic IBs compris-
ing reptarenavirus NP form in various cell types of the affected animals (1, 3, 25).
Studies further suggest that it may take several years from the initial reptarenavirus
infection until the development of BIBD. To study the localization of NP, we compared
the NP staining patterns of the persistently infected cell lines to I/1Ki cells freshly ino-
culated with the respective viruses by IF staining (Fig. 7). The NP staining patterns
appeared similar between the freshly infected cells and persistently infected cell lines,

FIG 6 Expression of viral NP and GPs through the first 10 passages of the infected cells. Lysates of the cell pellets collected at each cell passage were
separated on precast 4% to 20% Mini-Protean TGX Precast Proteins Gels (Bio-Rad), transferred on nitrocellulose and the membranes probed with rabbit
anti-reptarenavirus NP, anti-HISV-1 NP, anti-UGV-1 GPC, or anti-reptarenavirus GP2 as indicated. Probing with mouse monoclonal anti-pan actin antibody
served as an internal loading control. Probing with IRDye 800CW Donkey anti-rabbit IgG (LI-COR Biosciences) and Alexa Fluor 680-labeled donkey anti-
mouse IgG (ThermoFisher Scientific) secondary antibodies facilitated the recording of the results with Odyssey Infrared Imaging System (LI-COR Biosciences)
and enabled simultaneous detection of proteins detected with the rabbit antisera (in green) and mouse monoclonal antibody (actin in red). The plots show
immunoblot of (A) PIwUGV-1 pellets over cell passages 1 to 10 with anti-reptarenavirus NP (left) and anti-UGV-1 GPC (right) in green and anti-actin in red, (B)
PIwUHV (dual reptarenavirus infection with ABV-1 and UHV-1) pellets over cell passages 1 to 10 with anti-reptarenavirus NP (left) and anti-reptarenavirus GP2
(right) in green and anti-actin in red, (C) PIwSn11 (reptarenavirus-hartmanivirus coinfection) pellets over cell passages 1 to 10 with anti-reptarenavirus NP (left)
and anti-reptarenavirus GP2 (right) in green and anti-actin in red, and (D) PIwSn11 pellets over cell passages 1 to 10 with anti-hartmanivirus NP in green and
anti-actin in red. All plots include, on the rightmost lane, a mock-infected cell pellet as control.
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and to our surprise, the persistently infected cell lines included a various number of
individual cells with high NP expression. However, although not apparent from the
present confocal images, most of the persistently infected cells appeared to stain
weakly for reptarenavirus NP, as supported by the immunoblot and qRT-PCR results.
Different from the granular/punctate reptarenavirus NP expression in the cells, hartma-
nivirus NP appeared diffusely distributed in the cytoplasm of infected cells, as observed
in earlier studies (6, 23).

The persistently infected cell lines produced infectious virions. The presence of
both S and L segment RNA together with prominent NP expression in the passaged
cultures indicated the establishment of persistently infected cell cultures. However, the
decreased expression level of viral GPs led us to study whether the persistently
infected cultures can produce infectious virions. Thus, we compared the amounts of vi-
ral RNA released into the cell culture medium from freshly and persistently infected
cells at 4 and 8 days postinoculation or replacement of the growth medium in the case
of the persistently infected cultures. S and L segment qRT-PCRs showed that the
amount of viral RNA released from the persistently infected cells was10 to 10,000 times
lower than from freshly infected cells (Fig. 8A). The UHV-2 RNA level in the superna-
tants of PIwSn11 cells had already reached a plateau at 4 days post-medium exchange,
while the HISV-1 RNA level showed a 10-fold increase between days 4 and 8. In com-
parison, I/1Ki cells freshly inoculated with the respective viruses displayed 10 to 100-
fold higher RNA levels at the studied time points. The supernatant collected from
PIwUHV cells showed a 100-fold increase in the amount of both UHV-1 and ABV-1 RNA
between days 4 and 8. However, the RNA levels of both viruses remained approxi-
mately 100 times lower than the supernatant collected on day 8 from freshly infected

FIG 7 Expression of NP in the persistently infected cell lines and freshly infected I/1Ki cells. Persistently infected cells and I/1Ki cells grown on collagen-
coated 96-well plates were fixed, permeabilized, and stained with rabbit antisera against reptarenavirus NP or hartmanivirus NP as indicated, Hoechst
33342 served for visualizing the nuclei. The left shows the staining against the respective NP in green, and the right shows the overlay with nuclear stain
(Hoechst 33342). Opera Phenix High Content Screening System (PerkinElmer) served for capturing the images, scale bar indicates 200 mm.
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I/1Ki cells. The PIwUGV-1 cells demonstrated the most dramatic difference in their abil-
ity to release viral RNA compared to freshly infected I/1Ki cells, the difference being
approximately 10,000-fold at 8 days post passaging and inoculation. We next tested
whether the RNA secretion was associated with infectivity by inoculating I/1Ki cells
with supernatants originating from the persistently infected cell lines and used IF stain-
ing for the respective NPs to demonstrate infectivity. The data in Figure 8B demon-
strated that the persistently infected cell lines produce infectious particles, as expected
based on the secretion of RNA.

Cell size distribution suggested persistent hartmaniviruses but not reptarena-
viruses caused alterations in cell morphology. We observed that hartmanivirus, but
not reptarenavirus, infection-induced cytopathic effect (CPE) on I/1Ki cells. Thus, we
studied whether the persistent infection would induce CPE or associate with altera-
tions in the cellular size or morphology. To that end, we stained the actin skeleton of

