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ABSTRACT Bats serve as a reservoir for various, often zoonotic viruses, including
significant human pathogens such as Ebola and influenza viruses. However, for un-
known reasons, viral infections rarely cause clinical symptoms in bats. A tight control
of viral replication by the host innate immune defense might contribute to this phe-
nomenon. Transcriptomic studies revealed the presence of the interferon-induced
antiviral myxovirus resistance (Mx) proteins in bats, but detailed functional aspects
have not been assessed. To provide evidence that bat Mx proteins might act as key
factors to control viral replication we cloned Mx1 cDNAs from three bat families,
Pteropodidae, Phyllostomidae, and Vespertilionidae. Phylogenetically these bat Mx1
genes cluster closely with their human ortholog MxA. Using transfected cell cultures,
minireplicon systems, virus-like particles, and virus infections, we determined the an-
tiviral potential of the bat Mx1 proteins. Bat Mx1 significantly reduced the polymer-
ase activity of viruses circulating in bats, including Ebola and influenza A-like viruses.
The related Thogoto virus, however, which is not known to infect bats, was not in-
hibited by bat Mx1. Further, we provide evidence for positive selection in bat Mx1
genes that might explain species-specific antiviral activities of these proteins. Together,
our data suggest a role for Mx1 in controlling these viruses in their bat hosts.

IMPORTANCE Bats are a natural reservoir for various viruses that rarely cause clini-
cal symptoms in bats but are dangerous zoonotic pathogens, like Ebola or rabies vi-
rus. It has been hypothesized that the interferon system might play a key role in
controlling viral replication in bats. We speculate that the interferon-induced Mx
proteins might be key antiviral factors of bats and have coevolved with bat-borne
viruses. This study evaluated for the first time a large set of bat Mx1 proteins span-
ning three major bat families for their antiviral potential, including activity against
Ebola virus and bat influenza A-like virus, and we describe here their phylogenetic
relationship, revealing patterns of positive selection that suggest a coevolution with
viral pathogens. By understanding the molecular mechanisms of the innate resis-
tance of bats against viral diseases, we might gain important insights into how to
prevent and fight human zoonotic infections caused by bat-borne viruses.
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Bats are hosts to a broad range of different viruses, therein also comprising a
reservoir of potential zoonotic pathogens (1–3). For example, rhabdoviruses, in-

cluding rabies virus and other lyssaviruses, are commonly detected in various bat
species (4–6). Highly pathogenic filoviruses of the Marburgvirus and Ebolavirus genera
have been detected in African fruit bats of the Pteropodidae family (7, 8). There is
serological evidence that bats of the Phyllostomidae family found in Guatemala and
Peru are frequently infected with previously unknown influenza A-like viruses (9, 10).
Moreover, serological and viral nucleic acid sequencing data in African and Asian bats
of the Rhinolophidae and Vespertilionidae families suggest infections with bunyavi-
ruses of the Nairovirus and Hantavirus genera (11–13). However, most of these patho-
gens, with the exception of rabies virus and bat lyssaviruses (6, 14), seem to be under
strong host control, as they do not cause obvious disease in bats (15). Therefore, the
innate immune response may contribute to early control of these viruses (16), prevent-
ing disease but eventually allowing viral persistence and shedding. Unveiling the
potential mechanisms leading to this phenomenon is of utmost importance to under-
stand the ecology of zoonotic viruses, to explain the pathogenicity of these viruses for
humans and other dead-end hosts, and potentially to identify new ways to control
these viruses once they have crossed the species barrier.

The interferon (IFN) system navigates the innate antiviral defense of mammalian
hosts through induction of IFN-stimulated genes (ISGs). Invading viral pathogens are
sensed by cellular pattern recognition receptors, leading to the secretion of type I
(IFN-�/�) and type III (IFN-�) interferons. These cytokines activate their respective
receptors and induce an intracellular antiviral state, thereby suppressing virus replica-
tion. Critical components of this innate antiviral defense system have also been
described for bats (17–22). Moreover, constant elevated expression of type I IFNs in
Pteropus alecto was recently described, and thus constitutive expression of ISGs might
contribute to an early stringent control of invading viral pathogens in bats (23).

Myxovirus resistance (Mx) genes are prominent antiviral ISGs that are exclusively
induced by type I and type III IFNs (24, 25). Mx proteins are large GTPases that were
initially described as inhibitors of influenza virus replication (26). Most mammals
encode two Mx paralogs called Mx1 and Mx2, or MxA and MxB for the human gene
products. Their structures resemble that of dynamin-like large GTPases, with an
N-terminal globular GTP-binding (G) domain and a C-terminal stalk that are both
connected by a bundle-signaling element (BSE) (27). More recent studies broadened
the antiviral spectrum of Mx proteins from tick-transmitted orthomyxoviruses, rhabdo-
viruses, and bunyaviruses to HIV and large DNA viruses (26). The antiviral action of Mx
proteins is based on recognition of viral target structures like viral ribonucleoprotein
complexes, leading to mislocalization or even disruption of the viral structures (28–32).
Accordingly, escape from Mx restriction has been described for human influenza A
viruses (FLUAV) and HIV-1 through mutations in the viral nucleocapsid proteins, the
main structural component of the ribonucleoprotein complexes (33, 34).

To better understand how bats are capable of controlling viral infections and
coexisting with potentially damaging pathogens, we analyzed the antiviral function of
bat Mx1 proteins and compared their activity with that of the well-characterized human
MxA ortholog. Mx1 cDNAs from seven different bat species that were previously
described as hosts of zoonotic viral pathogens were tested for inhibition of a range of
viruses that are related to viral agents commonly found in bats. We found interesting
differences in their antiviral specificity that are discussed with respect to viral persis-
tence in the bat hosts.

(This work was conducted by J. Fuchs in partial fulfillment of the requirements for
a PhD from the Faculty of Biology of the University of Freiburg, Freiburg, Germany.)

RESULTS
Cloning of bat Mx1 cDNAs. We chose cell cultures from six species out of three bat

families to clone the Mx1 cDNAs. Immortalized bat cells of Carollia perspicillata (Phyl-
lostomidae), Myotis daubentonii and Pipistrellus pipistrellus (Vespertilionidae), and Eido-
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lon helvum, Hypsignathus monstrosus, and Rousettus aegyptiacus (Pteropodidae) were
treated with 1000 U/ml of IFN-� to induce Mx gene expression, and 24 h later total RNA
was extracted. To investigate Mx gene expression, lysates of untreated and IFN-
stimulated cells were analyzed by Western blotting using a pan-specific monoclonal
anti-Mx antibody (M143) recognizing the highly conserved G domain of Mx (35). All
IFN-treated cell cultures showed strong bands at the expected molecular mass, around
78 kDa (Fig. 1A), with the exception of CarLu/1 cells from C. perspicillata. The appear-

