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ABSTRACT Satellite viruses, most commonly found in plants, rely on helper viruses
to complete their replication cycle. The only known example of a human satellite vi-
rus is the hepatitis D virus (HDV), and it is generally thought to require hepatitis B
virus (HBV) to form infectious particles. Until 2018, HDV was the sole representative
of the genus Deltavirus and was thought to have evolved in humans, the only
known HDV host. The subsequent identi�cation of HDV-like agents in birds, snakes,
�sh, amphibians, and invertebrates indicated that the evolutionary history of deltavi-
ruses is likely much longer than previously hypothesized. Interestingly, none of the
HDV-like agents were found in coinfection with an HBV-like agent, suggesting that
these viruses use different helper virus(es). Here we show, using snake deltavirus
(SDeV), that HBV and hepadnaviruses represent only one example of helper viruses
for deltaviruses. We cloned the SDeV genome into a mammalian expression plasmid,
and by transfection could initiate SDeV replication in cultured snake and mammalian
cell lines. By superinfecting persistently SDeV-infected cells with reptarenaviruses
and hartmaniviruses, or by transfecting their surface proteins, we could induce pro-
duction of infectious SDeV particles. Our �ndings indicate that deltaviruses can likely
use a multitude of helper viruses or even viral glycoproteins to form infectious parti-
cles. This suggests that persistent infections, such as those caused by arenaviruses
and orthohantaviruses used in this study, and recurrent infections would be bene�-
cial for the spread of deltaviruses. It seems plausible that further human or animal
disease associations with deltavirus infections will be identi�ed in the future.

IMPORTANCE Deltaviruses need a coinfecting enveloped virus to produce infectious
particles necessary for transmission to a new host. Hepatitis D virus (HDV), the only
known deltavirus until 2018, has been found only in humans, and its coinfection
with hepatitis B virus (HBV) is linked with fulminant hepatitis. The recent discovery
of deltaviruses without a coinfecting HBV-like agent in several different taxa sug-
gested that deltaviruses could employ coinfection by other enveloped viruses to
complete their life cycle. In this report, we show that snake deltavirus (SDeV) ef�-
ciently utilizes coinfecting reptarena- and hartmaniviruses to form infectious parti-
cles. Furthermore, we demonstrate that cells expressing the envelope proteins of
arenaviruses and orthohantaviruses produce infectious SDeV particles. As the enve-
lope proteins are responsible for binding and infecting new host cells, our �ndings
indicate that deltaviruses are likely not restricted in their tissue tropism, implying
that they could be linked to animal or human diseases other than hepatitis.
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would produce the SDAg without virus replication under the �-actin promoter of
pCAGGS. To study SDAg expression, we transfected Boa constrictor (I/1Ki) and African
green monkey (Vero E6) kidney cells and studied the cells by IF staining at 1, 2, 3, and
4 days posttransfection (dpt). As Fig. 3A demonstrates, SDAg can be detected from day
1 onwards with both constructs and cell lines. The fact that pCAGGS-SDeV-FWD
transfection induces SDAg production suggests initiation of SDeV replication. Interest-
ingly, at 1 and 2 dpt, the SDAg was predominantly found in the cytoplasm when
expressed from the pCAGGS-SDeV-REV plasmid, whereas transfection with the
pCAGGS-SDeV-FWD plasmid resulted in a predominantly nuclear localization of SDAg.
At 4 dpt, however, SDAg was mostly detected in the cytoplasm for both constructs. The
observed localization differences could be due to differences in transcription if the
protein is produced under the �-actin promoter present in the plasmid (pCAGGS-SDeV-
REV) compared to when the protein is expressed as a result of viral replication. The
shuttle of the two HDAg forms between the nucleus and cytoplasm is mediated by
posttranslational modi�cations (34), which could also be different in replication versus
transcription from plasmid DNA. Furthermore, similarly to HDV, SDeV�s genomic and
antigenomic RNA species could employ different cellular machineries for replication
(35), thus adding a potential explanation to the observed differences. We also analyzed
the transfected cells by Western blotting (WB) and could demonstrate an increasing
amount of SDAg during the 4 days of transfection (Fig. 3B). The S-SDAg and L-SDAg
have estimated molecular weights of 22.7 and 25.6 kDa, respectively (6). For a loading
control, we probed the membranes with pan-actin antibody, which produced bands of
expected sizes (around 42 kDa) in WB (Fig. 3B).