FIG 8 Secretion of viral RNA and infectious particles by persistently infected cells. RNA isolated from the supernatant of persistently infected cells collected
at four and 8 days following medium replacement or collected 8 days postinoculation of I/1Ki cells was used as the template in qRT-PCRs targeting the S
and L segments of respective viruses. (A) UGV-1 S and L segment RNA released from PIwUGV-1 cells (4 and 8 days following medium replacement) and
I/1Ki cells inoculated with UGV-1 (8 dpi) (left); ABV-1 and UHV-1 S and L segment RNA released from PIwUHV cells (4 and 8 days following medium
replacement) and I/1Ki cells inoculated with UHV isolate containing ABV-1 and UHV-1 (8 dpi) (middle); UHV-2 (reptarenavirus) and HISV-1 (hartmanivirus) S
and L segment RNA released from PIwSn11 cells (4 and 8 days following medium replacement) and I/1Ki cells inoculated with virus isolate containing UHV-
2 and HISV-1 (8 dpi) (right). (B) I/1Ki cells grown on collagen-coated 96-well plates were inoculated with supernatants of the persistently infected cells,
fixed 4 days postinoculation, permeabilized, and stained with rabbit antisera against reptarenavirus NP or hartmanivirus NP as indicated, Hoechst 33342
served for visualizing the nuclei. The left shows the staining against the respective NP in green, and the right shows the overlay with nuclear stain
(Hoechst 33342). Opera Phenix High Content Screening System (PerkinElmer) served for capturing the images, scale bar 200 mm.
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the persistently infected cell lines and uninfected I/1Ki cells and used automated high-
content image analysis to determine the area and roundness of both nuclei and cyto-
plasm (Fig. 9). The results showed the average area of PIwUGV-1 (261.5 mm2) and
PIwUHV cells (256.9 mm2) did not differ significantly from the uninfected I/1Ki cells
(261.8 mm2) (Fig. 8). Interestingly, the hartmanivirus-reptarenavirus coinfected PIwSn11
cells (191.5 mm2) appeared to be on average approximately 25% smaller than all
other cell lines. The cell lines did not show marked differences in the shape (roundness)
of cells or nuclei.

DISCUSSION

The identification of reptarenaviruses as the causative agent of BIBD in the early
2010s set off a series of discoveries expanding the diversity of known arenaviruses. Of
the four arenavirus genera, the mammarenaviruses are by far the best characterized in
terms of host tropism and molecular virology. Mammarenaviruses cause a persistent
infection in their rodent hosts (21), and studies suggest that reptarenaviruses (13–16,
18, 22) and hartmaniviruses (16, 18) may act similarly. In this study, we wanted to test
if reptarenaviruses and hartmaniviruses could establish a persistent infection in cell cul-
ture, as has been reported for some mammarenaviruses (26–29). We utilized cultured
cells of the putative host, B. constrictor, for the study because our earlier data indicated
that these cells efficiently support the replication of both reptarenaviruses and hartma-
niviruses (1, 6). Passaging of cells inoculated with an isolate containing a single reptare-
navirus (UGV-1), two reptarenaviruses (ABV-1 and UHV-1), or a reptarena- (UHV-2) and
a hartmanivirus (HISV-1) resulted in persistent infection of the cells as judged by detec-
tion of both viral RNA and antigens over 10 cell passages. Of note, we followed the cell
lines over 20 to 30 rounds of passaging and the cells remain antigen-positive and con-
tinue to secrete infectious particles and viral RNA, albeit at lower levels than freshly
inoculated cells.

Animals with BIBD frequently carry multiple reptarenavirus S and L segment pairs
(5, 15, 16, 18, 22). The cell culture work of Stenglein et al. (15) suggests there would be
little or no constraints in the pairing of different S and L segments. Furthermore, their

FIG 9 Comparison of the morphology of persistently infected cell lines to that of naive I/1Ki cells. Persistently infected and naive I/1Ki cells were grown on
collagen-coated 96-well plates, fixed 2 days after plating the cells, actin cytoskeleton stained with Alexa Fluor 488 phalloidin (ThermoScientific), and nuclei
visualized using Hoechst 33342. Opera Phenix High Content Screening System with (PerkinElmer) served for capturing the images (scale bar 200 mm) and
for the morphological measurements of cells, cytoplasm, and nuclei. (A) An overview of the cells stained for actin cytoskeleton (in green) and the nuclei
(blue). (B) Cell size distribution of the persistently infected cell lines (PIwUGV-1, PIwUHV, and PIwSn11) and naive I/1Ki cells. (C) The cell and nuclei
roundness of the persistently infected cell lines (PIwUGV-1, PIwUHV, and PIwSn11) and naive I/1Ki cells.
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studies indicated that the various L segments would replicate with equal efficacy in
coinfection, suggesting that they would not compete with or restrict the replication of
each other (15). In this study, we demonstrated that cells coinfected with a pair of
reptarenavirus S and L segments maintained both segment pairs at roughly equal lev-
els, suggesting that the segments would not compete at the replication level. The lack
of overt competition in replication between the different S or L segments fits well with
the observation of frequent reptarenavirus coinfections in snakes with BIBD (5, 15), and
it could represent one of the factors explaining the co-existence of multiple segments.
The observation of Stenglein et al. (15) that S segments (or S6/UGV-like S segments in
particular) can freely reassort with various L segments, adds another important piece
to the puzzle by explaining how and why most snakes with BIBD carry more L than S
segments. The S segment encodes the GPC, which following cleavage and maturation
gives rise to GP1 and GP2 that form the virion’s trimeric spike complex, which in the
case of mammarenaviruses (30) and likely hartmaniviruses (6) also include a stable sig-
nal peptide. Because the GPs mediate binding and entry to the host cell, one could
speculate that the S segment is under higher selection pressure than the L segment,
and the S segment carrying the GPC that most efficiently mediates entry would be
enriched in coinfection if the segment can pair up freely. Based on the sequencing
studies, the S6/UGV-like S segment is present in most (.75%) snakes with BIBD (15,
18), suggesting that the S6/UGV-like GPC efficiently mediates entry into various cell
types of the Boa constrictor. However, our earlier study using recombinant vesicular
stomatitis viruses pseudotyped with reptarenavirus GPs did not demonstrate signifi-
cant differences in the ability to mediate entry into cells originating from various Boa
constrictor tissues (17). The findings could suggest that different reptarenavirus GPCs
mediate entry into various tissues equally well or that factors other than entry play a
significant role in mediating tissue tropism.

In addition to GPC, the S segment encodes the NP, which plays a significant role in
the replication and translation of the arenavirus genome (31–33). Thus, the NP best
suited for interacting with RdRps of different reptarenavirus L segments (or reptarena-
virus species) could drive enrichment of a given S segment in a coinfection setting.
Our results demonstrated a slight fluctuation in S and L segment RNA levels through-
out 1 to 10 cell passages of cells infected with a single reptarenavirus. Conversely, both
dual reptarenavirus infection and reptarenavirus-hartmanivirus coinfection demon-
strated higher fluctuation of S and L segment RNA levels, which could indicate an inter-
play between different S and L segments. In both cases, the S and L segments of a
given reptarenavirus fluctuated similarly, which implies that the S and L segments con-
tribute equally to replication and might show preferential pairing. The RNA level fluctu-
ation over cell passages 1 to 10 could also relate to the spreading of the infection
within the cell population or innate immune mechanisms. The NP and ZP of mammare-
naviruses dampen the innate immune response by interacting with mediators of the
interferon response (34). We do not know if the interferon signaling is functional in the
Boa constrictor kidney cell line (I/1Ki) utilized in this study, but one could speculate that
the observed fluctuation mirrors the battle between the virus and the cells’ innate
immune response. We further measured the S to L segment ratio in the infected cells
over passages 1 to 10 and found that different S and L segment pairs appeared to
maintain a rather constant ratio. To our surprise, the S to L segment ratio showed a
rather high variation between viruses, ranging from an average of 0.88 (UHV-2) to 6.15
(UGV-1) times more S than L segment RNA being present within the infected cell popu-
lation. A larger amount of S segment RNA could facilitate infectious particle formation
due to increased production of structural proteins of the virion, however, the higher S
segment levels did not appear to translate into larger amounts of viral RNA released
into the cell culture.