FIG 1 Expression and localization of bat Mx1. (A) Immortalized bat cell lines were treated with (�) or without (�) 1000 U/ml of human IFN-� B/D variant for
24 h, except CarLu/1. CarLu/1 cells were treated with an autologous IFN preparation (see Materials and Methods) in three different dilutions. Cells were lysed
and the endogenous Mx proteins were detected by Western blotting using the Mx-specific monoclonal antibody M143. Detection of �-actin was used as a
loading control. (B) 293T cells were transfected with 300 ng of Mx1 plasmid DNA per well of a 12-well plate for 24 h, and cell lysates were subjected to Western
blot analysis as described for panel A. (C) HeLa cells were transfected with 1 �g of Mx1 plasmid DNA per well of a 6-well plate for 24 h. The cells were fixed
and stained with the Mx-specific M143 antibody (green). Genomic DNA was detected using TO-PRO-3 (blue). Images were recorded by confocal fluorescence
microscopy. The scale bar represents 15 �m.
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ance of an Mx doublet for the Verspertilionidae species might result from molecular
mass differences between the simultaneously expressed Mx1 and Mx2 paralogs.
CarLu/1 cells did not respond to human IFN-� (data not shown). To produce endoge-
nous type I IFN, CarLu/1 cells were infected with Rift Valley fever virus (RVFV) clone 13,
a known inducer of type I IFN (36). The virus-inactivated supernatant of the infected
cells but not that of mock-treated cells induced an Mx-specific band in CarLu/1 cell
culture (Fig. 1A).

cDNAs were synthesized by reverse transcription of the extracted poly(A)� RNAs.
Subsequent sequencing of PCR and 5= and 3= rapid amplification of cDNA ends (RACE)
products yielded the complete cDNA sequences. RNA isolated from Sturnira lilium cells
was provided by M. Schwemmle, Freiburg, Germany. The sequence information was
used to amplify and clone the full-length Mx1 open reading frames (ORFs). To examine
the molecular masses and intracellular localization of the recombinant bat Mx1 proteins
encoded by the cloned Mx1 cDNA expression constructs, 293T and HeLa cells were
transfected with the expression plasmids and the cells were analyzed by Western
blotting and immunofluorescence using the Mx-specific monoclonal antibody M143
(35). The recombinant bat Mx1 showed distinct, family-specific migration patterns of
the protein bands that overall correspond to the calculated molecular masses of the
deduced amino acid sequences of about 75.4 kDa for Phyllostomidae Mx1, 75 kDa for
Vespertilionidae Mx1, and 75.2 kDa for Pteropodidae Mx1 (Fig. 1B). All recombinant bat
Mx1 accumulated in the cytoplasm of the transfected cells in a dotted or diffuse
reticular pattern (Fig. 1C), very similar to the published distribution of human MxA (37).

The nucleotide sequences showed relatively high identities to other members of the
same bat family in a phylogenetic tree analysis (Fig. 2A). Moreover, the deduced Mx1
amino acid sequences showed about 70% identity to Mx1 of other bat families (Fig. 2C).
An alignment of the amino acid sequences of all available bat Mx1 sequences (see Fig.
S1 in the supplemental material) reveals an overall high sequence similarity except for
the highly variable N-terminal part before the first BSE and the L4 loop in the stalk
domain. The phylogenetic analysis showed that bat Mx1 genes form a separate branch
within the mammalian Mx1 tree (Fig. 2B). The close similarity to other mammalian Mx1
proteins is reflected by the sequence identities of the bat Mx1 sequences to the human
MxA sequence (Fig. 2C). Interestingly, the cDNA clones of all bat Mx1 genes showed
allelic variations that were mostly silent but led in some species to amino acid changes
(Fig. 2C). According to our sequence alignment analyses, we defined the cDNA clones
with the most common nucleotide or amino acid variation at particular positions as
allele 1, which was used for further characterization.

Antiviral activity of bat Mx1 against orthomyxoviruses. Mx proteins are best known
for their inhibitory effect on influenza A virus (FLUAV) replication (38, 39). The antiviral
activity of Mx proteins is dependent on a functional GTPase activity (40). Therefore, we
used GTPase-inactive Mx mutants as negative controls. We inactivated the highly
conserved phosphate-binding loop by exchanging lysines at position 83 in MxA and in
the bat Mx1 to alanine, resulting in a block of GTP hydrolysis (40). To assess the antiviral
potential of bat Mx1, we used a polymerase reconstitution or minireplicon assay of an
avian influenza A virus (H5N1) that is known for its high sensitivity to the action of
human MxA (41). Coexpression of the viral polymerase subunits and the viral nucleo-
protein (NP), together with an artificial RNA minigenome encoding the firefly luciferase
reporter gene, reconstitutes a transcription and replication competent viral ribonucle-
oprotein complex (41). Additional transfection of wild-type MxA suppressed 89% of the
viral polymerase activity compared to the activity in the presence of the inactive
MxA(K83A) mutant (Fig. 3A). Cotransfection of the bat Mx1 expression plasmids also
reduced viral polymerase activity, whereas the inactive mutants had no or in some
cases even a slight enhancing effect on reporter gene expression (Fig. 3A). Western blot
analysis showed comparable accumulations of the recombinant proteins in the cell
lysates. Interestingly, the two bat Mx1 proteins from S. lilium and C. perspicillata,
belonging to the Phyllostomidae family, reduced viral gene expression comparable to
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that with human MxA. Mx1 of M. daubentonii and E. helvum showed roughly 75%
inhibition of reporter gene expression, whereas Mx1 of P. pipistrellus, R. aegyptiacus, and
H. monstrosus reduced the activity of the viral polymerase only by about 40% (Fig. 3A).

For the following studies, we limited our analysis to one representative bat Mx1
candidate from each family. Furthermore, we used FLAG-tagged bat Mx1 for a more
comparable detection of the recombinant proteins in the Western blot analysis. To
improve comparability of the expression of the inactive Mx1 mutants that were used as
negative controls with that of the wild-type constructs, we switched to a threonine-
to-alanine change in the conserved switch I region of the GTP binding domain,
threonine-103 in MxA, resulting in GTPase-inactive mutants with more robust expres-
sion levels (40). Accordingly, repetition of the FLUAV minireplicon system under these
optimized conditions (Fig. 3B) reproduced the results achieved in the initial analysis
whose results are shown in Fig. 3A.

FIG 2 Phylogenetic analysis of bat Mx1. (A) Phylogenetic tree of bat Mx1 using a nucleotide sequence alignment with human MxA as an outgroup. (B)
Phylogenetic tree of mammalian Mx1 nucleotide sequences. Scale bars represent genetic distances (nucleotide substitutions per site). (C) Allelic variants of bat
Mx1 and their sequence identity to E. helvum Mx1 and human MxA as determined via multiple-protein alignment.
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FIG 3 Antiviral activity of bat Mx1 against orthomyxoviruses. 293T cells were cotransfected with plasmids encoding the components of different orthomyxoviral
polymerase reconstitution systems, including the polymerase subunits PB1, PB2, and PA, the NP, and a viral minigenome coding for firefly luciferase reporter
under the control of a viral promoter (pPol-I FF-Luc). Expression plasmids for the indicated Mx1 constructs and for Renilla luciferase under the control of a

(Continued on next page)
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Next we tested the inhibitory activity of the bat Mx1 proteins against viral replica-
tion in infected cells. 293T cells were transfected with the Mx expression constructs and
then infected with a low dose of a recombinant avian FLUAV that shows enhanced
sensitivity to the expression of human MxA (42). Accordingly, the titers of virus progeny
in the supernatants of human MxA-expressing cells were reduced by almost 2 logs in
comparison to cells expressing the antiviral inactive MxA(T103A) mutant (Fig. 3C).
Likewise, bat Mx1-expressing cells showed reduction of virus titers in the supernatants,
with E. helvum Mx1 showing the highest and P. pipistrellus Mx1 showing a somewhat
reduced antiviral effect (Fig. 3C). These results were in line with those of the minirep-
licon assays whose results are shown in Fig. 3A and B. Notably, viral NP was not
detectable by Western blotting in the Mx-expressing cells at 48 h postinfection (p.i.),
indicating an efficient block of viral gene expression by bat Mx1 (Fig. 3C).

