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A B S T R A C T

Ebola virus (EBOV) and Marburg virus (MARV), members of the Filoviridae family, are highly pathogenic and can
cause hemorrhagic fevers, significantly impacting human society. Bats are considered reservoirs of these viruses
because related filoviruses have been discovered in bats. However, due to the requirement for maximum
containment laboratories when studying infectious viruses, the characterization of bat filoviruses often relies on
pseudoviruses and minigenome systems. In this study, we used RACE technology to sequence the 30-leader and 50-
trailer of M�engl�a virus (MLAV) and constructed a minigenome. Similar to MARV, the transcription activities of the
MLAV minigenome are independent of VP30. We further assessed the effects of polymorphisms at the 50 end on
MLAV minigenome activity and identified certain mutations that decrease minigenome reporter efficiency,
probably due to alterations in the RNA secondary structure. The reporter activity upon recombination of the 30-
leaders and 50-trailers of MLAV, MARV, and EBOV with those of the homologous or heterologous minigenomes
was compared and it was found that the polymerase complex and leader and trailer sequences exhibit intrinsic
specificities. Additionally, we investigated whether the polymerase complex proteins from EBOV and MARV
support MLAV minigenome RNA synthesis and found that the homologous system is more efficient than the
heterologous system. Remdesivir efficiently inhibited MLAV as well as EBOV replication. In summary, this study
provides new information on bat filoviruses and the minigenome will be a useful tool for high-throughput
antiviral drug screening.
1. Introduction

Taxonomically, filoviruses belong to the order Mononegavirales, a
large group of enveloped viruses whose genomes are made up of a
negative-strand, non-segmented RNA molecule. The International Com-
mittee on Taxonomy of Viruses divided the Filoviridae family into eight
genera: Cuevavirus, Dianlovirus, Orthoebolavirus, Orthomarburgvirus,
Oblavirus, Striavirus, Tapjovirus, and Thamnovirus, with the former four
found in bats and humans and the latter in fish (Negredo et al., 2011; Shi
et al., 2018; Kuhn et al., 2019; Yang et al., 2019; Horie, 2021; Kemenesi
et al., 2022). While the Reston virus (RESTV) causes recessive infection in
humans, other members of Orthoebolavirus and Orthomarburgvirus, pre-
viously named Ebolavirus and Marburgvirus, can cause severe hemor-
rhagic fevers in humans and animals (Rougeron et al., 2015; Kuhn et al.,
2019). Because of the high morbidity and mortality rates and lack of
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efficient vaccines and therapeutics, human filoviruses are classified as
biosafety level 4 pathogens. Bats are considered natural reservoirs of
Cuevavirus, Dianlovirus, Orthoebolavirus, and Orthomarburgvirus (Olival
and Hayman, 2014; Yang et al., 2019; Koch et al., 2020). Despite of the
wealth of information we have obtained about bat filovirus, our under-
standing of MLAV is still insufficient.

M�engl�a virus (MLAV), the only member of the newly established
genus Dianlovirus, was discovered in Rousettus amplexicaudatus in M�engl�a
County, Yunnan Province, China. We previously sequenced the nearly
complete genome of MLAV, excluding the 30-leader and 50-trailer se-
quences (Yang et al., 2019). The coding region of MLAV is 18,330 nu-
cleotides long and shares 32%–54% nucleotide identity with known bat
and human filoviruses. The MLAV genome structure is consistent with
that of other filoviruses, encoding seven proteins in the following order
from the 30-end to the 50-end of the genome: nucleoprotein (NP),
Yang).
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polymerase cofactor (VP35), matrix protein (VP40), glycoprotein (GP),
transcription factor (VP30), nucleocapsid maturation protein (VP24),
and RNA-dependent RNA polymerase (L). NP is a nucleocapsid protein
that binds to viral nucleic acids and plays an important role in genome
replication. VP40 and VP24 are structural proteins that form the internal
virion structure. L protein is a replication enzyme that combines with
VP30, VP35, and NP to form a replication complex, providing key
functions for virus replication, transcription, and translation (Muhl-
berger, 2007; Martin et al., 2017; Cao et al., 2023). Using the vesicular
stomatitis virus-based pseudovirus assay, we demonstrated that MLAV
uses the same receptor, Niemann-Pick C1, as Ebola virus (EBOV) and
Marburg virus (MARV) for cell entry. In addition, we found that MLAV
pseudovirus can enter cell lines derived from different animals and
humans (Yang et al., 2019). These findings have suggested that MLAV
has the potential for interspecies infection in humans and other animals.