Because the RNA polymerase II machinery of some mammalian cell lines can use the
T7 promoter for initiation of transcription (36, 37), we transfected I/1Ki cells with a

FIG 1 Isolation of SDeV from the brain of an infected snake using cultured boid kidney cells (I/1Ki). Mock-infected
I/1Ki (top panels) and brain homogenate-inoculated I/1Ki cells (bottom panels) were stained for SDAg (anti-SDAg-
AF488 [�-SDAg-AF488], left panels, green), reptarenavirus or hartmanivirus nucleoprotein [anti-NP-AF594 (�-NP-
AF594) or �-HISV NP (AF594), middle panels, red], and Hoechst 33342 was used to visualize the nuclei. The panels
on the right show an overlay of the three images. The images were taken at �400 magni�cation using a Zeiss
Axioplan 2 microscope. inf., infected; inoc., inoculated; dpi, days postinfection; mo, months.
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pCAGGS construct bearing a synthetic UGV-1 small segment with hemagglutinin
(HA)-tagged NP under the chicken �-actin promoter, and FLAG-tagged glycoprotein
precursor (GPC) under the T7 promoter. To demonstrate that detectable GPC expres-
sion occurs only in the presence of T7 polymerase, we performed the transfections with
and without a T7 polymerase-coding plasmid. This plasmid was extracted from BSR-
T7/5 cells that are stably transfected with plasmid bearing T7 polymerase gene (38). WB
of cells at 1, 2, and 3 dpt served to demonstrate that detectable GPC expression
occurred only when the T7 polymerase plasmid was cotransfected (Fig. S2). The result

FIG 2 Inserts in the SDeV expression plasmids with putative transcripts and proteins produced. The inserts in pCAGGS-MCS_SDeV-FWD and pCAGGS-
MCS_SDeV-REV with the cytomegalovirus (CMV) enhancer, chicken �-actin promoter, and chimeric intron from pCAGGS are schematically depicted at the top
of the �gure. Below are the putative transcripts produced under chicken �-actin promoter following transfection to cells, and transcripts produced in the
presence of T7 RNA polymerase (or transcription from T7 promoter). The expressed proteins are listed at the bottom.
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further supports our interpretation that SDAg detected after transfection of snake cells
with pCAGGS-SDeV-FWD is due to SDeV replication.

Replication of SDeV in human and snake cells. After demonstrating that replica-
tion of SDeV can be initiated in both boid and monkey kidney cells by transfecting the
pCAGGS-SDeV-FWD plasmid, we wanted to test whether SDeV replication would also
occur in human cell lines. We transfected human lung carcinoma (A549), hepatocellular
carcinoma (HepG2), cervical cancer (HeLa), and embryonic kidney (HEK293FT) cell lines
with the pCAGGS-SDeV-FWD plasmid and used IF to demonstrate the presence of