To investigate the antiviral potential of bat Mx1 proteins against orthomyxoviruses
in more detail, we tested whether they had an inhibitory effect on the polymerase
complex of Thogoto virus (THOV), a tick-transmitted orthomyxovirus with high sensi-
tivity to the antiviral effect of human MxA (43). Interestingly, recombinant bat Mx1
showed almost no activity against the viral polymerase complex of THOV (Fig. 3D),
whereas the expression of human MxA led to a 99% reduction of the viral polymerase
activity, as published previously (44). This indicates an intriguing antiviral specificity of
bat Mx1 among different orthomyxoviruses.

Recently, influenza A-like virus infections were identified in bats of the Phyllosto-
midae family by detection of viral nucleic acids and positive serology (9, 10). Since the
influenza A-like bat virus itself has not been isolated so far, we used artificial,
replication-deficient but transcriptionally active virus-like particles (VLPs) to analyze the
effect of bat Mx1 proteins. The VLPs carried a firefly luciferase minigenome, the
polymerase subunits and NP of the bat (H17N10) virus, and all other structural elements
as well as the surface glycoproteins of an H7N7 influenza virus with broad tissue
specificity as described before (45).

The H17N10 VLPs were produced in 293T cells (producing cells) in the presence of
cotransfected Mx1. At 48 h posttransfection, the supernatants containing newly pro-
duced VLPs were collected and the firefly luciferase activity in the lysates of the
producing cells was determined as a measure of viral polymerase activity (Fig. 4A).
Coexpression of human MxA reduced reporter gene expression to 32%, Mx1 of C.
perspicillata and E. helvum reduced reporter gene expression to about 46%, and Mx1 of
P. pipistrellus resulted in no significant reduction compared to the empty vector (with
hemagglutinin [HA]) control lacking Mx (Fig. 4A). In addition, we determined release of
progeny VLPs in the supernatants of the transfected producer cells by incubating naive
indicator cells (MDCK II) with the supernatants. To support transcription of the viral
reporter minigenome carried by the VLPs, the indicator cells were additionally infected
with an SC35M (H7N7) helper virus. The firefly luciferase activity detected in the
indicator cells is a measure of the amount of VLPs (VLP titration [Fig. 4B]). Interestingly,
human MxA and C. perspicillata Mx1 reduced VLP formation by 96%, whereas Mx1 of
E. helvum and P. pipistrellus showed only reduced inhibitory capacity (Fig. 4B). As a
control, VLPs were produced in the absence of Mx1 and the viral hemagglutinin
protein. Consequently, the supernatant did not contain functional VLPs and reporter

FIG 3 Legend (Continued)
constitutive promoter (RLuc) were cotransfected. At 24 h posttransfection, cells were lysed and firefly and Renilla luciferase activities were determined. (A and
B) FLUAV H5N1 (A/Vietnam/1203/04) minireplicon system using 10 ng of PB2, 10 ng of PB1, 10 ng of PA, 100 ng of NP, 50 ng of Pol-I FF-Luc, 10 ng of RLuc,
and 300 ng of Mx1 expression plasmids or the corresponding inactive mutants with a K-to-A (A) or T-to-A (B) change. Mx1 protein and NP expression was
monitored by Western blotting using Mx-specific M143 (A) or FLAG-specific (B) antibody. (C) To measure the bat Mx1 effect on viral growth, 293T cells (6-well
format) were transfected with 800 ng of Mx1 expression plasmids 16 h prior to infection with SC35M (H7N7, Kan1 NP) with an MOI of 0.001. At 48 h after
infection, the supernatants were harvested and titrated. Viral titer of the empty vector control was set to 100% (corresponding to 105 to 106 PFU/ml in four
independent experiments). (D) THOV minireplicon system using 10 ng of PB2, 10 ng of PB1, 10 ng of PA, 25 ng of NP, 50 ng of Pol-I FF-Luc, 10 ng of RLuc,
and 300 ng of Mx1 expression plasmids. At 24 h posttransfection, the cell lysates were analyzed for luciferase activity and for Mx1 protein and NP expression
by Western blotting. Firefly luciferase activity was normalized to Renilla luciferase activity (FF/RL). The empty vector control was set to 100%. Significance was
calculated with a one-sided Student t test (n � 3). ns, nonsignificant. *, P � 0.05; **, P � 0.01; ***, P � 0.001). The numbers above the columns indicate fold
changes in viral polymerase activity (A, B, and D) or viral titer (C) in the presence of wild-type Mx1 compared to the inactive control.
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gene expression was not detectable in the lysates of the indicator cells (Fig. 4B).
Western blot analysis showed similar expression levels of Mx proteins and of trans-
fected bat NP in the producing cells (Fig. 4A). Comparable infection of the indicator
cells with the SC35M helper virus was monitored by equal levels of expression of viral
NP (Fig. 4B).

Antiviral activity of bat Mx1 against VSV. Human MxA efficiently blocks replica-
tion of vesicular stomatitis virus (VSV) (38). To test the antiviral activity of bat Mx1
proteins against rhabdoviruses, we used a VSV glycoprotein (VSV-G)-pseudotyped,
propagation-incompetent VSV replicon expressing firefly luciferase, VSV*ΔG(FLuc) (46).
VLP infection of the Mx1-transfected cells resulted in the expression of luciferase
correlating to the viral polymerase activity. Transfection of human MxA and of the bat
Mx1 proteins blocked viral polymerase activity by 50% compared to that of the inactive
controls (Fig. 5A). However, in this experimental setup, Mx1 expression plasmids might
not have been present in all infected cells, thereby diluting a possible inhibitory effect.
Therefore, we repeated this experiment with cells cotransfected with a VSV-G expres-
sion plasmid together with the different Mx1 constructs. Because VSV*ΔG(FLuc) repli-
con lacks the glycoprotein gene, we reconstituted viral particle formation only in the
transfected cells coexpressing VSV-G and Mx1. Formation of the newly formed pseu-
dotyped viral particles in the supernatants of the cotransfected cells was determined by
transferring them onto naive indicator cells (VLP titration [Fig. 5B]). In this setting,
particle formation was reduced by about 95% due to the action of human MxA or the

FIG 4 Influence of bat Mx1 on the polymerase activity of bat influenza (H17N10). (A) A FLUAV (H17N10) minireplicon system using 10 ng of PB2,
10 ng of PB1, 10 ng of PA, 10 ng of NP, and 50 ng of Pol-I FF-Luc was cotransfected with the helper plasmids encoding the additional structural
proteins from H7N7 virus as well as 300 ng of Mx1 expression plasmids (producing cells). At 48 h posttransfection, supernatants were collected
and the cell lysates were analyzed for firefly luciferase activity and for Mx1 protein and NP expression by Western blotting. (B) FLUAV (H17N10)
VLP titration. Indicator cells (MDCK II) were coinfected with 50 �l of the VLP-producing cell supernatants and with the SC35M helper virus for 24
h. As a control, indicator cells were treated with a comparable amount of donor cell supernatant produced in the absence of the viral
hemagglutinin (�HA). Firefly luciferase activity was measured in cell lysates, and infection of indicator cells with SC35M helper virus was
monitored by Western blotting detecting NP. The empty vector control was set to 100%. Significance was calculated with a one-sided Student
t test (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001). The numbers above the columns indicate fold changes in viral polymerase activity in the
presence of wild-type Mx1 compared to the inactive control.
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FIG 5 Block of VSV, EBOV, and RVFV replication by bat Mx1 and human MxA. (A) 293T cells were transfected with 300 ng of the indicated Mx1 constructs (12-well
format). At 24 h posttransfection, the cells were infected with VSV*ΔG(FLuc) for 24 h. Firefly luciferase activity was determined in the cell lysates. Mx1 expression
in cell lysates was controlled by Western blotting. (B) 293T cells were cotransfected with 300 ng of VSV-G and 300 ng of the indicated Mx1 constructs (12-well
format) and were infected with VSV*ΔG(FLuc) 24 h later. At 24 h postinfection, 50-�l volumes of the supernatants of the transfected and infected cells were

(Continued on next page)
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bat Mx1 constructs compared to their inactive controls (Fig. 5B). Taken together, these
results indicate that bat Mx1 proteins inhibit VSV gene expression as well as replication
of the viral genome.