Minigenomes are useful tools for studying the genome transcription
and replication of RNA viruses without the need for live virus manipu-
lation, particularly for those viruses that cannot be cultured in vitro or
require high-level biosafety containment (Hoenen et al., 2011). Studies
have shown that the viral non-coding region is essential for viral repli-
cation, the terminal sequences of the 30-leaders of filoviruses are
species-specific (Manhart et al., 2018; Deflube et al., 2019) and the
conformation of the EBOV trailer and its interaction with host factors
affect the viral lifecycle (Sztuba-Solinska et al., 2016). In this study, we
refined the previously constructed MLAV minigenome using newly ob-
tained 30-leader and 50-trailer sequences and analyzed the effects of ho-
mogenous and heterogeneous 30-leader and 50-trailer sequences from
other filoviruses, as well as the inhibitor remdesivir, on replication ac-
tivity. We expected our study to provide a useful tool for studying MLAV
genome transcription and replication, as well as for antiviral drug
screening.

2. Materials and methods

2.1. Cells

HEK293 (ATCC #CRL-1573) cells were maintained in Dulbecco's
modified Eagle's medium (Gibco, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (Gibco) at 37 �C in the presence of 5% CO2.

Immortalized renal cells of R. leschenaultia (RlKi), Pteropus alecto
(PaKi) (Luo et al., 2021) and R. amplexicaudatus (RoaKi) were maintained
in Dulbecco's modified Eagle medium/Nutrient Mixture F-12 (Gibco,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco)
at 37 �C in the presence of 5% CO2. R. amplexicaudatus (RoaKi) was
immortalized according to previously reported methods (Crameri et al.,
2009).

2.2. Plasmids

All cDNA clones used in this study were generated by PCR using Q5
high-fidelity DNA polymerase (NEB, Ipswich, MA, USA). EBOV and
MARV minigenome systems were constructed as reported previously
(Watt et al., 2014; Yang et al., 2019). To complete the MLAV genome, the
MLAV 30-leader and 50-trailer sequences were measured using
HiScript-TS 50/30 RACE kit (Vazyme, Nanjing, China) and M-MLV
Reverse Transcriptase (Promega, Madison, USA). To construct the MLAV
minigenome with enhanced green fluorescent protein (EGFP) reporter
gene, the MLAV trailer-L 30 UTR-EGFP-NP 50 UTR-leader sequence was
synthesized and cloned into the pGEM vector using a ClonExpress II One
Step Cloning Kit (Vazyme, Nanjing, China), and the support plasmids
(NP, VP30, VP35, L) were cloned into the pCAGGS vector. The EGFP gene
was replaced with a NanoLuc reporter for antiviral drug screening.

To construct chimeric MLAV minigenome systems, the 50-trailer and
30-leader of the MLAV minigenome were replaced with those of EBOV
and MARV, respectively, using the ClonExpress II One Step Cloning Kit.
The support plasmids of RNPs are not codon-optimized for EBOV, MARV,
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and MLAV systems. The chimeric minigenomes were annotated 3E5E,
3E5D, 3D5E, 3D5M, 3M5D and 3M5M (E: EBOV, D: MLAV, M: MARV).

2.3. Virus sequences

The following NCBI reference filovirus sequences were used for
sequence comparison: M�engl�a dianlovirus isolate Rousettus-wt/CHN/
2015/Sharen-Bat9447-1, complete genome (GenBank: KX371887.2);
Zaire ebolavirus isolate Ebola virus/H. sapiens-tc/COD/1976/Yambuku-
Mayinga, complete genome (NC_002549.1); Tai Forest ebolavirus isolate
Tai Forest virus/H. sapiens-tc/CIV/1994/Pauleoula-CI, complete genome
(NC_014372.1); Bundibugyo ebolavirus, complete genome (NC_014373.1),
Sudan ebolavirus strain Boniface, complete genome (FJ968794.1); Reston
ebolavirus isolate Reston virus/M. fascicularis-tc/USA/1989/
Philippines89-Pennsylvania, complete genome (NC_004161.1); Marburg
marburgvirus isolate Marburg virus/H. sapiens-tc/KEN/1980/Mt. Elgon-
Musoke, complete genome (NC_001608.3); and Bombali ebolavirus isolate
Bombali ebolavirus/Mops condylurus/SLE/2016/PREDICT_SLAB000156,
complete genome (NC_039345.1).