FIG 3 Transfection of I/1Ki and Vero E6 cells with pCAGGS-SDeV-FWD and pCAGGS-SDeV-REV constructs results
in SDeV replication. (A) I/1Ki (top) and Vero E6 (bottom) cells transfected with �-fwd (pCAGGS-SDeV-FWD) and
�-rev (pCAGGS-SDeV-REV) were stained for SDAg (anti-SDAg antiserum [1:7,500] and Alexa Fluor 594-labeled
donkey anti-rabbit immunoglobulin [1:1,000]) at 1, 2, 3, and 4 days posttransfection (from left to right). The images
were taken at �400 magni�cation using a Zeiss Axioplan 2 microscope. (B) Western blot of I/1Ki (left panel) and
Vero E6 (right panel) cell pellets at 1, 2, 3, and 4 days posttransfection with �-fwd and �-rev constructs. Precision
Plus Protein Dual Color Standards (Bio-Rad) served as the marker, and the results were recorded using the Odyssey
infrared imaging system (Li-Cor).
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SDAg. IF staining at 5 dpt showed cytoplasmic expression of SDAg in all cell lines
studied (Fig. 4A). In addition, we found prominent SDAg staining in the nuclei of A549
and HepG2 cells. To study whether similar differences in SDAg localization would occur
in snake cells, we transfected boid kidney (I/1Ki and V/1Ki), heart (V/2Hz), liver (V/1Liv),
and lung (V/5Lu) cell lines with the pCAGGS-SDeV-FWD plasmid. We performed IF
staining at 5 dpt and observed a variable SDAg expression pattern depending on the
cell line (Fig. 4B). However, in all cell lines, SDAg was found in both the cytoplasm and
nucleus. Curiously, the localization appeared to be more pronounced in the nucleus in
liver and heart cell lines. With the current set of experiments, we cannot entirely rule
out the possibility that the observed SDAg expression in mammalian cells is a conse-
quence of leaky transcription from the T7 promoter, since some mammalian cells can
use the T7 promoter for transcription (36, 37).

Transfection of pCAGGS-SDeV-FWD into boid cells results in persistent SDeV
infection. After demonstrating that transfection of cultured snake cells with pCAGGS-
SDeV-FWD induces SDeV replication, we wanted to study the effect of prolonged
maintenance of the transfected cells under normal culture conditions. The extent of the
cytopathic effect induced by the initial transfection varied considerably between the

FIG 4 SDeV replicates in human and reptilian cell lines. (A) A549 (human lung carcinoma), HEK293FT (human
embryonic kidney), HeLa (human cervical cancer), and HepG2 (human hepatocellular carcinoma) cells transfected
with �-fwd (pCAGGS-SDeV-FWD) were stained at 5 days posttransfection for SDAg (anti-SDAg-AF594 [�-SDAg-
AF594], left panels, red). Hoechst 33342 was used to visualize the nuclei. The panels on the right show an overlay
of the three images. (B) Boid cell lines I/1Ki (kidney), V/1Ki (kidney), V/2Hz (heart), V/1Liv (liver), and V/5Lu (lung)
transfected with �-fwd (pCAGGS-SDeV-FWD) were stained at 5 days posttransfection for SDAg (�-SDAg-AF594, left
panels, red), and Hoechst 33342 was used to visualize the nuclei. The panels on the right show an overlay of the
three images. (C) The transfected boid cells from panel B were allowed to grow, passaged three times, and stained
for SDAg (�-SDAg-AF488, left panels, green), and Hoechst 33342 was used to visualize the nuclei. The panels on
the right show an overlay of the two images. All images were taken at �400 magni�cation using a Zeiss Axioplan
2 microscope, and a 30-�m bar is shown in the bottom right corner of each panel.
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cell lines used, but we allowed the surviving cells to reach con�uency. We passaged the
cells until they reached a surface area of approximately 150 to 175 cm2, and all�except
the lung cell line (V/5Lu)�revived within a few weeks after the transfection. IF to detect
SDAg (Fig. 4C) showed its expression in all cell lines, but the number of SDeV-infected
cells appeared to vary between the cell lines. For I/1Ki, V/1Liv, and V/2Hz cells, most
cells displayed SDAg, indicating active replication, whereas for V/1Ki cells, only 5 to 10%
of the cells were SDAg positive. The localization of SDAg varied between the different
cell lines, but most often SDAg was found in both cytoplasm and nucleus, which is
similar to what we observed in vivo (6). We named the persistently SDeV-infected cell
lines I/1Ki-�, V/1Ki-�, V/1Liv-�, V/2Hz-�, and V/5Lu-�. Analysis of the cells by IF at
approximately 6 months after the initial transfection showed that most cells express
SDAg. To con�rm that the observed SDAg expression is indeed due to permanent
infection as opposed to transcription from the T7 promoter, we analyzed the cells for
the presence of plasmid DNA. To demonstrate that the plasmid DNA would be detected
by the chosen approach, we analyzed freshly transfected I/1Ki cells at 1, 4, and 7 dpt.
As a further indication of gradual disappearance of the plasmid, we used quantitative
PCR (qPCR) to demonstrate that the amount of plasmid DNA reduces proportionally
when passaging the transfected cells. The results show that the generated cell lines do
not possess detectable amounts of pCAGGS-SDeV-FWD (or -REV) plasmid (Fig. S3),
verifying that the SDAg expression is indeed due to SDeV replication.

