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Thogoto virus (THOV) is a tick-transmitted orthomyxovirus with a genome of six negative-stranded RNA
segments. The sixth segment encodes two different transcripts: a spliced transcript that is translated into the
matrix protein (M) and an unspliced transcript. Here, we report that the unspliced transcript encodes an
elongated form of M named ML. A THOV isolate deficient in ML expression was an efficient interferon inducer,
whereas ML-expressing wild-type strains were poor interferon inducers. These results were confirmed with
recombinant THOVs rescued from cDNAs. Expression of ML efficiently suppressed activation of the beta
interferon promoter by double-stranded RNA. These results indicate that ML is an accessory protein that
functions as a potent interferon antagonist by blocking transcriptional activation of alpha/beta interferons.

Mammalian cells react to virus infections with the produc-
tion of alpha/beta interferons (IFN-�/�) (16, 22) that are most
commonly induced by double-stranded RNA (dsRNA), a by-
product of viral replication (17). IFN-�/� stimulates the ex-
pression of antiviral factors. In particular, the products of the
Mx genes have been shown to be active against orthomyxovi-
ruses (13, 30). Therefore, the orthomyxoviruses, like most
other viruses, have evolved strategies with which to counteract
the IFN system (9, 11). The influenza A virus (FLUAV) NS1
protein was the first example of an orthomyxovirus gene prod-
uct with IFN-antagonistic activity. A recombinant FLUAV that
lacks the NS1 protein, FLUAV(delNS1), induces a much stron-
ger IFN response in infected cells than the wild-type virus (10).
The functional basis for this effect is most probably the ability
of NS1 to bind dsRNA and to prevent the activation of the
IFN-� promoter, PKR, and 2�,5�-oligoadenylate synthetase
(20, 31, 35).

Thogoto virus (THOV) is the prototype of tick-transmitted
orthomyxoviruses (28). It was independently isolated from
ticks that were collected in Africa, Asia, and southern Europe
(25). The genome of THOV consists of six single-stranded
RNA segments of negative polarity that are encapsidated by
the viral nucleoprotein (NP) and associate with the viral RNA
polymerase complex to form ribonucleoprotein complexes (6,
14). Each segment codes for a single structural protein: the
three subunits of the viral RNA polymerase complex (PB2,
PB1, and PA), the viral surface glycoprotein, NP, and the
matrix protein (M) (14). THOV is structurally and genetically
similar to influenza viruses but is different in its ability to infect
ticks, as well as mammals (6). This extended host range re-
quires specific adaptations to allow the virus to replicate in
both cell types.

The genome of THOV encodes the basic set of orthomyxo-

virus proteins but no additional proteins like the NS2/NEP of
FLUAV, an M2 ion channel, or an NS1-like protein. We have
previously shown that the sixth segment of THOV encodes two
transcripts: a spliced mRNA that codes for the M protein and
an unspliced mRNA with no assigned gene product (19). Here,
we compared the nucleotide sequences of different wild-type
isolates of THOV with our laboratory strain and found that
wild-type strains lack one nucleotide within the intron region
of segment 6 compared to the sequence of the laboratory
strain. Therefore, the unspliced transcripts of the wild-type
strains contain a reading frame that encodes a C-terminally
extended M protein. We named the new gene product ML (for
matrix protein long). Our data demonstrate that the newly
identified ML gene product of THOV is a potent inhibitor of
the IFN-�/� system.

(This research was conducted by K. Hagmaier and S. Jen-
nings in partial fulfillment of the requirements for a Ph.D.
degree from the Faculty of Biology of the University of Frei-
burg, Freiburg, Germany.)