Antiviral effect against EBOV. Old World fruit bats were identified as possible
reservoirs of Ebola virus (EBOV) (7, 8). Therefore, the antiviral activity of bat Mx1 against
EBOV was determined using a newly established VLP assay (47). An artificial tetracis-
tronic minigenome encoding the viral VP24, VP40, and GP structural proteins and a
Renilla luciferase reporter was cotransfected with expression plasmids encoding the
viral RNA polymerase L, the phosphoprotein VP35, the transcription initiation factor
VP30, and the nucleoprotein. These helper plasmids support transcription and replica-
tion of the viral minigenome as well as packaging and formation of VLPs. To test the
effect of Mx1 on EBOV replication, Mx1 expression plasmids were cotransfected with
the viral helper plasmids encoding L polymerase, VP35, VP30, NP, and the cellular TIM-1
adhesion factor. The last was included to enhance susceptibility of the cells to infection
with EBOV VLPs at 24 h posttransfection. Using this approach, a robust Renilla luciferase
expression was detected in the cell lysates (Fig. 5C). Omission of the L helper plasmid
abolished expression of the luciferase encoded by the minigenome, indicating the
dependency of reporter gene expression on viral polymerase activity. Coexpression of
human MxA or the three bat Mx1 proteins reduced luciferase activity to about 50%
compared to the activity measured in the presence of the respective inactive mutants,
indicating that bat Mx1 proteins are able to control EBOV polymerase activity.

Antiviral effect against bunyaviruses. Infections with bunyaviruses, including
hantavirus and nairovirus, have been detected in bats from Africa and Asia (11–13). To
test a possible antiviral function of bat Mx1 against bunyaviruses, we used a polymer-
ase reconstitution-minireplicon system for Rift Valley fever virus (RVFV) (48). The cells
were cotransfected with plasmids encoding Mx1 and expression constructs coding for
viral L, M, and N proteins together with a Renilla luciferase-encoding minigenome
construct. In this setting, MxA reduced the activity of the viral polymerase by 50%
compared to that of its inactive control (Fig. 5D). Interestingly, coexpression of Mx1 of
E. helvum and C. perspicillata showed an even stronger effect, with 80% and 60%
inhibition, respectively, whereas Mx1 of P. pipistrellus did not reduce the viral polymer-
ase activity significantly (Fig. 5D), indicating differences in antibunyavirus activities of
the Mx1 proteins from different bat species.

Evolutionary analysis of bat Mx1. After confirmation of the antiviral capacity of
the bat Mx1 proteins against a diverse range of RNA viruses, we used our Mx1 cDNA
sequences and in addition other publicly available bat Mx1 sequences to analyze the
evolution of the bat Mx1 genes with respect to their phylogenetic relationship. We
tested whether rates of nonsynonymous changes (dN) exceeded synonymous changes
(dS) using the PAML software suite (49), with a dN/dS (�) ratio greater 1 indicating
positive selection. Analysis of the 13 bat Mx1 sequences (Fig. 2A) revealed 16 positively
selected sites, mostly in the stalk, with 9 of these positions concentrated in the flexible
loop L4 (Fig. 6A and C, arrowheads). The calculated likelihood values and posterior
probabilities were robust under various codon frequency models (F3x4, F1x4, and F61)
and the initial � values used.

FIG 5 Legend (Continued)
used to infect naive 293T indicator cells (24-well format) to analyze the amount of newly produced particles. Firefly luciferase activity was measured in the
indicator cell lysates. Luciferase activity carried by VLPs produced in cells transfected with empty vector was set to 100%. Significance was calculated with a
one-sided Student t test (n � 3 [A] and n � 5 [B]). *, P � 0.05; **, P � 0.01; ***, P � 0.001). (C) 293T cells (12-well format) were cotransfected with 50 ng of
NP, 375 ng of L, 50 ng of VP35, 30 ng of VP30, 90 ng of TIM-1, and 300 ng of the indicated Mx1 expression plasmids 24 h prior to infection with EBOV VLPs.
As a control, cells were treated with comparable amounts of VLP preparation produced in the absence of the L construct (�L). At 24 h postinfection, the activity
of the Renilla luciferase encoded by the viral genome was determined. The empty vector control (without Mx expression) was set to 100%. Mx1 expression was
controlled by Western blotting. Significance was calculated with a one-sided Student t test (n � 3). *, P � 0.05; **, P � 0.01). (D) 293T cells were transfected
with 250 ng of the indicated Mx1 constructs together with plasmids encoding RVFV N, L, and M and the Renilla luciferase-encoding minigenome (250 ng each).
At 48 h posttransfection, cells were lysed and the Renilla luciferase activity measured. As controls either RVFV L was omitted or the Mx1 plasmid was replaced
with an empty vector. The activity of the empty vector control was set to 100%. Statistical significance was calculated with a one-sided Student t test (n � 3).
*, P � 0.05; **, P � 0.01). Cell lysates were subjected to Western blot analysis using FLAG-, RVFV N-, and �-tubulin-specific antibodies.
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A recent phylogenetic analysis of mammalian Mx1 genes detected multiple
recombination events between Mx paralogs that might influence the evolutionary
history of different Mx fragments and therefore the comparative analysis of Mx
orthologs (50). We analyzed the bat Mx1 sequences for recombination events using

FIG 6 Positive selection of bat Mx1. (A) Results of the evolutionary analysis for positively selected sites in full-length bat Mx1 (amino acids [aa] 1 to 649) of 13
bat Mx1 coding sequences as presented in Fig. 2A. In addition, positive selection was analyzed for the fragments of the GARD analysis—frag1 (aa 1 to 90), frag2
(aa 91 to 183), and frag3 (aa 184 to 649)—with respect to the sequence of M. daubentonii. P values were achieved by performing chi-squared tests on twice
the difference of the computed log likelihood values of the models disallowing (M7) or allowing (M8) dN/dS (�) values of �1. The BEB column lists rapidly
evolving sites with a dN/dS value of �1 and a posterior probability of �0.95, determined by the Bayes empirical Bayes implemented in CODEML. Indels were
removed from the alignment prior to evolutionary analyses. (B) Evidence of evolutionary breakpoints in the alignment of the 13 bat Mx1 sequences (as shown
in Fig. S1 in the supplemental material) identified with GARD. The best-fitting nucleotide substitution model (HKY85) was applied. The GARD fragments and
the supported breakpoints are indicated. (C) Illustration of the primary structure of bat Mx1 adapted to the crystal structure of MxA (27): the unstructured
regions (gray), the bundle signaling elements (B, red), the G domain (orange), the stalk (green, blue), and loop 4 (L4). Amino acid positions correspond to the
full-length Mx1 sequence of M. daubentonii. The rapidly evolving sites are indicated as arrowheads or asterisks (for the GARD fragments in panel B). Breakpoints
of recombination identified by GARD are indicated by vertical dashed lines.