Encouraged by the �ndings that SDeV can establish persistent infection in snake
cells, we tried the same approach for mammalian cells (Vero E6), but IF screening
showed that this cell line was not able to maintain SDeV infection when cultured at
37°C. To determine whether temperature is an in�uencing factor, we kept the trans-
fected Vero E6 cells at 30°C, but this had little or no effect on virus replication as judged
by the number of cells displaying SDAg.

Superinfection of I/1Ki-� cells with reptarenaviruses and hartmaniviruses pro-
duces infectious SDeV particles. As we had succeeded in isolating SDeV from the
brain of a B. constrictor that showed no traces of a coinfecting hepadnavirus but instead
carried several reptarenavirus and hartmanivirus large (L) and small (S) segments (6, 33),
we hypothesized that SDeV would use arenaviruses as helpers for the formation of
infectious particles. To demonstrate that the permanently SDeV-infected cell lines can
be superinfected with reptarenaviruses and/or hartmaniviruses, we incubated I/1Ki-�
cells with reptarenaviruses (University of Helsinki virus-2 [UHV-2] and University of
Giessen virus-1 [UGV-1]) or a hartmanivirus (Haartman Institute Snake virus-1 [HISV-1])
and analyzed the cells by IF. Figure 5A shows that I/1Ki-� cells can indeed be
superinfected with reptarenaviruses (UHV-2 and UGV-1). The localization of HDAg
changes from nuclear to cytoplasmic during the viral life cycle (39), and we found that
most I/1Ki-� cells display SDAg in the cytoplasm. However, some cells showed a
granular nuclear SDAg staining, similarly to HDAg in human hepatocytes (40), and
curiously, granules appeared less abundant in the reptarenavirus superinfected I/1Ki-�
cells (Fig. 5A). Next, we tested whether the other permanently deltavirus-infected cell
lines could be superinfected with reptarenavirus (UGV-1) or hartmanivirus (HISV-1). IF
staining shows that we could indeed superinfect all permanently SDeV-infected cell
lines (V/1Ki-�, V/1Liv-�, and V/2Hz-�) with both viruses (Fig. 5B to D). The shift of SDAg
from the nucleus to the cytoplasm as a result of superinfection, suggested with
experiments done on I/1Ki-� cells, appeared less clear in the other cell lines tested, and
further studies are needed to determine whether coinfection indeed affects the local-
ization of SDAg.