During the establishment of the persistently infected cultures, the S and L segment
RNA levels showed an overall decreasing trend toward the 10th passage of the cells for
the single reptarenavirus infection, and in the case of reptarenavirus-hartmanivirus
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coinfection. However, in the case of dual reptarenavirus infection, the RNA levels of
both viruses appeared slightly higher at the 10th cell passage. It is possible that the
dual reptarenavirus culture did not reach a steady state in terms of virus replication
during the 10 rounds of cell passaging, which could explain the observed greater fluctu-
ation in the RNA levels. Hypothetically, the fluctuation in RNA levels could have stabilized
in the following passages, eventually resulting in lower S and L segment RNA levels. At
the same time, it is interesting to speculate that the interplay of two reptarenaviruses or
multiple reptarenavirus S and L segments would lead to higher overall RNA levels. Such
a phenomenon could contribute to the accumulation of viral proteins, with the forma-
tion of NP-containing IBs as one potential consequence. The decline and fluctuation in
viral RNA or S segment level did not appear to translate directly into protein expression.
In the case of single and dual reptarenavirus infection, i.e., PIwUGV-1 and PIwUHV cells,
the amount of NP appeared to follow the viral RNA levels to some extent. However, in
the case of reptarenavirus-hartmanivirus coinfection, i.e., in PIwSn11 cells, the NP
amount did not mimic the RNA level as closely. Interestingly, the number of GPs in the
cells did not appear to be bound to the NP level, although the S segment encodes both
proteins. In the case of PIwUGV-1, we utilized primers and probes targeting both NP and
GPC ORFs of the S segment and did not find differences in the RNA levels, suggesting
that the observed difference in protein level would not necessarily be related to the lat-
ter. Earlier studies have described persistently infected cell cultures for several mammar-
enaviruses (26–29, 35). The researchers have associated the decline in viral antigen
expression in the persistent cultures with the production of defective interfering (DI) par-
ticles (28, 35) that could proposedly contribute to viral persistence in the host (36). The
exact inhibition mechanism of DI particles remains unknown, but the incorporation of
deletion-containing genome segments appears to be one of the contributing processes
(37). Studies on lymphocytic choriomeningitis virus (LCMV) interestingly demonstrate
that the late domain of ZP (38) and the phosphorylation of ZP (39) specifically contribute
to DI particle formation, thus helping the virus to evade the immune response during
persistence. All the persistently infected cell lines produced infectious virions, but the
amount of viral RNA released from the cells was, depending on the virus, approximately
10 to 1000 times less than that secreted from freshly infected cells. We think that the
decline in GPC expression would best explain the decrease in particle formation or RNA
release, and it is tempting to speculate that DI particle formation would contribute to
changes in protein expression. We further speculate that the differential decline in the GPC
versus NP expression during persistent infection could provide a direct pathogenesis mech-
anism for BIBD. If the lack of GPC would hinder particle formation, the accumulation of NP
and subsequent IB formation would ensue. The findings call for further studies addressing
the connection between GPs and NP expression in reptarenavirus-infected snakes with or
without BIBD.

BIBD appears to be a progressive disease, i.e., a reptarenavirus-infected Boa constric-
tor eventually will develop the disease. There are several unknowns regarding the
pathogenesis of BIBD, including the details of IB formation. The established cell cul-
tures may help to identify the associated molecular mechanisms, including the role of
reptarenavirus coinfections in the development of the disease. The cultures will allow
studies on the replication dynamics between different reptarenavirus species and the
potential role of DI particles in reptarenavirus infection. An aspect of particular interest
is whether reptarenaviruses would be able to prevent replication of closely related
viruses, a feature described for persistently infected mammarenavirus cultures (26, 40).

MATERIALS ANDMETHODS
Viruses and generation of persistently infected cell lines. University of Helsinki virus 1 (UHV-1)

was originally isolated from a bone marrow cell line generated from a boa (Boa constrictor) euthanized
due to BIBD (1). The virus preparation used in this study was later demonstrated to contain two reptare-
naviruses: UHV-1 (GenBank accession no. L segment KR870020 and S segment KR870011) and aurora
borealis virus-1 (ABV-1, L segment KR870021, and S segment KR870010) at an approximately 1:1 ratio
according to next-generation sequencing reads (5). University of Giessen virus 1 (UGV-1) was initially iso-
lated from a liver sample of a BIBD-positive Boa constrictor (1) and sequenced (L segment KR870022 and
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S segment KR870012) in a subsequent study (5). UHV-2 (L segment KR870030 and S segment KR870016)
was also isolated from a liver sample of a BIBD-positive Boa constrictor (1). A subsequent sequencing
study revealed the isolate to also contain Haartman Institute snake virus-1 (HISV-1) (5) which was later
sequenced completely (L segment NC_043444 and S segment NC_043443) (6) and classified as genus
Hartmanivirus within the family Arenaviridae (7).