Evolution and Antiviral Specificity of Bat Mx Proteins Journal of Virology

August 2017 Volume 91 Issue 15 e00361-17 jvi.asm.org 11

http://jvi.asm.org


GARD, a genetic algorithm for recombination detection (51), and identified two
recombination breakpoints (Fig. 6B). Both breakpoints are located near exon/intron
boundaries, when referring to the genomic sequence of M. lucifugus as a reference
(ENSMLUG00000011447). Breakpoint 1 is located at the 5= end of exon 3 and
breakpoint 2 at the 3= end of exon 4. Therefore, fragment 1 comprises exons 1 and
2 and the first 5 nucleotides (nt) of exon 3. Fragment 2 comprises the rest of exon
3 and exon 4, except the last 15 nt at the 3= end of exon 4. Fragment 3 comprises
those 15 nt of exon 4 and exons 5 to 13. Breakpoints in similar regions of
mammalian Mx genes have been recently described by Mitchell et al. for the
analyses of rodent and primate Mx homologs (50). We independently repeated this
recombination analysis of the bat Mx1 sequences using the RDP tool (52) and
confirmed the most significant breakpoints, with slightly shifted positions com-
pared to the GARD analysis: nucleotide position 246 instead of 270 and 554 instead
of 549. The identified cDNA fragments code for important functional regions in the
Mx structure. Fragment 1 encodes the first helix of the BSE, fragment 2 highly
conserved elements of the GTP-binding domain and fragment 3 the C-terminal part
of the G domain and the stalk (Fig. 6C). However, the detected breakpoints in our
bat Mx1 cDNA analysis did not show a significant topological incongruence based
on a Kishino Hasegawa (KH) test (53) applied after the GARD analysis. Most likely,
such KH-insignificant breakpoints arise due to variation in branch lengths between
fragments. This could indicate forms of recombination or other processes, like
heterotachy.

An extended analysis for positions under positive selection was separately per-
formed for the fragments obtained by the GARD analysis. Interestingly, fragment 1 now
showed several residues under positive selection within the N-terminal region in
addition to the positions identified in the C-terminal fragment 3 (Fig. 6A and C,
asterisks). We performed the same calculations for the fragments resulting from the
RDP analysis with no impact on the significant positively selected sites identified above.
Again, fragment 2 showed a strong purifying selection of all residues, attesting to its
evolutionary conservation. The two hot spots of positive selection in the overall
conserved structure of the protein might be of specific importance for evolutionary
adaptation processes in the host-pathogen arms race between bats and their viral
infectious agents.

DISCUSSION

Bats are recognized as an important reservoir of potential zoonotic viruses (54).
However, it is unclear how bats deal with the infection, replication, and possible
persistence of these viruses, which often induce severe to fatal infections in humans
upon zoonotic transmission. In this study, we evaluated the role of the IFN-induced bat
Mx1 proteins in the control of diverse RNA viruses and found a broad antiviral spectrum
similar to that of the human MxA ortholog against orthomyxo-, rhabdo-, filo-, and
bunyaviruses.

Our phylogenetic analysis of Mx1 proteins grouped the bat Mx1 sequences accord-
ing to their affiliation in the three different bat families (55). Within the individual
families, bat Mx1 showed around 80% sequence identity. Between the families, the bat
Mx1 sequences displayed a reduced (around 70%) identity, which is comparable with
the sequence identity to other mammalian Mx1 proteins, e.g., human MxA. This may
reflect the long, about 40 to 50 million years, independent evolutionary history and
diversification of Mx1 genes in the individual Chiroptera families (56).

A detailed examination of the mammalian Mx1 sequences revealed a high propor-
tion of invariant amino acid residues under purifying selection, supporting the view of
Mx proteins as dynamin-like molecular machines with a sophisticated, highly conserved
structure and mechanism (27) that allow evolution-driven variations only in a few
flexible regions (44, 50). Accordingly, when analyzing the bat Mx1 sequences, we
identified residues under positive selection in two variable and surface-exposed re-
gions. Most residues under positive selection were identified in the N terminus ahead
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of the first BSE helix and in the C-terminal loop L4 (Fig. 6). The accumulation of residues
under positive selection in these two surface-exposed, variable regions of Mx1 indicates
a likely structural flexibility of these two regions compared to the overall high structural
conservation of the majority of the bat Mx1 molecules. Interestingly, positively selected
positions in the N terminus were identified only when individual gene segments were
analyzed. Using GARD analysis, we detected two breakpoints resulting in three gene
segments, suggesting exchanges between ancient bat Mx paralogs by recombination
events (Fig. 6B and C). A comparable analysis using the orthologous primate MxA genes
identified clusters of positively selected residues in the L4 loop, which has been
previously identified as a determinant of Mx antiviral specificity (44). Positively selected
positions in the N-terminal region were identified in the paralogous primate MxB genes
(50). The various positively selected residues in these two regions of bat Mx1 molecules
argue for a long-standing conflict of bats with diverse viral agents (57), which circulated
or are still present in the animals.

The selection of diversifying mutations in the bat Mx1 sequences suggests a critical
role of bat Mx1 in the innate immune response to various viral pathogens. A multitude
of diverse viral agents has been identified in various bat species that possibly executed
a significant pressure driving the evolution of bat Mx1 orthologs (54). We first tested the
activity of bat Mx1 against three different orthomyxoviruses because influenza A-like
virus infections have been detected in bats of the Phyllostomidae family (9, 10). Using
a polymerase reconstitution assay reflecting the activity of the polymerase complex of
an avian H5N1 and infection experiments with an H7N7 influenza virus, we detected a
quite remarkable suppression activity by most of the bat Mx1 proteins, comparable to
the activity of human MxA (Fig. 3) (41, 58). Remarkably, however, the tick-transmitted
THOV polymerase complex was not significantly affected by bat Mx1. Although bats are
known to be infested by ticks and could come in contact with arboviruses (59, 60),
infections of bats with Thogoto viruses have not been reported. THOV is extremely
sensitive to human MxA (Fig. 3D) (43, 61) and murine Mx1 (62) in cell culture as well as
in vivo. Therefore, the insensitivity of THOV to three different bat Mx1 proteins is
astonishing and suggests that bats never had contact with this virus and did not have
the chance to evolve their Mx1 proteins to powerful anti-THOV weapons. In contrast,
replication of the recently described bat influenza A-like (H17N10) virus (9) was
efficiently controlled by bat Mx1. The production of new VLPs (Fig. 4B) was much more
strongly inhibited than the transcriptional activity of the viral polymerase complex (Fig.
4A), in line with previous results indicating that human MxA preferentially targets viral
genome replication (39). In this setting, especially Mx1 of C. perspicillata showed a
strong inhibitory effect comparable to that of human MxA (Fig. 4B). These results point
to a family-specific control of influenza A-like viruses in bats in which H17N10 virus
infections have been detected (10), suggesting an arms race between host innate
immunity and bat influenza viruses that runs in favor of the bat host.