2.4. Optimization of minigenome system

HEK293 cells were seeded in a 24-well plate at 4 � 105 cells/well. To
optimize the concentration of support plasmids in MLAV minigenome
replication system, the cells were co-transfected with different amount of
NP or L plasmid, along with VP35 (62.5 ng), VP30 (37.5 ng), minigenome
plasmid (500 ng), and pCAGGS-T7/Pol plasmid expressing the T7 RNA
polymerase (125 ng), using FuGene6 (Promega, Madison, WI, USA).
After determining the optimal ratio of NP and L plasmid, the ratio of
other components in the minigenome replication system was further
adjusted to achieve the highest level of minigenome reporter gene
activity.

To determine whether VP30 is necessary for MLAV minigenome
replication system, cells were co-transfected with support plasmids (260
ng L, 350 ng NP, 100 ng VP35), T7 polymerase plasmid (125 ng), MLAV
minigenome plasmid (500 ng), with or without VP30 (30 ng). The
replication system omitted the L plasmid was set as the negative control.
The NanoLuc luciferase activity was measured at 48 h post-transfection.

In order to investigate the efficiency of MLAV minigenomes with
different terminal bases and the expression efficiency of minigenome
systems in different cells, we co-transfected minigenome plasmid with
EGFP reporter (500 ng), support plasmids (260 ng L, 350 ng NP, 100 ng
VP35, and 30 ng VP30), and T7 polymerase plasmid (125 ng) into
HEK293, RlKi, PaKi or RoaKi cells. To quantify the transfection efficiency
of minigenome system containing different terminal bases in different
cells, we co-transfected minigenome plasmids with NanoLuc reporter
(500 ng), support plasmids (260 ng L, 350 ng NP, 100 ng VP35, and 30 ng
VP30), T7 polymerase plasmid (125 ng), and a plasmid containing firefly
luciferase (pNL4-3-luc-R-E) (500 ng, as the internal control for trans-
fection efficiency) into cells. The activity of NanoLuc luciferase in the
minigenome system and the activity of firefly luciferase were measured
at 48 h post-transfection. The fold change was calculated using the
following equation: Nanoluc fluorescence value in experimental group/
fluorescence value of firefly luciferase.

In order to investigate whether the minigenome system of MLAV,
MARV, and EBOV are compatible with each other, we co-transfected
minigenome plasmid (500 ng) of MLAV, MARV, and EBOV with ho-
mologous or heterologous support plasmids and T7 polymerase plasmid
(125 ng), and then observed EGFP expression at 48 h after transfection.
For the EBOV minigenome system, the following amounts of support
plasmid were added to each transfection mix: 500 ng L, 62.5 ng NP, 62.5
ng VP35, and 37.5 ng VP30. For theMARVminigenome system, 500 ng L,
500 ng NP, 50 ng VP35, and 50 ng VP30 plasmids were added to each
transfection mix. For the MLAV minigenome system, 260 ng L, 350 ng
NP, 100 ng VP35, and 30 ng VP30 plasmids were added to each trans-
fection mix. For the comparison of chimeric minigenome efficiency, we
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co-transfected 500 ng chimeric minigenome and MLAV support plasmids
with 125 ng T7 polymerase plasmid into HEK293 cells, and then
observed EGFP expression 48 h after transfection.

EGFP signals were observed using a fluorescence microscope (EVOS
FL, ThermoFisher, Waltham, MA, USA). Fluorescence intensity was
quantified by Image J. NanoLuc luciferase activity was measured using
the Nano-Light luciferase Reporter Assay kit (Meilunbio, Dalian, China).
Firefly luciferase activity was measured using the Bright-Lite Luciferase
Assay System (Vazyme, Nanjing, China).

2.5. RNA secondary structure analysis

Using RNAfold [RNAfold web server (univie.ac.at)] for RNA sec-
ondary structure prediction of minigenome sequences with only different
terminal bases.