The Boa constrictor kidney cell line, I/1Ki, described in (1) was maintained in minimal essential me-
dium Eagle (MEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (Gibco), 2 mM L-glutamine
(Sigma-Aldrich), 100 IU/mL penicillin (Sigma-Aldrich), and 100 mg/mL streptomycin (Sigma-Aldrich) at
30°C and 5% CO2 as described (1, 5, 20). The initial inoculations with UHV (UHV-1 and ABV-1, (1, 5)), UGV-
1 (1, 5), and Sn11 isolate (HISV-1 and UHV-2,) at a multiplicity of infection (MOI, measured as fluorescent
focus-forming units/cell) of approximately 0.1 to 1 were done on approximately 75% to 80% confluent
monolayers of I/1Ki cells grown on 75 cm2

flasks by adsorbing the respective virus preparations for 1 h
at 30°C and 5% CO2, followed by two washes with the conditioned medium, addition of fresh medium,
and incubation at 30°C and 5% CO2 for 10 days. After incubation, the cell pellets were suspended into a
fully supplemented growth medium and the cell suspension was divided into three portions, 1/3 of the
cells were placed into a clean 75 cm2

flask for the next passage, and 1/3 of the cells were collected for
immunoblot, and 1/3 of cells for RNA extraction. The cell suspensions for the next passage were diluted
with fresh supplemented growth medium and incubated at 30°C and 5% CO2 until the monolayers
became confluent (5 to 14 days depending on the passage and infected cell line). The cell samples col-
lected for immunoblot and RNA extraction were washed three times with phosphate-buffered saline
(PBS) (3 min, 500 � g centrifugation between washes) and stored at 280°C until lysis and RNA extrac-
tion. Passaging and sample collection were continued as described above until passage 10. The gener-
ated persistently infected (PI) cell lines were designated PIwUHV (UHV-1 and ABV-1 infected), PIwUGV-1
(UGV-1 infected), and PIwSn11 (HISV-1 and UHV-2 infected).

Production of antisera against recombinant reptarenavirus GP2 and UGV-1 GPC. To design an
antigen for producing a broadly cross-reactive antiserum against GP2s of different reptarenaviruses, we
aligned the GPCs of different reptarenavirus species and selected the two regions with the highest
sequence homology. The first region SKVDNTLEPGCDSNVGLFGHSTGTD maps to approximately amino
acid residues 250 to 274 of the GPC and the second region SQLEHVTDAIACKIAKTSNYTTTALFLLNKE-
EGEIRDHVVEHEVALNYLLAHQGGLCNVVKGPMCCSDIDDFRRNVSDMIDKVHEEMKKFYHEPD to approximately
residues 295 to 389. For producing a recombinant protein in Escherichia coli, we used a codon-optimized
synthetic gene encoding the above-mentioned amino acid stretches separated by five glycine residues
and followed by three glycine residues in the pET-20b(1) vector from Gene Universal. The protein pro-
duction and purification under denaturing conditions were done as described (41).

For producing the UGV-1 GPC through mammalian expression, we used a Gene Universal synthetic
gene encoding the GPC open reading frame of UGV-1 with the transmembrane helix replaced by a T4
fibritin trimerization domain. We subcloned the insert into the pCAGGS/MCS-Zeo-fwd vector, pro-
duced a plasmid maxiprep, transfected HEK293T cells with the construct, performed Zeocin selection,
adapted the cells for suspension culture, and produced and purified the recombinant protein as
described (42).

We sent 0.5 mg of both purified recombinant antigens to BioGenes GmbH (BioGenes adheres to EU
and global animal welfare regulations) for immunizing one rabbit with one antigen according to the im-
munization scheme applied earlier (6, 41).

Cell lysis and immunoblot. The cell pellets stored at280°C were lysed in Tris-buffered saline (50 mM
Tris, 150 mM NaCl, pH 8.0) with 1% Triton X-100 and EDTA-free Protease Inhibitor Cocktail (Roche). The
protein concentrations were measured using the Pierce BCA Protein assay kit (ThermoFisher Scientific)
according to the manufacturer’s protocol. The samples were mixed with Laemmli sample buffer, and the
proteins (10 mg of total protein per lane) were separated on 4% to 20% Mini-Protean TGX Precast Proteins
Gels (Bio-Rad) under standard conditions. Rabbit anti-pan reptarenavirus antiserum (1:2000 dilution),
cross-reacting well with different reptarenavirus NPs, described in (43), and rabbit anti-HISV-1 NP antise-
rum (1:2000 dilution) were used for the detection of reptarenavirus and hartmanivirus NP in immunoblots.
Rabbit anti-reptarenavirus GP2 and anti-UGV-1 GPC served to detect the reptarenavirus GPs. For loading
control, we employed Lab Vision pan-actin mouse monoclonal antibody (42 kDa) (ThermoFisher Scientific)
at 1:200 dilution as described in (43). The secondary antibodies employed were IRDye 800CW donkey anti-
rabbit (IgG) (LI-COR Biosciences) and Alexa Fluor 680-labeled donkey anti-mouse (IgG) (ThermoFisher
Scientific), both used at 1:10000 dilution. SDS-PAGE, immunoblotting, and recording of results were per-
formed as described (17, 24, 43). For testing the generated anti-reptarenavirus GP2 and anti-UGV-1 GPC
sera, we employed the lysates of HEK293T cells transfected with various reptarenavirus GPC (24) that had
been stored in Laemmli sample buffer at220°C for approximately 2 years.

Generation of control RNA for quantitative reverse transcription PCR (qRT-PCR). We ordered
the following synthetic genes under the T7 promoter (TAATACGACTCACTATAG) followed by the PmeI
(GTTTAAAC) restriction site in the pUC57 vector from Genscript: ABV-1 S segment (468 nucleotides, 3 to
350 of GenBank accession no. KR870010), ABV-1 L segment (455 nt, 3263 to 3717 of KR870021), UHV-1 S
segment (453 nt,457 to 909 of KR870011), UHV-1 L segment (459 nt, 3297 to 3755 of KR870020), UHV-2
S segment (468 nt, 495 to 962 of KR870016), UHV-2 L segment (455 nt, 3282 to 3736 of KR870030), UGV-
1 S segment (453 nt,567 to 1019 of NC_039005), UGV-1 L segment (482 nt,3214 to 3695 of NC_039006),
UGV-2 S segment (437 nt,546 to 982 of KR870015), UGV-2 L segment (473 nt, 3251 to 3723 of
KR870029), HISV-1 S segment (450 nt, 486 to 935 of NC_043444), and HISV-1 L segment (467 nt, 3213 to
3679 of NC_043443). For amplification, the plasmids were transformed into Escherichia coli DH5a, and af-
ter plating onto Luria Broth plates with 100 mg/mL ampicillin, single colonies were picked to produce
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plasmid stocks utilizing ZymoPURE II Plasmid Maxiprep kit (Zymo Research). For in vitro transcription,
the plasmids were opened using FastDigest MssI (PmeI, ThermoFisher Scientific), and the opened plas-
mid was purified by agarose gel electrophoresis and the GeneJET Gel Extraction kit (ThermoFisher
Scientific). The preparations were repurified using Agencourt Ampure XP beads (Beckman Coulter) and
eluted into milli-Q water (Merck-Millipore) before in vitro transcription. The control RNAs were produced
using the TranscriptAid T7 High Yield Transcription kit and purified with the GeneJET RNA purification
kit, both from ThermoFisher Scientific. The RNA concentrations were determined using NanoDrop 2000
(ThermoFisher Scientific) and the conversion to copy numbers was done using an online calculation tool
(available at: http://endmemo.com/bio/dnacopynum.php). The RNA stocks were stored at 280°C until
use. All kits and products were used according to the manufacturer’s protocol.