Induction of IFN-�/� by THOV. We tested the induction of
IFN-�/� by different strains of THOV, namely, the original
THOV isolate from Africa, IIA (12), an isolate from Portugal,
PoTi503 (7), and a derivative of the Sicilian isolate SiAr126
(1), designated Sicily/FR, that has been used in our laboratory
since 1993 (13). 293 cells were infected with 3 PFU of THOV
per cell for 24 h. Supernatants of the infected cells were har-
vested, and infectious virus was inactivated by acidification.
The amount of acid-stable IFN in the cell supernatants was
then determined by using a reporter plasmid coding for firefly
luciferase (FF-Luc) under the control of an IFN-stimulated
response element promoter as described (18, 36). Reporter
gene expression (FF-Luc) directly correlated with the amount
of IFN-�/� present in the supernatants of the virus-infected
cells as determined by an IFN-� standard (data not shown).
Infection with the THOV isolates from Africa and Portugal did
not induce measurable levels of IFN (Fig. 1A). Surprisingly,
however, infection of the cells with strain Sicily/FR induced
large amounts of IFN. Western blot analysis of the lysates of
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virus-infected cells with an antibody directed against the viral
NP (Fig. 1B) confirmed that the cells were infected to similar
levels.

To investigate whether the difference in IFN production was
on the transcriptional level, we determined the accumulation
of IFN-� transcripts. Total RNA was isolated from 293 cells
infected with the different THOV strains 24 h postinfection,

and IFN-� transcripts, as well as transcripts of human glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), were ampli-
fied by reverse transcription (RT)-PCR with primers described
previously (21, 31). Figure 1C shows that cells infected with
strain Sicily/FR contained IFN-� transcripts, whereas cells in-
fected with the THOV strains from Portugal and Africa had no
detectable IFN-� mRNA. GAPDH mRNA could be amplified
in all RT-PCRs, indicating that all of the preparations con-
tained similar amounts of RNA (Fig. 1D). Thus, IFN-� secre-
tion in response to THOV Sicily/FR infection correlated with
the presence of IFN-� transcripts in infected cells, suggesting
that the transcriptional activation of the gene for IFN-� is
affected.

We directly determined activation of the IFN-� promoter by
using a reporter construct coding for FF-Luc under the control
of the IFN-� promoter (38). 293 cells were transfected with
FF-Luc reporter plasmid and a control plasmid, pRL-SV40,
coding for Renilla luciferase (REN-Luc) under the control of
the constitutive simian virus 40 promoter. After 6 h, the cells
were infected with 3 PFU of THOV per cell for 20 h and lysed
and aliquots of the cell extracts were used to measure lucif-
erase activities. Infection with strain Sicily/FR resulted in high
FF-Luc activity, whereas the African and Portuguese strains
showed much lower reporter activation (Fig. 2A). Western blot
analysis confirmed equal infection of the cells by the three
virus strains (Fig. 2B). These results demonstrate that the
various THOV strains differ drastically in the ability to induce
IFN-�/� gene expression in infected cells.

THOV strain Sicily/FR is a mutant virus. The sixth segment
of THOV codes for two transcripts: a full-length mRNA and a
spliced mRNA (19). The spliced transcript encodes the viral M
protein, but the coding capacity of the unspliced transcript was
unclear because its open reading frame was not terminated by
a stop codon and no corresponding gene product could be
detected in virus-infected cells. A recently discovered mecha-
nism of mRNA surveillance called “nonstop mRNA decay“ (8,
32) may explain why there was no translation product of the
unspliced mRNA.

In order to analyze the unspliced transcript of the other
THOV strains, we determined the sequences of the sixth seg-
ment of the three viruses by RT-PCR as described previously
(33). Sequence analysis showed a high degree of similarity
among the three viruses. The sequence of Sicily/FR differed
from that of the Portuguese and African viruses by only 6.5 and
10%, respectively (data not shown). The predicted amino acid
sequence of the M protein that is encoded by the spliced
mRNA of the Sicily/FR strain showed even greater similarity,
with 100 and 97.4% identity to the Portuguese and African
strains, respectively. The intron region of segment 6, however,
displayed an unexpected difference: while strain Sicily/FR con-
tained a stretch of six U nucleotides within the intron region at
positions 893 to 898, as expected (19), this region contained
only five U nucleotides in the Portuguese and African strains
(Fig. 3A). This lack of one U results in a frame shift that
creates a terminated reading frame on the unspliced transcript.
It potentially codes for a protein with a predicted molecular
mass of 32 kDa that corresponds to an M protein with a
C-terminal extension of 38 amino acids (Fig. 3B).