In addition, we tested three additional representatives of negative-strand RNA
viruses of the Rhabdoviridae, Filoviridae, and Bunyaviridae. Bat Mx1 suppressed the
activity of the viral polymerases with an efficacy that was comparable to that of human
MxA (Fig. 5). Using a recently established EBOV-like particle infection system (47), we
showed for the first time an antiviral effect of Mx proteins against filoviruses (Fig. 5C).
Particularly Mx1 of E. helvum, a member of the African fruit bats, which are assumed to
serve as reservoirs for EBOV and other filoviruses (7, 8, 63), showed a significant
suppression of the viral polymerase activity, suggesting a role in the control of EBOV
replication in this species.

The inhibitory activity of E. helvum Mx1 was the most effective one in all three virus
systems mentioned above (Fig. 5). This contrasts with the moderate inhibitory effect of
E. helvum Mx1 on the H17N10 influenza A-like viral replication (Fig. 4B) and suggests
formation of individual antiviral specificities during bat Mx1 evolution. It is worth
mentioning that we tested the activity of bat Mx1 proteins only in the context of
human 293T cells, and additional factors from the bat cell environment might further
modulate their activity.
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The three RNA viruses VSV, EBOV, and RVFV have a cytoplasmic replication phase,
whereas influenza viruses replicate within the cell nucleus. Bat Mx1 proteins accumu-
lated in the cytoplasm of transfected cells (Fig. 1C), very similar to the localization of the
orthologous human MxA (37). The molecular action of human MxA against RNA viruses
has been intensely studied and reveals a spectrum of strategies to block viral replica-
tion (26). However, the fundamental basis of its action is the recognition of viral
nucleocapsids or ribonucleoprotein complexes, in which the viral RNA genome is
tightly associated with the viral nucleoprotein and the viral polymerase complex. For
example, the replication of VSV is inhibited at an early step of the viral life cycle. It was
shown that already primary transcription of incoming viral nucleocapsids is blocked by
MxA (38). Accordingly, isolated ribonucleoprotein complexes of VSV are directly ham-
pered by purified, recombinant MxA (31). Bunyaviruses are efficiently controlled by MxA
as well (61, 64, 65). MxA binds to the viral nucleoprotein, sequesters newly synthesized
nucleoprotein or viral ribonucleoprotein complexes in endoplasmic reticulum (ER)-
associated aggregates, and efficiently blocks transcription and amplification of the viral
genome (30, 48, 66). Orthomyxoviruses might be affected by a similar mechanism.
Human MxA binds the nucleoprotein of influenza A virus and THOV and prevents the
translocation of viral nucleocapsids into the nucleus, the site of orthomyxovirus tran-
scription and genome replication (29, 67, 68). However, incoming nucleocapsids of
influenza viruses may escape the early recognition by MxA and may reach the cell
nucleus to start primary transcription. In this situation secondary transcription is
blocked, possibly by MxA-mediated sequestration of newly synthesized viral nucleo-
protein (39, 67). In our future research, we will focus on detailed molecular analyses of
the antiviral action of the orthologous bat Mx1 proteins, especially their action against
filoviruses. This can possibly improve strategies to fight emerging viral pathogens.

Zhou et al. recently reported an elevated, constitutive expression of IFN-� in
unstimulated cells of Pteropus alecto (Pteropodidae), which was not further enhanced
by viral infection (23). In our present analysis, we used Mx1 expression as a marker of
type I IFN activity as shown previously in cell culture and in vivo (24, 25). Analyzing cells
from three different bat families, including Pteropodidae, we detected only minor
expression of Mx proteins in untreated cells, which was strongly upregulated following
treatment of the cells with IFN-� (Fig. 1A). The Mx1 induction in the bat cells was
comparable to the induction of MxA in human alveolar epithelial A549 cells that were
treated in parallel (data not shown). However, in our experimental setup we did not
analyze accumulation of Mx1 transcripts in untreated bat cell cultures and did not
consider the role of IFN-� in bat Mx1 induction, which was shown to be important for
Mx1 expression in human, mouse, and bat systems (21, 24, 25). Astonishingly, bat cells
from the Pteropodidae and Vespertilionidae families responded to treatment with the
human IFN-� B/D variant, whereas CarLu cells (Phyllostomidae) were unresponsive.
They responded only to authentic conditioned medium of virus-infected CarLu cells,
indicating interesting family-specific differences in the IFN-� receptor specificity. Infec-
tion with RVFV clone 13 induced comparable levels of Mx1 in all bat cells used in our
study, including CarLu cells (data not shown). Accordingly, the accumulation of Mx1
argues for a virus-induced type I or type III IFN production and upregulation of Mx1 as
described previously (17, 21). Therefore, bat Mx1 expression can be used as a reliable
marker for the detection of type I and type III IFN activity during virus infection and IFN
treatment.

The overall efficient inhibition of various viral pathogens by bat Mx1 indicates that
this ISG product exhibits a central role in the control of viral replication in bats. Of note,
we cannot speculate about the identity of the pathogens that drove the ancient arms
race with bat Mx1, resulting in positive selected positions in today’s bat species. Since
the bat Mx1 cDNAs showed rather comparable antiviral activities against the limited
spectrum of RNA viruses employed in the present study, our results cannot fully explain
the evolution of bat Mx1 proteins. Follow-up studies should extend the spectrum of
viruses tested for bat Mx1 sensitivity and will refine the connection of Mx1 antiviral
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capacity with the genetic evolution of these important components of the innate
antiviral defense.

MATERIALS AND METHODS
Cells, IFN treatment, synthesis of CarLu IFN, and RNA extraction. Bat cell cultures were obtained

from the cell culture collection of the Institute of Virology, University of Bonn. All bat cell cultures were
immortalized by lentiviral transduction with the simian virus 40 (SV40) large T antigen and tested
negative for mycoplasma, SV5, lyssavirus, and filovirus contaminations as described previously (17). The
species type of the cell cultures was confirmed by amplification of the COX1 gene, encoding cytochrome
c, as previously described (69). Cultures of human embryonic kidney (HEK) 293T cells, human cervical
carcinoma HeLa cells, Madin-Darby canine kidney epithelial cells (MDCK II), Carollia perspicillata CarLu/1
(70), Myotis daubentonii MyDauNi/2c (17), Pipistrellus pipistrellus PipNi/1 (17), Eidolon helvum EidNi/41 (17),
Hypsignathus monstrosus HypNi/1 (71), and Rousettus aegyptiacus RoNi/7 (17) cells were cultivated in
Dulbecco’s modified Eagle’s medium (DMEM) with 5 to 15% fetal calf serum (FCS) at 37°C.

To induce Mx expression, cells were treated for 24 h with 1,000 U/ml of human IFN-� B/D (72).
CarLu/1 cells were unresponsive to this treatment. Therefore, they were infected with RVFV clone 13 (36)
at a multiplicity of infection (MOI) of 1 for 48 h. The supernatant with endogenous IFN was harvested,
dialyzed against glycine buffer (pH 2), and subsequently used for IFN treatment of naive CarLu/1 cells.
Total RNA of IFN-stimulated cells was isolated using the TRIzol RNA isolation reagent (Life Technologies).
Total RNA extracted from Sturnira lilium cells was kindly provided by M. Schwemmle, Freiburg, Germany.

cDNA cloning. Total RNA (1 �g) was reverse transcribed using the RevertAid H Minus First Strand
cDNA synthesis kit (Thermo Fisher Scientific). In order to clone cDNA from the coding region of bat Mx,
PCRs were performed with primers specific for conserved regions of Mx sequences. Mx1 specific primer
sequences for the different bat species are listed in Table S1 in the supplemental material. To determine
the remaining 5= and 3= terminal sequences, rapid amplification of cDNA ends (RACE) was performed
using a 5=/3= RACE 2nd Generation kit (Roche). RACE primers were designed based on the sequence
information of the previously obtained bat Mx cDNA fragments. All amplification products were
sequenced and assembled in silico. The open reading frames (ORFs) were determined and cloned into the
expression vector pCAGGS under the control of the chicken actin promoter (73) using specific primers
which harbored an N-terminal FLAG tag. The GTPase-inactive mutants corresponding to the change in
human MxA(T103A) at position 103 were cloned by a mutagenesis PCR with a primer set that harbored
the mutation.