Next, we evaluated whether reptarena- or hartmanivirus superinfection of I/1Ki-�
cells can induce the formation of infectious SDeV particles. We chose to use I/Ki-� cells
for the experiment, since we have shown that this cell line is permissive for several
viruses (30�33). We inoculated I/1Ki-� cells with UHV-2, UGV-1, or HISV-1, collected
supernatant up to 8 dpi, and analyzed it for infectious particles. Subsequently, we
inoculated a fresh monolayer of clean I/1Ki cells with the supernatants and used
supernatant collected from nonsuperinfected (mock) I/1Ki-� cells as the control. At 2 to
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5 dpi, we IF stained the cells for SDAg and counted the number of �uorescent foci at
each time point; examples of IF staining are shown in Fig. S4. The nonsuperinfected
I/1Ki-� cells did not produce infectious particles, while the cells superinfected with
either reptarenaviruses or hartmanivirus produced infectious SDeV particles (Fig. 6A).
The production of infectious SDeV particles appeared to be the most ef�cient in
HISV-1-infected cells, while UHV-2-infected cells produced the smallest number of
infectious SDeV particles (Fig. 6A). The observed difference between the numbers of
infectious SDeV particles produced in UHV-2- versus UGV-1-infected cells might be
related to the comparatively lower replication rate of UHV-2, as reported in our previous
study (33).

In an attempt to isolate and demonstrate SDeV particles, we subjected the cell
culture supernatants collected from mock, UHV-2, UGV-1, and HISV-1 superinfected
I/1Ki-� and UGV-1 and HISV-1 superinfected V/2Hz-� cells to ultracentrifugation and
used WB to demonstrate SDAg in the pellets obtained. The results show that SDAg was
pelleted not only from the supernatants of reptarenavirus and hartmanivirus superin-
fected I/1Ki-� and V/2Hz-� cells but also from the mock superinfected I/1Ki-� cells

FIG 5 SDeV-infected cells can be superinfected with reptarenaviruses (UHV-2 and UGV-1) and hartmanivirus (HISV-1). (A) Mock-infected I/1Ki cells (boa kidney)
and mock-, UGV-1-, and UHV-2-infected I/1Ki-� cells were stained for SDAg (anti-SDAg-AF488 [�-SDAg-AF488], left panels, green) and reptarenavirus NP
(�-NP-AF594, second column, red). Hoechst 33342 was used to visualize the nuclei. The panels on the right show an overlay of the three images. (B) Mock-,
UGV-1-, and HISV-1-infected V/1Ki-� cells (boa kidney) were stained for SDAg (�-SDAg-AF488, left panels, green), reptarenavirus NP (�-NP-AF594, second
column, except bottom, red), or hartmanivirus NP (anti-HISV NP [1:3,000] and Alexa Fluor 594-labeled donkey anti-rabbit immunoglobulin [1:1,000], second
column bottom panel, red). Hoechst 33342 was used to visualize the nuclei. The panels on the right show an overlay of the three images. (C) Mock-, UGV-1-,
and HISV-1-infected V/1Liv-� cells (boa liver) were stained for SDAg (�-SDAg-AF488, left panels, green), reptarenavirus NP (�-NP-AF594, second column, except
bottom, red), or hartmanivirus NP (anti-HISV NP [1:3,000] and Alexa Fluor 594-labeled donkey anti-rabbit immunoglobulin [1:1,000], second column bottom
panel, red). Hoechst 33342 was used to visualize the nuclei. The panels on the right show an overlay of the three images. (D) Mock-, UGV-1-, and HISV-1-infected
V/2Hz-� cells (boa heart) were stained for SDAg (�-SDAg-AF488, left panels, green), reptarenavirus NP (�-NP-AF594, second column, except bottom, red), or
hartmanivirus NP (anti-HISV NP [1:3,000] and Alexa Fluor 594-labeled donkey anti-rabbit immunoglobulin [1:1,000], second column bottom panel, red). Hoechst
33342 was used to visualize the nuclei. The panels on the right show an overlay of the three images. All images were taken at �400 magni�cation using a Zeiss
Axioplan 2 microscope, and a 30-�m bar is shown in the bottom right corner of each panel.
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(Fig. 6B). However, as demonstrated by the inoculation experiments (Fig. 6A), the
particles secreted from mock superinfected cells were noninfectious. As an attempt to
separate the SDeV particles from the superinfecting reptarenavirus or hartmanivirus
particles, we subjected the pelleted material to density gradient ultracentrifugation.