We tested the abilities of the African and Portuguese iso-
lates to express this protein by Western blot analysis of in-

FIG. 1. IFN-�/� induction in THOV-infected cells. 293 cells were
infected with 3 PFU of THOV strain IIA (Africa), PoTi503 (Portugal),
or Sicily/FR per cell or left untreated. At 24 h postinfection, superna-
tants of the cells were harvested and RNA was isolated from the cells.
(A) Accumulation of IFN-�/� in virus-depleted supernatants was de-
termined. (B) Replication of the different THOV strains was moni-
tored by detection of NP accumulation by Western blot analysis of the
cell lysates. The RNA was analyzed by RT-PCR using primer pairs
specific for IFN-� (C) or GAPDH (D). The PCR products were ana-
lyzed by electrophoresis on an ethidium bromide-stained agarose gel.
hu, human.
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fected cells using M-specific antibodies. Indeed, we detected
an additional 32-kDa protein in cells infected with the African
or Portuguese strain but not in cells infected with strain Sici-
ly/FR (Fig. 3C). Since this protein is a C-terminally elongated
version of M, we decided to call it ML (for matrix protein
long). A database search showed that the unique region of ML
does not contain any known functional motifs such as trans-
membrane domains or dsRNA-binding motifs.

To examine the origin of the sequence variation in the sixth
segment, we compared strain Sicily/FR to the original Sicilian
THOV isolate, SiAr126, which was kindly provided by Robert
E. Shope, Reference Center for Arboviruses, University of

Texas Medical Branch at Galveston. By Western blot analysis
using the M-specific antibody, we detected only one gene prod-
uct in strain Sicily/FR-infected cells, as expected (19), whereas
strain SiAr126 showed a second protein band corresponding to
ML (Fig. 4C). The nucleotide sequence of the corresponding
segments was determined. No other difference was found be-
tween the sixth segments of the two Sicilian strains, except for
the additional U in the intron region of the Sicily/FR virus
(Fig. 4D) that destroys the reading frame of the ML transcript.
In a test for activation of the IFN-� promoter, strain SiAr126
did not activate IFN-� promoter activity, similar to the Portu-
guese and African isolates, whereas strain Sicily/FR was a good
IFN inducer, as expected (Fig. 4A). Western blot analysis of

FIG. 2. Induction of the IFN-� promoter in THOV-infected cells.
293 cells were transfected with an IFN-� promoter–FF-Luc plasmid
together with a control plasmid encoding REN-Luc under the control
of a constitutive promoter. At 6 h posttransfection, the cells were
infected with 3 PFU of THOV strain IIA (Africa), PoTi503 (Portugal),
or Sicily/FR per cell or left untreated. At 20 h postinfection, cells were
lysed and analyzed for reporter gene expression (A) and accumulation
of the viral NP (B) by Western blot analysis. FF-Luc activity was
normalized to REN-Luc activity and is indicated as fold induction
compared to that of the uninfected control. FIG. 3. Wild-type THOV segment 6 encodes two proteins. (A) Nu-

cleotide sequence alignment of regions of segment 6 from THOV
strains IIA (Africa), PoTi503 (Portugal), and Sicily/FR. The intron
sequence is indicated by lowercase letters. The stop codons UGA and
UAA of the spliced and unspliced mRNAs, respectively, are indicated
by gray boxes. The ruler at the top indicates the reading frame of the
unspliced transcript. The arrow marks the additional uridine residue in
the Sicilian strain sequence. (B) Coding strategy of segment 6. The
genomic viral RNA is transcribed into a full-length transcript and a
spliced transcript. The spliced mRNA codes for M, and the unspliced
mRNA codes for an M protein with a C-terminal extension of 38
amino acids called ML. (C) Western blot analysis of the M proteins of
the different THOV strains. Lysates of virus-infected cells were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
followed by Western blot analysis with M-specific antiserum. Positions
of molecular mass markers (sizes are in kilodaltons) are indicated on
the left, and the positions of the viral M and ML proteins are indicated
on the right. ORF, open reading frame; 3�-NCR, 3� noncoding region.
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NP production showed slightly higher expression of the viral
NP in Sicily/FR-infected cells (Fig. 4B), although the cells were
infected with the same amount of virus.