2.6. Remdesivir inhibition activity assay

Remdesivir (GS-5734) was purchased from Selleck (USA). The com-
pound was dissolved in dimethyl sulfoxide (DMSO) according to the
manufacturer's recommendations and stored until use. The MLAV mini-
genome containing the NanoLuc reporter and support plasmids was
transfected into HEK293 cells as described above. Nine hours after
transfection, the cell culture medium containing plasmids and trans-
fection reagents was replaced with medium containing the remdesivir or
DMSO, and the cells were incubated in cell incubator with 5% CO2 at 37
�C for 24 h. Then, the cell culture medium was removed, the cells were
washed with phosphate-buffered saline, and luciferase activity was
measured. The inhibition% was calculated using the following equation:
inhibition rate (%) ¼ (Experimental group fluorescence value – average
fluorescence value of drug control well)/(average fluorescence value of
cell control well – average fluorescence value of drug control well) �
100.
Fig. 1. Genome comparison of M�engl�a virus (MLAV) and other mammal filoviruses.
leader (Le) and trailer (Tr). Open reading frames are shown as gray boxes. Black trian
species. Sequences of the leaders and NP gene start (GS) signals are shown. C Compa
Bundibugyo virus; BOMV, Bombali virus; EBOV, Ebola virus; RESTV, Reston virus; SU
nucleotide sites at the end of the MLAV genome are shown in parentheses.
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2.7. Statistical analysis

Values in the texts and figures are presented as the mean � standard
error of mean (SEM). To compare whether the MLAVminigenome system
depends on VP30, we performed a one-way repeated measures analysis
of variance (ANOVA) followed by a paired t-test to compare the expres-
sion efficiency of the MLAV minigenome system with and without VP30.
Data were analyzed by GraphPad Prism v8.0 (GraphPad Software Inc.
San Diego, CA, USA). P values < 0.05 were considered statistically sig-
nificant. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

3. Results

3.1. Complete genome of MLAV at the 30-leader and 50-trailer sequences

The published MLAV sequence (GenBank: NC_055510.1) lacks the
leader and trailer sequences, which are critical for viral RNA synthesis
(Fig. 1A). Using the RACE technology, we obtained the MLAV 30-leader
and 50-trailer sequences, with lengths of 48 and 207 bp (GenBank:
KX371887.3), respectively (Fig. 1A). MLAV shares a conserved gene start
signal sequence and the 50-end of the trailer sequence with other filovi-
ruses (Fig. 1B and C). We found two variations (CC, CU) at the end of the
50-trailer sequence; the CU sequence is unique toMLAV, and CC is present
in the RESTV and MARV genomes, different from the CCU sequence in
Bombali virus and the CCA sequence in the other filoviruses.
3.2. Generation of an authentic MLAV minigenome

In our previous study, we developed chimeric MLAV minigenomes
that carried the 30-leader and 50-trailer sequences of EBOV and MARV
(Yang et al., 2019). Here, we used a similar strategy to construct a MLAV
minigenome using the newly obtained 30-leader and 50-trailer sequences
of MLAV, carrying the CC nucleotides at the end of the 50-trailer (Fig. 2A).
A Schematic representation of the MLAV genome. Solid black lines indicate the
gles indicate sites of gene overlap. B Comparison of 30 genome ends of filovirus
rison of 50 genome ends of filovirus species. Trailer sequences are shown. BDBV,
DV, Sudan virus; TAFV, Tai Forest virus; MARV, Marburg virus. The polymorphic
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We optimized all components, including the support plasmids (NP, VP35,
VP30, L, and T7) and MLAV minigenome, and got the best plasmid ratio
for the luminescence activity of MLAV minigenome replication system:
350 ng NP, 100 ng VP35, 30 ng VP30, 260 ng L, 500 ng minigenome
plasmid (MG), and 125 ng T7 polymerase plasmid (Fig. 2B and C).