FIG 6 Superinfection of permanently SDeV-infected boid cells (I/1Ki-� and V/2Hz-�) induced production of infectious SDeV particles. (A) Supernatant
collected from mock-, UHV-2 (top), UGV-1 (middle), and HISV-1 (bottom) superinfected I/1Ki-� cells at 2, 4, 6, and 8 days postinfection (dpi) were titrated
on clean I/1Ki cells. The y axis shows the number of �uorescent focus-forming units (FFFUs) per milliliter of culture medium. (B) Supernatants collected from
mock-, UHV-2, UGV-1, and HISV-1 superinfected I/1Ki-� cells and UGV-1 and HISV-1 superinfected V/2Hz-� cells were pelleted by ultracentrifugation and
analyzed by Western blotting. The left panel shows anti-SDAg staining, and the right panel shows anti-SDAg, anti-reptarenavirus NP, and anti-hartmanivirus
NP staining. (C) Pelleted supernatants collected from mock-, UGV-1, and HISV-1 superinfected I/1Ki-� cells and UGV-1 and HISV-1 superinfected V/2Hz-�
cells were subjected to density gradient ultracentrifugation, and the fractions collected from the bottom of the tubes were analyzed by Western blotting
using anti-SDAg and anti-reptarenavirus NP staining (for mock and UGV-1) or anti-SDAg and anti-hartmanivirus NP staining (for HISV-1). The arrows indicate
the locations of SDAg and reptarenavirus or hartmanivirus NP. Precision Plus Protein Dual Color Standards (Bio-Rad) served as the markers for both panels
B and C, and the results were recorded using the Odyssey infrared imaging system (Li-Cor).
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However, even with different sucrose gradients and centrifugation times (10 to 70%
sucrose gradient for 18 h and 4 h and 20 to 55% sucrose gradient for 1.5 h), we were
unable to separate SDeV and reptarenaviruses or hartmaniviruses into different frac-
tions (Fig. 6C).

Because separation of SDeV and arenavirus particles was unsuccessful, we studied
the material pelleted from mock, UGV-1 or HISV-1 superinfected I/1Ki-� and UGV-1 or
HISV-1 superinfected V/2Hz-� cell culture supernatants for the presence of secreted
particles by electron microscopy (EM). Examination of negatively stained samples at
�200,000 magni�cation showed particles in the pellets obtained from the supernatants
of UGV-1 and HISV-1 superinfected I/1Ki-� cells and in those obtained from UGV-1
superinfected V/2Hz-� cells. The pellets from mock-superinfected I/1Ki-� and HISV-1
superinfected V/2Hz-� cell culture supernatants were devoid of particles. The pellets
obtained from UGV-1 superinfected I/1Ki-� and V/2Hz-� cells showed the presence of
smaller (30- to 60-nm) and larger (�100-nm) particles, which was also the case for the
pellets obtained from HISV-1 superinfected I/1Ki-� cell culture supernatants (Fig. 7). The
size of arenavirus particles is highly variable, ranging from 40 to 200 nm in diameter
(41); however, we speculate that the smaller particles with diameters in the range of 30
to 60 nm could represent SDeV particles.