A sequence comparison of the two Sicilian variants indicates
that the Sicily/FR strain has acquired the additional U nucle-
otide during repeated cell culture passage in our laboratory.
The stretch of five U nucleotides within the intron region of
segment 6 resembles the polyadenylation signal at the 5� end of
the THOV genomic segments (37). We speculate that the
additional U may have been introduced by stuttering of the
viral RNA polymerase during replication, as previously de-
scribed for the polyadenylation reaction of orthomyxoviruses
(29, 39).

ML is an IFN antagonist. To investigate whether the ML
protein is responsible for the observed differences in IFN pro-
duction in THOV-infected cells, we tested the effect of recom-
binant ML on IFN-� promoter activation in a virus-free sys-
tem. cDNAs encoding either M or ML were cloned into
eukaryotic expression vector pCAGGS.MCS under the control

of the chicken �-actin promoter (24). For the expression of M,
we constructed pCAGGS-M-HA, containing a cDNA se-
quence that corresponds to the spliced transcript of Sicily/FR
segment 6. For the expression of ML, we constructed a full-
length cDNA of Sicily/FR segment 6 in which one of the six T
nucleotides in the intron was deleted by in vitro mutagenesis in
order to restore the open reading frame of ML. The resulting
construct, pCAGGS-ML, encodes both M and ML. For ex-
pression of ML only, we destroyed the splice acceptor site
around position 900 in the ML open reading frame, resulting in
plasmid pCAGGS-ML�SA. Efficient expression of the recom-
binant proteins in transfected 293 cells was confirmed by West-
ern blot analysis with an M-specific antibody. As expected, viral
proteins M and ML were both expressed from pCAGGS-ML

FIG. 4. THOV Sicily/FR is a laboratory-adapted mutant of SiAr126.
293 cells were transfected with an IFN-� promoter–FF-Luc reporter
plasmid together with a REN-Luc expression plasmid under the con-
trol of a constitutive promoter. At 6 h posttransfection, cells were
infected with 3 PFU of THOV SiAr126 or Sicily/FR per cell or left
untreated. At 20 h postinfection, cells were lysed and analyzed for
reporter gene expression. (A) FF-Luc activity was normalized to REN-
Luc activity and is indicated as fold induction compared to that of the
uninfected control. Western blot analysis of the cell lysates was per-
formed to detect accumulation of the viral NP (B) and the viral matrix
proteins (M and ML) (C). (D) Nucleotide sequences of part of the
sixth segment of the two Sicilian variants as determined after RT-PCR
amplification from total RNA isolated from infected-cell lysates. The
intron sequence is indicated by lowercase letters. The adenine nucleo-
tide representing the third nucleotide of the M stop codon at the splice
acceptor site is indicated by a gray box, and the arrow marks the
additional uridine residue in the Sicily/FR sequence.

FIG. 5. The ML protein of THOV suppresses the dsRNA-medi-
ated induction of the IFN-� promoter. 293 cells were transfected with
an IFN-� promoter reporter plasmid together with a REN-Luc expres-
sion plasmid under the control of a constitutive promoter. Expression
plasmids pCAGGS-M-HA, -M5xT, and -M5xT�SA, encoding hemag-
glutinin-tagged M (M*), M and ML, or ML only, were cotransfected.
As a control, the empty plasmid, C, was transfected. At 24 h posttrans-
fection, the cells were either treated with poly(I � C) or left untreated
for another 24 h. Cell lysates were then prepared and analyzed for
reporter gene expression by luciferase activity assays (A) and for ac-
cumulation of the viral matrix proteins (M and ML) by Western blot
analysis (B). FF-Luc activity was normalized to REN-Luc activity and
is indicated as fold induction compared to that of the untreated con-
trol.
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(Fig. 5B, M�ML) while only the ML protein was detected in
cell lysates after transfection of pCAGGS-ML�SA (Fig. 5B,
ML). pCAGGS-M-HA encoded a recombinant M protein with
a slightly higher molecular weight because it contained a C-
terminal hemagglutinin tag of nine amino acids (Fig. 5B, M).
To analyze the IFN-antagonistic activity of the recombinant
proteins, cells were transfected with the different M and ML

expression plasmids and treated with poly(I � C) for 24 h. Fig-
ure 5A shows specific activation of the IFN-� promoter by
poly(I � C) in mock-transfected cells. The induction of the
IFN-� promoter was not influenced by expression of M, but
the expression of ML drastically reduced promoter activation,
independently of whether ML was expressed alone or together
with M. These data suggest that ML is an IFN antagonist and
that it is the expression of ML by the African and Portuguese
isolates of THOV that is responsible for the low induction of
IFN.