3.3. MLAV minigenome transcription is independent of VP30

Although both EBOV and MARV belong to the Filoviridae family and
share many similarities in their replication and transcription strategies,
there are also significant differences. VP30 is necessary for EBOV and
Fig. 2. Generation and optimization of the MLAV minigenome system. A Map of the
(HDV) ribozyme, MLAV leader sequence, NP gene 50 UTR region, EGFP reporter gene,
leader (3) and 50-trailer (5) are the sequences of MLAV obtained in this study, carrying
NP and L plasmids in the minigenome replication system. HEK293 cells were co-transf
(500 ng), VP35 (62.5 ng), VP30 (37.5 ng), and pCAGGS-T7/Pol plasmid expressing t
post-transfection by Image J. All assays were repeated twice. C Combinations with
assessed. The minigenome activity for each combination is represented as a percentag
bar graph. The assays were repeated in triplicate. Data presented as means � SEM.
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RESTV minigenome transcription (Muhlberger et al., 1999; Boehmann
et al., 2005), but not for that of MARV (Muhlberger et al., 1998; Albarino
et al., 2013). However, VP30 is required for rescuing full-length infec-
tious cDNA clones of MARV and EBOV (Volchkov et al., 2001; Enterlein
et al., 2006). Studies have shown that EBOV and MARV can interchange
VP30 to maintain transcriptional competence (Muhlberger et al., 1999;
Boehmann et al., 2005; Enterlein et al., 2006). The chimeric Lloviu virus
minigenome has a similar transcriptional strategy as EBOV, and its ac-
tivity is significantly enhanced by the presence of VP30 protein (Manhart
et al., 2018). In this study, we transfected cells with the MLAV mini-
genome and MLAV polymerase complex plasmids lacking VP30. In the
MLAV minigenome composed of the T7 termination signal, hepatitis delta virus
L gene 30 UTR region, MLAV trailer sequence, and T7 polymerase. The MLAV 30-
the CC nucleotides at the end of the 50-trailer. B Optimization on the amounts of
ected with NP and L plasmid (ranged from 50 ng to 1.5 μg), minigenome plasmid
he T7 RNA polymerase (125 ng). Fluorescence intensity was determined at 48 h
different amounts of support plasmids and the minigenome (MG) plasmid were
e of maximal luminescence. The amount of each plasmid (ng) is shown below the



Fig. 3. MLAV minigenome transcription activity is independent of VP30. A HEK293 cells were co-transfected with MLAV EGFP minigenome (mgMLAV) plasmid and
support plasmids with or without VP30. The replication system omitted L plasmid was set as the negative control. The experiment was repeated three times.
Representative fluorescence images at 48 h post-transfection are shown (scale bars, 400 μm). B The activity of MLAV minigenome system with Nanoluc reporter gene.
Data presented as means � SEM. One-way repeated measures analysis of variance (ANOVA) followed by a paired t-test were performed (****P < 0.0001).

Fig. 4. The end bases of MLAV genome affect RNA synthesis efficiency of minigenome. A EGFP-expressing MLAV minigenomes (mgMLAV) containing different
terminal sequences were transfected into HEK293 cells or bats' cells [Rousettus amplexicaudatus (RoaKi), Rousettus leschenaultia (RlKi), and Pteropus alecto (PaKi)] along
with the MLAV replication complexes. Representative fluorescence images at 48 h post-transfection are shown (scale bars, 400 μm). B Nanoluc-expressing MLAV
minigenomes containing different terminal sequences and MLAV replication complexes into HEK293 cells or bat cells [Rousettus amplexicaudatus (RoaKi), Rousettus
leschenaultia (RlKi) and Ptropus alecto (PaKi)]. The pNL4-3-luc-R-E plasmid expressing firefly luciferase was co-transfected as the internal control for transfection
efficiency. Cells were harvested at 48 h post-transfection to determine the luciferase activity. The fold change was calculated using the following equation: Nanoluc
fluorescence value in experimental group/fluorescence value of firefly luciferase. Data presented as the means � SEM from three independent experiments.
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Fig. 5. RNA secondary structures of minigenomes containing different terminal bases. Schematic diagram showing the secondary structure of terminal base RNA. The
RNA secondary structure was predicted using the RNAfold software.