Nucleic acid extraction, primers, probes, and qRT-PCR. For nucleic acid extraction, the cell pellets
stored at 280°C were resuspended in TRIzol (ThermoFisher Scientific) and RNA and DNA were purified
following the manufacturer’s protocol. The primers and probes utilized were ordered from Metabion
GmbH and are listed in Table 1. To confirm that the presence of RNA from closely related reptarenavi-
ruses does not affect the performance of qRT-PCRs with different L and S segment primer and probe
combinations, we compared the Ct values of the respective control RNAs obtained in the presence
and absence of the other control RNAs. The composition of qRT-PCR mixtures for samples was half of
the amount from the manufacturer’s protocol (2.5 mL of TaqMan Fast Virus 1-Step Master Mix
[ThermoFisher Scientific], 2.5 mL of the extracted RNA template, 4.375 mL of sterile milli-Q water
[Merck-Millipore], 0.5 mM forward and reverse primers [Metabion sequences in Table 1], 0.25 mM
probe). When analyzing the ability of primer and probe combinations to amplify the correct target
in the presence and absence of the other control RNAs, we added carrier RNA to the reaction mixtures
to better mimic the composition of the isolated RNA samples. The qRT-PCRs were run in duplicate
on 4titude skirted 96-well plates (Brooks Life Sciences) with the AriaMx real-time PCR system (Agilent)
(1: 5 min at 50°C; 2: 20 sec at 95°C; 3: 3 sec at 95°C; 4: 30 sec at 60°C [steps 3 and 4 were repeated
40 times]).

Immunofluorescence (IF) staining. For IF staining, Tissue Culture Treated ViewPlate-96 Black
(PerkinElmer) or CellCarrier-96 Ultra (PerkinElmer) plates were collagen-coated by adding 50 mL/well of
Collagen Type I from rat tail (BD Biosciences) at 0.1 mg/mL concentration in 25 mM acetic acid followed
by overnight incubation at 4°C as described (43). After incubation, the coating solution was replaced by
sterile PBS and the plates were stored at 4°C until use, when used directly, the wells were washed once
with PBS before the addition of cells. I/1Ki cells transfected with pCAGGS-based constructs for producing
recombinant reptarenavirus GPCs with HA-tag as described (24, 43) served to test the anti-reptarenavirus
GP2 and anti-UGV-1 GPC rabbit antisera. To test the ability of the persistently infected cell cultures to pro-
duce infectious virus, we used supernatants collected 7 days post passaging of the persistent cell cultures
(at or close to passage 30, depending on the cell line) to inoculate I/1Ki cells plated on 96-well plates. The
cells were fixed and analyzed at 2 or 4 dpi. When analyzing the persistently infected cultures, the cells
were allowed to attach in a fully supplemented growth medium at 30°C and 5% CO2 for at least 24 h
before fixing and staining. Fixation and IF staining followed described protocols (17, 43). Rabbit anti-UHV
NP-C antiserum (1:2000 dilution) described in (20), rabbit anti-HISV-1 NP antiserum (1:2000 dilution)
described in (6), rabbit anti-reptarenavirus GP2 (1:500), rabbit anti-UGV-1 GPC (1:1000), and Alexa Fluor
488 labeled rabbit anti-reptarenavirus NP (1:500 dilution) described in (22) were used as primary antibod-
ies. The secondary antibodies, Alexa Fluor 488- or 594-labeled donkey anti-rabbit immunoglobulin
(ThermoFisher Scientific), were used at 1:1000 dilution. When analyzing cell morphology, Alexa Fluor 488
or Alexa Fluor 594 Phalloidin (ThermoScientific) served to stain the actin cytoskeleton following the manu-
facturer’s guidelines. The imaging was done using either ZOE Fluorescent Cell Imager (Bio-Rad) or the
Opera Phenix High Content Screening System (PerkinElmer), a method provided by FIMM (Institute for
Molecular Medicine Finland) High Content Imaging and Analysis (FIMM-HCA).

Immunohistology with anti-reptarenavirus GP2 and anti-UGV-1 GPC antisera. Archival paraffin-
embedded tissue from a Boa constrictor with confirmed BIBD and one for which BIBD and reptarenavirus
infection had been negative for viral NP by histology and immunohistology and had undergone a full
diagnostic postmortem examination at the Institute of Veterinary Pathology, Vetsuisse Faculty, the
University of Zürich (at the owners’ request) was used. These diagnostic motivated necropsies did not
require ethical permission. Tissue specimens from the brain had been fixed in 10% buffered formalin,
trimmed, and routinely paraffin wax embedded. Consecutive sections (3 to 5 mm) were prepared and
stained with anti-reptarenavirus GP2 (1:8000) and anti-UGV-1 GPC (1:8000), respectively, using the stain-
ing protocols previously described (1). Sections stained with the respective preimmune serum served as
negative controls. Sections from a pellet of I/1Ki cells infected with UGV-1 and harvested at day 6 postin-
fection, fixed in 10% buffered formalin, and routinely paraffin wax embedded were stained following
the same protocols and served as positive controls.

ACKNOWLEDGMENTS
We wish to acknowledge Antti Hassinen from FIMM (Institute for Molecular

Medicine Finland, High Content Imaging and Analysis unit) for the help with the Opera
Phenix High Content Screening system.

The study was supported by the Academy of Finland (J.H.; grants 308613, 314119,
and 335762).

We declare no conflict of interest.

Persistent Reptarenavirus and Hartmanivirus Infection Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01585-22 16

http://endmemo.com/bio/dnacopynum.php
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01585-22


REFERENCES
1. Hetzel U, Sironen T, Laurinmaki P, Liljeroos L, Patjas A, Henttonen H,

Vaheri A, Artelt A, Kipar A, Butcher SJ, Vapalahti O, Hepojoki J. 2013. Isola-
tion, identification, and characterization of novel arenaviruses, the etio-
logical agents of boid inclusion body disease. J Virol 87:10918–10935.
https://doi.org/10.1128/JVI.01123-13.

2. Bodewes R, Kik MJ, Raj VS, Schapendonk CM, Haagmans BL, Smits SL,
Osterhaus AD. 2013. Detection of novel divergent arenaviruses in boid
snakes with inclusion body disease in The Netherlands. J Gen Virol 94:
1206–1210. https://doi.org/10.1099/vir.0.051995-0.