ML is sufficient to suppress THOV-induced IFN production.
In order to exclude the influence of other, unknown genetic
differences between THOV strains on the observed effects, we
generated recombinant THOVs (recTHOV) that differ only in
a single U nucleotide in the intron region of segment 6 (33).
The absence or presence of the additional U determines
whether the virus is able to express ML (recTHOVML�) or not
(recTHOVML�). Western blot analysis of two independently
generated recombinant virus clones of each genotype con-
firmed that recTHOVML�, but not recTHOVML�, has the abil-
ity to produce ML (Fig. 6B). The ability of the two viruses
to activate the IFN-� promoter was determined in reporter
assays. recTHOVML� strongly activated the IFN-� pro-
moter, just like the Sicily/FR strain, whereas infection with
recTHOVML� did not lead to promoter activation (Fig. 6A).
This result confirms that ML is a potent IFN antagonist that
enables the virus to replicate without inducing IFN-�/� gene
expression.

In summary, we have identified a new Thogoto viral protein,
ML, that is able to suppress the induction of IFN-�/� in order
to evade the innate immune response. Thus, THOV ML can be
added to the growing list of viral proteins that have been
characterized as suppressors of IFN-�/� induction (9, 11), like
the E3L protein of vaccinia virus (4), the NS1 proteins of
influenza viruses (10, 31), VP35 of Ebola virus (2), or the NSs
proteins of Bunyaviruses (3, 36).

The genetic organization of THOV is very similar to that of
influenza viruses, except that the coding capacity is limited to
six RNA segments. Previous studies identified six structural
proteins to be sufficient for THOV replication (33, 34). In
contrast to FLUAV, THOV lacks the coding capacity for ad-
ditional proteins like the NS1 IFN antagonist, the NS2/NEP
that acts as a nuclear export factor (23, 26), or an M2-like ion
channel. Instead, THOV has been found to express one addi-
tional gene product by extension of the viral M protein. The
recent identification of as yet unknown viral gene products in
the genomes of orthomyxoviruses, like the CM2 protein of
influenza C virus (15, 27), the PB1-F2 protein of FLUAV (5),
or the ML protein of THOV (this study), has revealed an
unexpectedly high coding capacity of the orthomyxovirus ge-
nome. The two recombinant THOVs that differ only in the
capacity to express the ML gene product will be the basis for
future studies to elucidate the role of this protein in virus
multiplication and pathogenesis.

Nucleotide sequence accession numbers. The nucleotide se-
quences of segment 6 of the different THOV strains reported
in this paper have been submitted to the GenBank database
and assigned accession numbers AF236794 for Sicily/FR,
AF527529 for the African isolate (IIA), AF527530 for the

FIG. 6. A recombinant THOV with a defective gene for ML acti-
vates IFN expression. 293 cells were transfected with a reporter plas-
mid encoding FF-Luc under the control of the IFN-� promoter to-
gether with the REN-Luc expression plasmid. At 6 h posttransfection,
the cells were infected with 3 PFU of two independent clones of each
recombinant THOV expressing ML (recTHOVML�) or not expressing
ML (recTHOVML�) or left untreated. At 20 h postinfection, cells were
lysed and analyzed for reporter gene expression. (A) FF-Luc activity
normalized to REN-Luc activity and indicated as fold induction com-
pared to that of the uninfected control. (B) Western blot analysis of
virus particles isolated from cell supernatants performed to detect
accumulation of viral matrix proteins M and ML.
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Portuguese isolate (PoTi503), and AF527531 for the Sicilian
isolate (SiAr126).
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