S.-Z. Xie et al. Virologica Sinica 39 (2024) 459–468

464



Fig. 6. MLAV replication complexes can recognize other filovirus minigenomes. A Schemes of the chimeric minigenomes. The EGFP reporter gene was flanked by the
30-leader of EBOV or MARV, the non-coding region (NCR) of the MLAV NP gene (N 50 UTR), the NCR of the MLAV L gene (L 30 UTR), and 50-trailer of EBOV or MARV.
3E5D: 30-leader of EBOV and 50-trailer of MLAV; 3D5E: 30-leader of MLAV and 50-trailer of EBOV; 3E5E: 30-leader of EBOV and 50-trailer of EBOV; 3M5D: 30-leader of
MARV and 50-trailer of MLAV; 3D5M: 30-leader of MLAV and 50-trailer of MARV; 3M5M: 30-leader of MARV and 50-trailer of MLAV. Pink: MLAV minigenome, Blue:
EBOV minigenome, Yellow: MARV minigenome. B, C HEK293 cells were transfected with polymerase complex from MARV, EBOV, and MLAV combined with ho-
mologous and heterologous support plasmids (SP). Each polymerase complex was used at its own optimal concentration. Representative fluorescence images at 48 h
post-transfection are shown (scale bars, 400 μm). Images were analyzed using ImageJ and the fluorescence intensities were quantified. D, E HEK293 cells were
transfected with MLAV polymerase complex and different EGFP-expressing chimeric minigenomes with MARV or EBOV leader and trailer sequences. Representative
fluorescence images at 48 h post-transfection are shown (scale bars, 200 μm). F Quantitative fluorescence results of the images in D and E. The images were analyzed
using ImageJ.
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absence of VP30, MLAV minigenome can also process transcription
course (Fig. 3).
3.4. RNA synthesis activity of the MLAV minigenome is higher in human
cells than in bat cells

MLAV was discovered in Rousettus amplexicaudatus, which cohabit
caves with other bat species, such as Rousettus leschenaultia. We investi-
gated whether the RNA synthesis efficiency of MLAV minigenome varies
among cells of different species. The MLAV minigenome was transfected
into HEK293 cells and immortalized renal cells from R. amplexicaudatus
465
(RoaKi), R. leschenaultia (RlKi), and Pteropus alecto (PaKi). Minigenome
reporter activity was assessed by measuring reporter gene expression at
48 h post-transfection. The results showed that MLAV minigenome re-
porter activity was significantly lower in bat's cells than in human-
derived cells (Fig. 4A and B).
3.5. Nucleotide variation in the 50-trailer sequence affects RNA synthesis
activity of MLAV minigenome

Wedetected twonucleotidepolymorphisms (CCandCU)near theendof
the MLAV 50-trailer sequence. To investigate whether these differences in



Fig. 7. Remdesivir inhibition assay in minigenome systems. The MLAV and EBOV minigenome containing the NanoLuc reporter and related support plasmids were
transfected into HEK293 cells. The cell culture medium was replaced with the medium containing remdesivir or DMSO at 9 h post-transfection. Cells were harvested
and lysed at 24 h post-transfection. The NanoLuc luciferase activity was measured. The inhibition% was calculated using the following equation: inhibition rate (%) ¼
(Experimental group fluorescence value � average fluorescence value of drug control well)/(average fluorescence value of cell control well � average fluorescence
value of drug control well) � 100. Data presented as the means � SEM from three independent experiments.
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the terminal sequencewould affect the RNA synthesis activity of theMLAV
minigenome, we constructed MLAV minigenomes containing these two
sequences, and set the CCA and CCU sequences as controls. The EGFP
expression levels of MLAV variant minigenomes were assessed in HEK293
cells and different bat's cells. No differences were observed in EGFP
expression, except for theMLAVminigenomescontainingCCAorCCUends,
which produced slightly lower fluorescence intensity than the other se-
quences (Fig. 4A and B).

Secondary structuralmodeling showed that the free energy values of the
sequences containing the CC or CU ends were lower than those of the se-
quences containing CCU or CCA at the end, suggesting that the RNA sec-
ondary structures containing CC and CU termini are more stable (Fig. 5).
3.6. EBOV and MRAV 30-leader sequences are compatible with the MLAV
polymerase complex

Polymerase complexes of related viruses can recognize each other
(Theriault et al., 2004; Boehmann et al., 2005). We assessed the
compatibility of the replication complex and minigenome among the
three filoviruses (Fig. 6A–C). The filovirus minigenomes were highly
compatible with their own replication complex. The MLAV replication
complex supported not only its ownminigenome, but also those of MARV
and EBOV, albeit less efficiently. Similarly, the MLAV minigenome
recognized the replication complexes of MARV and EBOV, albeit with
weak replication or transcription.