Transfection, Western blotting, and immunofluorescence analysis. Transfections of 50 to 80%
confluent 293T cells were performed with JetPEI (Polyplus). For Western blotting, cells were lysed in 1�
passive lysis buffer (Promega). To denature the proteins 1� Laemmli buffer was added and the samples
were incubated at 95°C for 5 min. The protein lysates were separated with a 12% SDS-PAGE gel and
transferred onto a polyvinylidene difluoride (PVDF) membrane (Merck Millipore). Detection of the
primary antibodies was performed using fluorescence-labeled secondary antibodies (Li-Cor).

For immunofluorescence analysis HeLa cells were seeded on coverslips and transfected with 1 �g of
the Mx1 expression plasmid per well of a six-well plate. Twenty-four hours posttransfection, cells were
fixed with 3% paraformaldehyde (Roth) for 20 min and permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich) for 10 min. Then cells were incubated with 5% bovine serum albumin (BSA) in phosphate-
buffered saline (PBS) for 1 h at room temperature. Detection of Mx proteins was performed in 1% BSA
in PBS for 1 h at room temperature using the Mx-specific M143 antibody, which recognizes the highly
conserved G domain in Mx proteins of different vertebrate species (35), and a secondary donkey
anti-mouse IgG (Alexa Fluor 488; Invitrogen). Nuclear genomic DNA was stained with TO-PRO-3 iodide
(Invitrogen). Cells were analyzed by confocal fluorescence microscopy.

Orthomyxovirus minireplicon systems. To reconstitute the polymerase of FLUAV H5N1 (A/Viet-
nam/1203/04) (58) or THOV (strain SiAr126) (74), 293T cells were cultured in 12-well plates for 24 h and
then cotransfected with 10 ng of expression plasmids encoding the polymerase subunits PB2, PB1, and
PA (for FLUAV and THOV) and 100 ng (FLUAV) or 25 ng (THOV) of NP plasmids as described previously
(41, 44). In addition, 50 ng of the artificial viral minigenomes encoding firefly luciferase in negative-sense
orientation flanked by viral noncoding regions (Pol-I FF-Luc) and 10 ng of a plasmid coding for a Renilla
luciferase under the control of the constitutive SV40 promoter (SV40-RL) were added. To determine the
effect of Mx1 on the activity of the viral polymerase, 300-ng quantities of the Mx1 expression constructs
were cotransfected. At 24 h posttransfection the firefly and Renilla luciferase activities were measured
(dual-luciferase reporter kit; Promega). Firefly luciferase activity was normalized to Renilla luciferase
activity, and the empty vector control was set to 100%. Western blot analyses were performed with
specific antibodies directed against FLAG (Sigma-Aldrich) or Mx-specific M143 (35), FLUAV-NP (Serotec),
THOV-NP (44), and �-actin (Sigma-Aldrich).

Infection experiments with FLUAV (H7N7). To analyze the effect of bat Mx1 on the replication of
FLUAV, 293T cells seeded in 6-well plates were transfected with 800 ng of FLAG-tagged Mx1 encoding
plasmids 16 h prior to infection with an MOI of 0.001 of recombinant SC35M (H7N7) encoding NP of
A/Thailand/01/04 (Kan-1, H5N1) (42). At 48 h postinfection, the supernatants were harvested and viral
titers were measured using plaque assay on MDCK cells. Western blot analyses on the transfected cell
lysates were performed with antibodies directed against FLAG (Sigma-Aldrich), FLUAV-NP (Thermo Fisher
Scientific), and �-actin (Sigma-Aldrich).

H17N10 VLP system. H17N10 virus-like particles (VLPs) were produced in the presences of Mx1.
293T donor cells were transfected (12-well format) with expression plasmids coding for PB2 (50 ng), PB1
(50 ng), PA (10 ng), and NP (100 ng) of H17N10. In addition, expression plasmids encoding the viral
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minigenome Pol-I FF-Luc (50 ng) as well as HA (100 ng), neuraminidase (NA; 100 ng), M1 (125 ng), M2
(20 ng), and nuclear export protein (NEP) (25 ng) of SC35M (H7N7) were transfected as previously
described (45), together with 300-ng quantities of the different Mx1 constructs. As a negative control, the
HA plasmid was omitted. At 48 h posttransfection, the supernatants were harvested and the firefly
luciferase activity in the lysates of the VLP-producing cells was measured. Residual plasmids in the
supernatants were digested via DNase treatment for 1 h at 37°C. To detect the VLPs released from the
transfected 293T donor cells, MDCK II indicator cells (in a 24-well format) were infected with 50 �l per
well of the VLP-containing supernatants of the producer cells. Because the viral polymerase enclosed in
the VLPs is not strong enough to robustly express the luciferase gene from the minigenome, the
indicator cells were additionally infected with an SC35M helper virus (H7N7) at an MOI of 1. At 24 h
postinfection, the MDCK cells were lysed, the firefly luciferase activity was measured, and the empty
vector control was set to 100%. Western blot analyses of the VLP producer and indicator cell lysates were
performed with antibodies directed against FLAG (Sigma-Aldrich), FLUAV NP (Thermo Fisher Scientific),
and �-actin (Sigma-Aldrich).

VSV�G replicon system. The VSV*ΔG(FLuc) replicon in which the viral G gene is replaced by firefly
luciferase cDNA was produced as previously described (46). 293T cells were cultured in 12-well plates and
transfected with 300 ng of Mx1 or cotransfected with 300 ng of Mx1 and 300 ng of VSV-G expression
plasmids. At 24 h posttransfection, the cells were infected with VSV*ΔG(FLuc) using an MOI of 1 (VLP
infection). Cells were lysed after 24 h, and firefly luciferase activity was determined. The supernatants of
the transfected cells were harvested and were used to infect 293T cells in 12-well plates (VLP titration).
At 24 h postinfection, firefly luciferase activity was measured in the cell lysates. The luciferase activity
detected in the cells that received VLPs of the empty vector control-transfected producer cells was set
to 100%. Western blot analyses were performed with lysates of the transfected producer cells using
antibodies directed against FLAG (Sigma-Aldrich) and �-actin (Sigma-Aldrich).

EBOV VLP systems. EBOV VLPs were produced as previously described (47) by transfection of 293T
cells in 90-mm dishes with plasmids coding for NP (900 ng), VP35 (900 ng), VP30 (500 ng), L (7,000 ng),
T7 (1,800 ng) and an artificial viral tetracistronic minigenome, p4cis-vRNA-RenLuc (1,800 ng), which
encodes Renilla luciferase, VP40, GP1,2, and VP24. As a negative control, L was omitted. At 24 h after
transfection, the medium was replaced with DMEM with 5% FCS. At 72 h posttransfection, the VLP-
containing supernatant was harvested and clarified at 500 � g for 10 min.

