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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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