3. Stenglein MD, Sanders C, Kistler AL, Ruby JG, Franco JY, Reavill DR, Dunker
F, Derisi JL. 2012. Identification, characterization, and in vitro culture of
highly divergent arenaviruses from boa constrictors and annulated tree
boas: candidate etiological agents for snake inclusion body disease. mBio
3:e00180–e00112. https://doi.org/10.1128/mBio.00180-12.

4. Radoshitzky SR, Bao Y, Buchmeier MJ, Charrel RN, Clawson AN, Clegg CS,
DeRisi JL, Emonet S, Gonzalez JP, Kuhn JH, Lukashevich IS, Peters CJ,
Romanowski V, Salvato MS, Stenglein MD, de la Torre JC. 2015. Past, pres-
ent, and future of arenavirus taxonomy. Arch Virol 160:1851–1874.
https://doi.org/10.1007/s00705-015-2418-y.

5. Hepojoki J, Salmenpera P, Sironen T, Hetzel U, Korzyukov Y, Kipar A,
Vapalahti O. 2015. Arenavirus coinfections are common in snakes with
boid inclusion body disease. J Virol 89:8657–8660. https://doi.org/10
.1128/JVI.01112-15.

6. Hepojoki J, Hepojoki S, Smura T, Szirovicza L, Dervas E, Prahauser B, Nufer
L, Schraner EM, Vapalahti O, Kipar A, Hetzel U. 2018. Characterization of
Haartman Institute snake virus-1 (HISV-1) and HISV-like viruses-the repre-
sentatives of genus Hartmanivirus, family Arenaviridae. PLoS Pathog 14:
e1007415. https://doi.org/10.1371/journal.ppat.1007415.

7. Maes P, Alkhovsky SV, Bao Y, Beer M, Birkhead M, Briese T, Buchmeier MJ,
Calisher CH, Charrel RN, Choi IR, Clegg CS, de la Torre JC, Delwart E, DeRisi
JL, Di Bello PL, Di Serio F, Digiaro M, Dolja VV, Drosten C, Druciarek TZ, Du
J, Ebihara H, Elbeaino T, Gergerich RC, Gillis AN, Gonzalez JJ, Haenni AL,
Hepojoki J, Hetzel U, Ho T, Hong N, Jain RK, Jansen van Vuren P, Jin Q,
Jonson MG, Junglen S, Keller KE, Kemp A, Kipar A, Kondov NO, Koonin EV,
Kormelink R, Korzyukov Y, Krupovic M, Lambert AJ, Laney AG, LeBreton
M, Lukashevich IS, Marklewitz M, Markotter W, et al. 2018. Taxonomy of
the family Arenaviridae and the order Bunyavirales: update 2018. Arch
Virol 163:2295–2310. https://doi.org/10.1007/s00705-018-3843-5.

8. Shi M, Lin XD, Chen X, Tian JH, Chen LJ, Li K, Wang W, Eden JS, Shen JJ, Liu
L, Holmes EC, Zhang YZ. 2018. The evolutionary history of vertebrate RNA
viruses. Nature 556:197–202. https://doi.org/10.1038/s41586-018-0012-7.

9. Mordecai GJ, Miller KM, Di Cicco E, Schulze AD, Kaukinen KH, Ming TJ, Li S,
Tabata A, Teffer A, Patterson DA, Ferguson HW, Suttle CA. 2019. Endan-
gered wild salmon infected by newly discovered viruses. Elife 8:e47615.
https://doi.org/10.7554/eLife.47615.

10. Abudurexiti A, Adkins S, Alioto D, Alkhovsky SV, Avši�c-Županc T, Ballinger
MJ, Bente DA, Beer M, Bergeron �E, Blair CD, Briese T, Buchmeier MJ, Burt
FJ, Calisher CH, Cháng C, Charrel RN, Choi IR, Clegg JCS, de la Torre JC, de
Lamballerie X, Dèng F, Di Serio F, Digiaro M, Drebot MA, Duàn X, Ebihara
H, Elbeaino T, Ergünay K, Fulhorst CF, Garrison AR, G�ao GF, Gonzalez J-PJ,
Groschup MH, Günther S, Haenni A-L, Hall RA, Hepojoki J, Hewson R, Hú
Z, Hughes HR, Jonson MG, Junglen S, Klempa B, Klingström J, Kòu C,
Laenen L, Lambert AJ, Langevin SA, Liu D, Lukashevich IS, et al. 2019. Tax-
onomy of the order Bunyavirales: update 2019. Arch Virol 164:1949–1965.
https://doi.org/10.1007/s00705-019-04253-6.

11. Radoshitzky SR, Buchmeier MJ, Charrel RN, Clegg JCS, Gonzalez JJ,
Gunther S, Hepojoki J, Kuhn JH, Lukashevich IS, Romanowski V, Salvato
MS, Sironi M, Stenglein MD, de la Torre JC, Ictv Report C. 2019. ICTV virus
taxonomy profile: arenaviridae. The J general virology 100:1200–1201.
https://doi.org/10.1099/jgv.0.001280.

12. Chang L-W, Jacobson ER. 2010. Inclusion body disease, a worldwide infec-
tious disease of boid snakes: a review. J Exotic Pet Medicine 19:216–225.
https://doi.org/10.1053/j.jepm.2010.07.014.

13. Stenglein MD, Sanchez-Migallon Guzman D, Garcia VE, Layton ML, Hoon-
Hanks LL, Boback SM, Keel MK, Drazenovich T, Hawkins MG, DeRisi JL.
2017. differential disease susceptibilities in experimentally reptarenavi-
rus-infected boa constrictors and ball pythons. J Virol 91:e00451-17.
https://doi.org/10.1128/JVI.00451-17.

14. Hetzel U, Korzyukov Y, Keller S, Szirovicza L, Pesch T, Vapalahti O, Kipar A,
Hepojoki J. 2021. Experimental reptarenavirus infection of boa constrictor
and python regius. J Virol 95:e01968. https://doi.org/10.1128/JVI.01968-20.

15. Stenglein MD, Jacobson ER, Chang LW, Sanders C, Hawkins MG, Guzman
DS, Drazenovich T, Dunker F, Kamaka EK, Fisher D, Reavill DR, Meola LF,
Levens G, DeRisi JL. 2015. Widespread recombination, reassortment, and
transmission of unbalanced compound viral genotypes in natural arena-
virus infections. LoPS Pathog 11:e1004900. https://doi.org/10.1371/journal
.ppat.1004900.