For infection experiments, 293T cells were cultured in 12-well plates for 24 h and cotransfected with
50 ng of NP, 375 ng of L, 50 ng of VP35, 30 ng of VP30, 90 ng of TIM-1 (adhesion factor of EBOV), and
300 ng of Mx1 expression plasmids. At 24 h posttransfection, the transfected cells were infected with 50
�l of the VLP containing supernatant per well. Control cells were treated with comparable amounts of
a VLP preparation which was produced in the absence of L. At 24 h postinfection, the activity of the
Renilla luciferase encoded by the viral minigenome was determined (luciferase reporter kit; Promega).
The empty vector control was set to 100%. Western blot analysis of the infected cell lysates was
performed with specific antibodies directed against FLAG (Sigma-Aldrich) and �-actin (Sigma-Aldrich).

RVFV polymerase assay. To determine the effect of Mx1 on RVFV polymerase activity, 293T cells
were transfected with expression plasmids encoding Mx1 (250 ng), RVFV L, M, and N (250 ng each), a
minigenome construct coding for the full-length RVFV S segment with the NSs ORF replaced by Renilla
luciferase (250 ng), firefly luciferase under the control of the constitutively active SV40 promoter (50 ng),
and a dominant negative PKR construct (125 ng) as described previously (48). As a control, the RVFV L
plasmid was omitted and the Mx1 plasmid was replaced by an empty vector. At 4 h posttransfection, the
medium was exchanged and the cells further incubated for 48 h at 37°C. Cells were lysed and the
luciferase activities were determined. The activity of Renilla luciferase was normalized to firefly luciferase,
and empty vector control with RVFV L was set to 100%. Expression of FLAG-Mx1, RVFV-N (antibody; a gift
from Alejandro Brun), and tubulin was monitored by Western blotting.

Statistical analyses. Statistics were determined with the GraphPad Prism 5 software. Each experi-
ment was done in technical duplicates and performed three times. The mean values of the technical
duplicates were used for the statistical analysis. A one-sided Student t test comparing Mx1 with its
corresponding antivirally inactive mutant was performed. Mean values and standard errors of the means
(SEM) are reported. For viral growth analysis, the geometric mean of 4 independent experiments was
calculated and statistics were performed on log-transformed values.

Data collection, alignments, and evolutionary analysis. Mx1 sequences from the following were
obtained from GenBank and incorporated in the evolutionary analysis: Myotis lucifugus (XM_006104436),
Myotis davidii (XM_006754325), Myotis brandtii (XM_005885691), Pteropus alecto (NM_001290174), and
Eptesicus fuscus (XM_008145691). We downloaded transcriptome sequencing data of Artibeus jamai-
censis (75), a Jamaican fruit bat of the family of Phyllostomidae, from EMBL-EBI (SRR539297; HiSeq
2000; 100-bp paired-end reads) and built a de novo transcriptome assembly utilizing three different
assembly tools: Velvet (v1.2.10) (76) with Oases (v0.2.08) (77), SOAPDenovo-Trans (v1.0.3) (78), and Trinity
(v20131110) (79) with default parameters and multiple k-mer values. The resulting contigs of each
assembly tool were merged and clustered by sequence identity using CD-HIT-EST (-c 0.95, v4.6) (80),
resulting in a final assembly comprising 462,445 contigs. The assembly was further searched by BLASTN
using the Mx1 cDNAs of closely related bat species (C. perspicillata and S. lilium). We identified full-length
open reading frames of homologous Mx1 genes in the de novo transcriptome assembly of A.
jamaicensis and incorporated the best-matching sequence in our analyses. Mx1 homologous se-
quences of other mammals were downloaded from Ensembl, including those of Homo sapiens
(ENSG00000157601), Pan troglodytes (ENSPTRG00000013927), Canis lupus (ENSCAFG00000010172),
Equus caballus (ENSECAG00000011776), Bos taurus (ENSBTAG00000030913), Mus musculus
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(ENSMUSG00000000386 and ENSMUSG00000023341), Rattus norvegicus (ENSRNOG00000001959 and
ENSRNOG00000001963), Sus scrofa (ENSSSCG00000012077), Felis catus (ENSFCAG00000008068), and
Ovis aries (ENSOARG00000010283). For M. musculus and R. norvegicus, both Mx genes were used,
because of the known homology to human Mx1.

In-frame multiple-sequence alignments for all 13 bat Mx1 cDNA sequences and additional mamma-
lian Mx1 genes were conducted using TranslatorX (v1.1) (81) and the aligner Muscle (v3.8.31) (82). All
alignments were automatically adjusted, and gaps/stop codons were removed prior to subsequent
analyses. To determine the evolutionary context of bat and other mammalian Mx1 genes, we constructed
maximum likelihood trees using RAxML (v8.0.25) (83) using the GTRGAMMA substitution model and
1,000 bootstrap replicates.

Recombination events and positive selection analysis. We used the GARD (51) tool to detect
possible recombination events in the bat Mx1 alignment. First, an automatic model selection was applied
to suggest the best-fitting nucleotide substitution model for the alignment. Then, the in-frame alignment
and corresponding model were conducted to the GARD algorithm to estimate recombination break-
points using the general discrete model of site-to-site rate variation and 3 rate classes. Furthermore, we
performed an RDP (v4.80) analysis (52) to validate the GARD results.

We performed maximum likelihood tests on nested “site” models implemented in CODEML, part of
the PAML software suite (49), and the HyPhy suite (84) to detect significantly positive selected sites under
various models in the full bat alignment and corresponding fragments, previously identified with GARD.
Alignment-specific input trees were calculated with RAxML. The coding sequence alignments were fit to
paired site models that disallow (M1a and M7) or allow (M2a and M8) positive selection (� � 1). A
likelihood ratio test between paired models was performed to derive P values for each alignment. If a
significant difference (P � 0.01) between model M7 versus M8 was detected, a Bayes empirical Bayes
(BEB) analysis was performed to identify codons in the alignment with � value of �1 and to calculate
their impact on the positive selection (significant if posterior probability is �0.95). We run CODEML
multiple times with different starting � values (0, 0.5, 1, 1.5, and 2.0) and under various codon frequency
models (F3x4, F1x4, and F61).

Nevertheless, one must be aware of the possibility that lower sampling of Mx1 sequences could
lead to reduced power to detect positively selected sites (85). Therefore, we extended the novel bat
Mx1 sequences presented in this study by additional sequences from public databases to achieve a
final set of 13 Mx1 cDNAs out of three bat families. These were used for positive selection analysis.
Likelihood ratio tests, using 2 degrees of freedom, between M7 (null model; positive selection not
allowed) and M8 (positive selection model) showed a significant (P � 0.05) rejection of the null
model for the full Mx1 bat alignment (Fig. 6A). We therefore conclude that positive selection can be
adequately detected in this 13-species data set, although the need for more sequenced bat genes
is obvious.

All of the above-described procedures were generalized and implemented in a web-based pipeline
called PoSeiDon (M. Hölzer and M. Marz, submitted for publication) freely available at http://www.rna
.uni-jena.de/en/poseidon.

Accession number(s). GenBank accession numbers for Mx1 cDNA sequences that were generated in
the present study are as follows: C. perspicillata Mx1, KR362561; E. helvum Mx1, KR362562; H. monstrosus
Mx1, KR362563; M. daubentonii Mx1, KR362564; P. pipistrellus Mx1, KR362565; R. aegyptiacus Mx1,
KR362566; and S. lilium Mx1, KR362567.
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