To investigate the compatibility of the MLAV replication complex
with the leader and trailer sequences of EBOV and MARV, chimeric
minigenomes were designed, replacing the 30-leader and 50-trailer se-
quences of MLAV with those of EBOV and MARV (Fig. 6D–F). The results
showed that the MLAV replication complex was able to transcribe
chimeric minigenomes with leader and trailer sequences of MARV and
EBOV, albeit with low efficiency.
3.7. Antiviral drug testing using the MLAV minigenome

The minigenome system provides a convenient and rapid platform for
high-throughput in vitro drug screening of highly pathogenic viruses,
without the requirement for live virus manipulation in a high-level
biosafety laboratory (Brown et al., 2014; Edwards et al., 2015; McCar-
thy et al., 2016; Nelson et al., 2017; Du et al., 2020). We tested the
inhibitory activity of remdesivir (GS-5734), which targets the
RNA-dependent RNA polymerase of EBOV and other RNA viruses (Lo
et al., 2017; Siegel et al., 2017; Brown et al., 2019; Lo et al., 2020;
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Bodmer et al., 2021). We found that it also inhibits genome replication
with no significant difference compared to EBOV (Fig. 7A and B).

4. Discussion

In this study, we sequenced the 50- and 30-ends to complete the MLAV
genome sequence. MLAV shares conserved sequences in the cis-acting
regulatory elements and conserved regions at the 50-end of the genome
with otherfiloviruses.We identified two variants in the 50-end of theMLAV
genome, which did not affect reporter activity. However, the MLAV mini-
genome showed slightly reduced reporter activitywhen these variantswere
replaced with the CCA or CCU sequences carried by most filoviruses. We
hypothesized that the CCA and CCU terminal sequences are heterologous
and therefore adversely affect minigenome RNA synthesis. We tested the
reporter activity of these four termini in theMLAVminigenome in different
cells, and found that RNA synthesis of the MLAV minigenome was more
efficient in human cells than in bat cells. This phenomenon may be due to
MLAV restricting transcription or replication in its natural host, but it is
probably well adapted to human cells. It may also have resulted from our
optimization on the plasmid ratio of the minigenome system in HEK293,
which led to better reporter gene expression. Another potential explanation
is that theproteinexpression efficiencyofplasmids inbat cellsmaybe lower
than in human cells, due to the co-transfection of multiple plasmids.

It has been demonstrated that the leader and trailer sequences in fi-
lovirus genomes affect the RNA synthesis of the minigenome (Bach et al.,
2021). We assessed the compatibility of different filovirus minigenomes
with both homogenous and heterogeneous leader and trailer sequences.
The reporter efficiency of the MLAV polymerase complex was the highest
when the minigenome system contained its own 30-leader and 50-trailer
sequences. Although the MLAV polymerase complex exhibited greater
efficiency in transcribing the 30-leader and 50-trailer sequences of EBOV
compared to those of MARV, substituting the 30-leader and 50-trailer se-
quences of MLAV with those of MARV or EBOV, or with recombinant
leader and trailer sequences, led to the decreased reporter activity. These
results are consistent with previous findings that the nucleotide se-
quences of filovirus 30-leader are associated with the species specificity of
filovirus polymerases (Manhart et al., 2018).

Functional analysis on the polymerase protein ofMLAV revealed that its
innate immune evasion mechanism is similar to that of MARV and more
closely related to MARV than to EBOV (Williams et al., 2020). VP30 is an
important transcription factor for filovirus genome synthesis. While the
transcription ofEBOVandRESTVheavily relies onVP30 (Muhlberger et al.,
1999;Boehmannetal., 2005), this isnot the case for theMARVminigenome
system (Muhlberger et al., 1998; Albarino et al., 2013). Our study
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demonstrated that MLAV minigenome transcription is independent of
VP30, suggesting that MLAV and MARV share some common biological
features. The compatibility of transcription or replication mechanisms is
also demonstrated by the mutual recognition between filovirus mini-
genomes and polymerase complexes of other species (Theriault et al., 2004;
Boehmann et al., 2005). Our study also demonstrated that the polymerase
complexes and minigenomes of MLAV, EBOV, and MARV have low
compatibility in heterogeneous recombination. Nevertheless, MLAV poly-
merase complex supported RNA synthesis of EBOV and MARV mini-
genomes with low efficiency, which was not observed between EBOV and
MARV.

5. Conclusions

In this study, we utilized the optimized MLAV minigenome system to
assess the in vitro efficacy of remdesivir. It reportedly inhibits the RNA
synthesis activity of EBOV minigenome or virus and other RNA viruses,
such as SARS-related coronaviruses (Malin et al., 2020). Our results
showed that remdesivir has a similar inhibitory effect on MLAV and
EBOV. This study demonstrates the usefulness of the MLAV minigenome
system for future studies of MLAV transcription and replication mecha-
nisms, as well as for antiviral drug screening.
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