16. Keller S, Hetzel U, Sironen T, Korzyukov Y, Vapalahti O, Kipar A, Hepojoki J.
2017. Co-infecting reptarenaviruses can be vertically transmitted in boa
constrictor. PLoS Pathog 13:e1006179. https://doi.org/10.1371/journal
.ppat.1006179.

17. Korzyukov Y, Hetzel U, Kipar A, Vapalahti O, Hepojoki J. 2016. Generation
of anti-boa immunoglobulin antibodies for serodiagnostic applications,
and their use to detect anti-reptarenavirus antibodies in boa constrictor.
PLoS One 11:e0158417. https://doi.org/10.1371/journal.pone.0158417.

18. Windbichler K, Michalopoulou E, Palamides P, Pesch T, Jelinek C,
Vapalahti O, Kipar A, Hetzel U, Hepojoki J. 2019. Antibody response in
snakes with boid inclusion body disease. PLoS One 14:e0221863. https://
doi.org/10.1371/journal.pone.0221863.

19. Zimmerman LM, Vogel LA, Bowden RM. 2010. Understanding the verte-
brate immune system: insights from the reptilian perspective. J Exp Biol
213:661–671. https://doi.org/10.1242/jeb.038315.

20. Hepojoki J, Kipar A, Korzyukov Y, Bell-Sakyi L, Vapalahti O, Hetzel U. 2015.
Replication of boid inclusion body disease-associated arenaviruses is
temperature sensitive in both boid and mammalian cells. J Virol 89:
1119–1128. https://doi.org/10.1128/JVI.03119-14.

21. Zapata JC, Salvato MS. 2013. Arenavirus variations due to host-specific
adaptation. Viruses 5:241–278. https://doi.org/10.3390/v5010241.

22. Argenta FF, Hepojoki J, Smura T, Szirovicza L, Hammerschmitt ME,
Driemeier D, Kipar A, Hetzel U. 2020. Identification of reptarenaviruses,
hartmaniviruses and a novel chuvirus in captive brazilian native boa con-
strictors with boid inclusion body disease. J Virol 94:e00001-20. https://
doi.org/10.1128/JVI.00001-20.

23. Baggio F, Hetzel U, Nufer L, Kipar A, Hepojoki J. 2020. Arenavirus nucleo-
protein localizes to mitochondria. bioRxiv. https://doi.org/10.1101/2020
.11.06.370825.

24. Korzyukov Y, Iheozor-Ejiofor R, Levanov L, Smura T, Hetzel U, Szirovicza L,
de la Torre JC, Martinez-Sobrido L, Kipar A, Vapalahti O, Hepojoki J. 2020.
Differences in tissue and species tropism of reptarenavirus species stud-
ied by vesicular stomatitis virus pseudotypes. Viruses 12:395. https://doi
.org/10.3390/v12040395.

25. Chang LW, Fu A, Wozniak E, Chow M, Duke DG, Green L, Kelley K,
Hernandez JA, Jacobson ER. 2013. Immunohistochemical detection of a
unique protein within cells of snakes having inclusion body disease, a
world-wide disease seen in members of the families Boidae and Pythoni-
dae. PLoS One 8:e82916. https://doi.org/10.1371/journal.pone.0082916.

26. Damonte EB, Mersich SE, Coto CE. 1983. Response of cells persistently
infected with arenaviruses to superinfection with homotypic and heterotypic
viruses. Virology 129:474–478. https://doi.org/10.1016/0042-6822(83)90185-x.

27. Ellenberg P, Edreira M, Lozano M, Scolaro L. 2002. Synthesis and expres-
sion of viral antigens in Vero cells persistently infected with Junin virus.
Arch Virol 147:1543–1557. https://doi.org/10.1007/s00705-002-0823-5.

28. Welsh RM, Oldstone MB. 1977. Inhibition of immunologic injury of cul-
tured cells infected with lymphocytic choriomeningitis virus: role of de-
fective interfering virus in regulating viral antigenic expression. J Exp
Med 145:1449–1468. https://doi.org/10.1084/jem.145.6.1449.

29. Staneck LD, Trowbridge RS, Welsh RM, Wright EA, Pfau CJ. 1972. Arenavi-
ruses: cellular response to long-term in vitro infection with parana and
lymphocytic choriomeningitis viruses. Infect Immun 6:444–450. https://
doi.org/10.1128/iai.6.4.444-450.1972.

30. Burri DJ, Palma JR, Kunz S, Pasquato A. 2012. Envelope glycoprotein of
arenaviruses. Viruses 4:2162–2181. https://doi.org/10.3390/v4102162.

31. Baird NL, York J, Nunberg JH. 2012. Arenavirus infection induces discrete
cytosolic structures for RNA replication. J Virol 86:11301–11310. https://
doi.org/10.1128/JVI.01635-12.

32. Lee KJ, Novella IS, Teng MN, Oldstone MB, de La Torre JC. 2000. NP and L
proteins of lymphocytic choriomeningitis virus (LCMV) are sufficient for
efficient transcription and replication of LCMV genomic RNA analogs. J
Virol 74:3470–3477. https://doi.org/10.1128/jvi.74.8.3470-3477.2000.

33. Knopp KA, Ngo T, Gershon PD, Buchmeier MJ. 2015. Single nucleoprotein
residue modulates arenavirus replication complex formation. mBio 6:
e00524-15–e00515. https://doi.org/10.1128/mBio.00524-15.

Persistent Reptarenavirus and Hartmanivirus Infection Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01585-22 17