Transfection of I/1Ki-� cells with viral glycoproteins induces production of
infectious particles. Because superinfection of I/1Ki-� cells with both reptarenaviruses
and hartmaniviruses resulted in the production of infectious SDeV particles, we wanted
to study which of the structural proteins are required for the particle formation. While
the envelope of both classical arenaviruses (genus Mammarenavirus) and reptarenavi-
ruses comprises both matrix protein (ZP) and spike complexes, the envelope of
hartmaniviruses lacks the ZP (33). Glycoproteins GP1 and GP2, encoded as a GPC, form
the major portion of the spike complex, which in the case of mammarenaviruses and
presumably, hartmaniviruses comprises also a stable signal peptide (33). We started by
transfecting I/1Ki-� cells with the GPCs of HISV-1, Puumala virus (PUUV, an orthohan-
tavirus), and UGV-1 (with and without cotransfected ZP). Additionally, we transfected
the cells with HBV S-antigen (S-Ag)-bearing plasmid. We included PUUV GPC, since
orthohantaviruses, like mammarenaviruses, are known to induce persistent infection in
their rodent hosts and could thus represent a potential helper virus. Additionally, the
GPC of orthohantaviruses is similar to that of arenaviruses in the sense that it gives rise
to two glycoproteins, Gn and Gc, which form the spike complex (42). We could
demonstrate the expression of glycoproteins using IF staining for all glycoproteins
except HBV S-Ag (Fig. 8A), for which we did not include the HA epitope tag, and
staining with serum from a vaccinated person produced extensive background stain-
ing. We found SDAg predominantly in the cytoplasm; however, many of the nontrans-
fected cells displayed a punctate SDAg reaction in the nucleus. We could not conclude
whether the expression of viral glycoproteins affects the localization of SDAg.

Moreover, we transfected I/1Ki-� cells with empty pCAGGS plasmid, UGV-1 ZP,
UGV-1 GPC and ZP, UGV-1 GPC, HISV-1 GPC, lymphocytic choriomeningitis virus (LCMV)
GPC, Junin virus (JUNV) GPC, PUUV glycoproteins, and HBV S-Ag and collected the
supernatant for up to 7 dpt. We used ultracentrifugation to pellet the material secreted
from the transfected cells and analyzed the pellets by WB. Transfection of the cells with
glycoproteins appeared to enhance the secretion of SDAg; furthermore, by employing
the HA tag, we could demonstrate the expressed viral glycoproteins in the pelleted
material by WB (Fig. 8B). To study whether expression of glycoproteins had induced
formation of infectious SDeV particles, we infected naïve I/1Ki cells with the collected
supernatants. The results show that the cells transfected with an empty plasmid, UGV-1
ZP, or HBV S-Ag did not produce infectious particles (Fig. 8C). In contrast, the cells
cotransfected with UGV-1 ZP and GPC did produce infectious particles. Notably, ex-
pression of UGV-1 GPC alone produced larger amounts of infectious particles, indicat-
ing that the expression of ZP is not needed for the production of infectious SDeV
particles (Fig. 8C). Similar to the superinfection experiments, in which HISV-1 was found
as the most effective helper virus, the expression of HISV-1 GPC induced the highest
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concentration of infectious SDeV particles. We could also further show that the expres-
sion of the mammarenavirus and even orthohantavirus GPCs induced the production
of infectious particles. We assume that the infectious titer of SDeV particles carrying
LCMV, JUNV, or PUUV glycoproteins might actually be higher, since these viruses might
not enter I/1Ki cells as ef�ciently as the snake-derived viruses (UGV-1 and HISV-1).

FIG 7 Transmission electron microscopy (TEM) of pelleted supernatants. Persistently SDeV-infected
I/1Ki-� cells were inoculated with medium collected from clean I/1Ki cells (mock) or superinfected with
UGV-1 or HISV-1. V/2Hz-� cells were superinfected either with UGV-1 or HISV-1. The cell culture medium
was collected at 2- to 3-day intervals until 14 days postinfection, after which the supernatants were
pooled and �ltered, followed by ultracentrifugation to pellet the virus particles. After resuspending the
pelleted material, an aliquot of the pelleted material was prepared for TEM with negative staining. The
top panels show the material pelleted from mock-infected I/1Ki-� cells, the second row of panels show
the material pelleted from UGV-1-infected I/1Ki-� cells, the third row of panels show the material pelleted
from HISV-1-infected I/1Ki-� cells, and the bottom panels show the material pelleted from UGV-1-
infected V/2Hz-� cells. The black arrows in the �gure panels point to UGV-1 particles, and the white
arrows show putative SDeV particles as judged by size. The images were taken by using a JEOL JEM-1400
transmission electron microscope at �200,000 magni�cation.
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