https://doi.org/10.1128/JVI.01123-13
https://doi.org/10.1099/vir.0.051995-0
https://doi.org/10.1128/mBio.00180-12
https://doi.org/10.1007/s00705-015-2418-y
https://doi.org/10.1128/JVI.01112-15
https://doi.org/10.1128/JVI.01112-15
https://doi.org/10.1371/journal.ppat.1007415
https://doi.org/10.1007/s00705-018-3843-5
https://doi.org/10.1038/s41586-018-0012-7
https://doi.org/10.7554/eLife.47615
https://doi.org/10.1007/s00705-019-04253-6
https://doi.org/10.1099/jgv.0.001280
https://doi.org/10.1053/j.jepm.2010.07.014
https://doi.org/10.1128/JVI.00451-17
https://doi.org/10.1128/JVI.01968-20
https://doi.org/10.1371/journal.ppat.1004900
https://doi.org/10.1371/journal.ppat.1004900
https://doi.org/10.1371/journal.ppat.1006179
https://doi.org/10.1371/journal.ppat.1006179
https://doi.org/10.1371/journal.pone.0158417
https://doi.org/10.1371/journal.pone.0221863
https://doi.org/10.1371/journal.pone.0221863
https://doi.org/10.1242/jeb.038315
https://doi.org/10.1128/JVI.03119-14
https://doi.org/10.3390/v5010241
https://doi.org/10.1128/JVI.00001-20
https://doi.org/10.1128/JVI.00001-20
https://doi.org/10.1101/2020.11.06.370825
https://doi.org/10.1101/2020.11.06.370825
https://doi.org/10.3390/v12040395
https://doi.org/10.3390/v12040395
https://doi.org/10.1371/journal.pone.0082916
https://doi.org/10.1016/0042-6822(83)90185-x
https://doi.org/10.1007/s00705-002-0823-5
https://doi.org/10.1084/jem.145.6.1449
https://doi.org/10.1128/iai.6.4.444-450.1972
https://doi.org/10.1128/iai.6.4.444-450.1972
https://doi.org/10.3390/v4102162
https://doi.org/10.1128/JVI.01635-12
https://doi.org/10.1128/JVI.01635-12
https://doi.org/10.1128/jvi.74.8.3470-3477.2000
https://doi.org/10.1128/mBio.00524-15
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01585-22


34. Borrow P, Martinez-Sobrido L, de la Torre JC. 2010. Inhibition of the type I
interferon antiviral response during arenavirus infection. Viruses 2:
2443–2480. https://doi.org/10.3390/v2112443.

35. Welsh RM, Jr., Buchmeier MJ. 1979. Protein analysis of defective interfer-
ing lymphocytic choriomeningitis virus and persistently infected cells. Vi-
rology 96:503–515. https://doi.org/10.1016/0042-6822(79)90107-7.

36. Oldstone MB. 1998. Viral persistence: mechanisms and consequences. Curr
Opin Microbiol 1:436–441. https://doi.org/10.1016/S1369-5274(98)80062-3.

37. Meyer BJ, Southern PJ. 1997. A novel type of defective viral genome sug-
gests a unique strategy to establish and maintain persistent lymphocytic
choriomeningitis virus infections. J Virol 71:6757–6764. https://doi.org/10
.1128/JVI.71.9.6757-6764.1997.

38. Ziegler CM, Eisenhauer P, Bruce EA, Weir ME, King BR, Klaus JP, Krementsov
DN, Shirley DJ, Ballif BA, Botten J. 2016. The lymphocytic choriomeningitis
virus matrix protein ppxy late domain drives the production of defective
interfering particles. PLoS Pathog 12:e1005501. https://doi.org/10.1371/
journal.ppat.1005501.

39. Ziegler CM, Eisenhauer P, Bruce EA, Beganovic V, King BR, Weir ME, Ballif
BA, Botten J. 2016. A novel phosphoserine motif in the LCMV matrix

protein Z regulates the release of infectious virus and defective interfer-
ing particles. J Gen Virol 97:2084–2089. https://doi.org/10.1099/jgv.0
.000550.

40. Ellenberg P, Edreira M, Scolaro L. 2004. Resistance to superinfection of
Vero cells persistently infected with Junin virus. Arch Virol 149:507–522.
https://doi.org/10.1007/s00705-003-0227-1.

41. Dervas E, Hepojoki J, Laimbacher A, Romero-Palomo F, Jelinek C, Keller S,
Smura T, Hepojoki S, Kipar A, Hetzel U. 2017. Nidovirus-associated prolif-
erative pneumonia in the green tree python (Morelia viridis). J Virol 91:
e00718-17. https://doi.org/10.1128/JVI.00718-17.

42. Rusanen J, Kareinen L, Levanov L, Mero S, Pakkanen SH, Kantele A, Amanat
F, Krammer F, Hedman K, Vapalahti O, Hepojoki J. 2021. A 10-minute “Mix
and Read” antibody assay for SARS-CoV-2. Viruses 13:143. https://doi.org/
10.3390/v13020143.

43. Szirovicza L, Hetzel U, Kipar A, Martinez-Sobrido L, Vapalahti O, Hepojoki J.
2020. Snake deltavirus utilizes envelope proteins of different viruses to
generate infectious particles. mBio 11:e03250-19. https://doi.org/10.1128/
mBio.03250-19.

Persistent Reptarenavirus and Hartmanivirus Infection Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01585-22 18

https://doi.org/10.3390/v2112443
https://doi.org/10.1016/0042-6822(79)90107-7
https://doi.org/10.1016/S1369-5274(98)80062-3
https://doi.org/10.1128/JVI.71.9.6757-6764.1997
https://doi.org/10.1128/JVI.71.9.6757-6764.1997
https://doi.org/10.1371/journal.ppat.1005501
https://doi.org/10.1371/journal.ppat.1005501
https://doi.org/10.1099/jgv.0.000550
https://doi.org/10.1099/jgv.0.000550
https://doi.org/10.1007/s00705-003-0227-1
https://doi.org/10.1128/JVI.00718-17
https://doi.org/10.3390/v13020143
https://doi.org/10.3390/v13020143
https://doi.org/10.1128/mBio.03250-19
https://doi.org/10.1128/mBio.03250-19
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01585-22

	RESULTS
	Generation and evaluation of virus segment-specific quantitative reverse transcription PCR (qRT-PCR).
	Passaging of arenavirus-infected cells generated persistently infected cell cultures as judged by the presence of viral S and L segment RNA.
	Antisera against reptarenavirus GP2 and UGV-1 GPC showed good cross-reactivity against reptarenavirus GPCs.
	The expression of viral proteins during the first 10 cell passages.
	The staining pattern of reptarenavirus NP in freshly and persistently infected cells.
	The persistently infected cell lines produced infectious virions.
	Cell size distribution suggested persistent hartmaniviruses but not reptarenaviruses caused alterations in cell morphology.

	DISCUSSION
	MATERIALS AND METHODS
	Viruses and generation of persistently infected cell lines.
	Production of antisera against recombinant reptarenavirus GP2 and UGV-1 GPC.
	Cell lysis and immunoblot.
	Generation of control RNA for quantitative reverse transcription PCR (qRT-PCR).
	Nucleic acid extraction, primers, probes, and qRT-PCR.
	Immunofluorescence (IF) staining.
	Immunohistology with anti-reptarenavirus GP2 and anti-UGV-1 GPC antisera.

	ACKNOWLEDGMENTS
	REFERENCES

