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Summary

Plus-stranded RNA viruses replicate in the cytosol of
infected cells, in membrane-bound replication com-
plexes containing the replicase proteins, the viral
RNA and host proteins. The formation of the replica-
tion and transcription complexes (RTCs) through the
rearrangement of cellular membranes is currently
being actively studied for viruses belonging to diffe-
rent viral families. In this work, we identified double-
membrane vesicles (DMVs) in the cytoplasm of cells
infected with the equine torovirus Berne virus (BEV),
the prototype member of the Torovirus genus
(Coronaviridae family, Nidovirales order). Using
confocal microscopy and transmission electron
microscopy, we observed a close relationship
between the RTCs and the DMVs of BEV. The
examination of BEV-infected cells revealed that
the replicase proteins colocalize with each other
and with newly synthesized RNA and are associ-
ated to the membrane rearrangement induced by
BEV. However, the double-stranded RNA, an inter-
mediate of viral replication, is exclusively limited
to the interior of DMVs. Our results with BEV
resemble those obtained with other related viruses
in the Nidovirales order, thus providing new
evidence to support the idea that nidoviruses share
a common replicative structure based on the DMV
arranged clusters.
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Introduction

Positive-strand RNA viruses utilize virus-modified cellular
membranes to build their replication and transcription
complexes (RTCs). On one hand, these structures serve
as platforms to concentrate all the components required
during replication and transcription, and on the other, they
provide a physical separation to protect the viral RNA,
specifically the double-stranded RNA (dsRNA), generated
as a replication intermediate, from the detection by the host
antiviral defences. Many morphological, ultrastructural and
biochemical studies have been performed during the last
decade to characterize the RTCs from different virus families
(Miller and Krijnse-Locker, 2008; den Boon and Ahlquist,
2010; Netherton and Wileman, 2011; Harak and Lohmann,
2015).

Toroviruses are positive-sense single-stranded RNA
viruses belonging to the Nidovirales order, which have been
taxonomically classified into four viral families: Arteriviridae,
Roniviridae, Mesoviridae and Coronaviridae (http://
ictvonline.org/virusTaxonomy.asp). The latter encompasses
viruses with the largest genome known among RNA viruses
(26–32 kb) (Gorbalenya et al., 2006; Siddell et al., 2010;
King et al., 2012) and includes two subfamilies called
Coronaviridae (genera Alphacoronavirus, Betacoronavirus,
Deltacoronavirus and Gammacoronavirus) and Torovirinae
(genera Bafinivirus and Torovirus).

Toroviruses infect different animal species including
humans, causing enteric disease and diarrhoea (de
Groot, 2008; Hoet and Linda, 2008). Four torovirus spe-
cies have been described: equine torovirus, also known
as Berne virus (BEV) (Weiss et al., 1983), bovine torovirus
(BToV), porcine torovirus and human torovirus (http://
ictvonline.org/virusTaxonomy.asp). Only BEV, the proto-
type member of the genus, has been studied at the mole-
cular level, as, for a long time, it was the only strain of
torovirus that could be grown in cell culture. Nonetheless,
the propagation of different BToV strains has also been
reported (Kuwabara et al., 2007; Ito et al., 2010; Aita
et al., 2012).

The torovirus genomic organization is similar to that of all
other nidoviruses. The last third of the viral genome encodes
the structural proteins: spike (S), membrane (M),
haemagglutinin-esterase (HE), whose coding gene is par-
tially deleted in BEV (Snijder et al., 1991), and nucleocapsid
(N) (Snijder and Horzinek, 1993), which are individually
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expressed from a nested set of subgenomic messenger
RNAs. As in all nidoviruses, the first two-thirds of the
torovirus genome are occupied by two large and overlapping
open reading frames (ORFs), ORF1a and ORF1b, which
encode two partially overlapping replicase polyproteins,
pp1a and pp1ab, of 4569 and 6857 amino acids, respectively
(http://www.uniprot.org/uniprot/P0C6V7), that are translated
from the genomic RNA. Expression of the pp1ab C-terminal
end is produced by a ribosomal frameshifting occurring just
upstream of the ORF1a stop codon (Brierley et al., 1989;
Snijder et al., 1990; den Boon et al., 1991; Siddell et al.,
2010). Among the nidoviruses, the most conserved domain
is found in the ORF1b, which includes key enzymes in the
viral RNA replication and transcription, like the RNA-
dependent RNA polymerase (RdRp) and the helicase (Hel)
among others (Gorbalenya et al., 2006). The mature non-
structural proteins (nsps) are post-translationally released
from the replicase polyproteins pp1a and pp1ab by the viral
proteinases (Ziebuhr et al., 2000), the papain-like proteinase
and the main proteinase (Mpro), a chymotrypsin-like protein-
ase responsible for most of the post-translational cleavages.
In BEV, this region has been poorly characterized, and thus,
the presence of putative functional domains in the torovirus
polyproteins has only been predicted by comparative amino
acid sequence analysis with other nidoviruses (Snijder
et al., 1990; Smits et al., 2006). The BEV Mpro is the only
torovirus nsp that has been characterized biochemically to
date (Smits et al., 2006). The BEV Mpro is a serine protein-
ase, like those of arteriviruses (Snijder et al., 1996;
Barrette-Ng et al., 2002) and the related bafiniviruses (Ulferts
et al., 2011), but differs from the coronavirus and ronivirus
Mpro (Ziebuhr et al., 2000; Hegyi et al., 2002), which are cys-
teine proteinase. Based on the sequence specificity, Smits
et al. (2006) proposed a tentative processing scheme for
the BEV pp1a/pp1ab polyproteins, where the sequence
and localization of the potential cleavage sites of Mpro were
shown. Also, they pointed out the conservation of the clea-
vage sites in the BToV sequence published by Draker et al.
(2006).
A common characteristic of all known nidoviruses, which

is also conserved in torovirus, is the presence of three hy-
drophobic domains in the pp1a/pp1ab polyproteins
(Gorbalenya et al., 2006). The first domain is localized near
the papain-like proteinase, and the other two are flanking
the Mpro domain. These hydrophobic domains are believed
to anchor the RTCs to intracellular membranes and are pro-
posed to be responsible for the membrane rearrangement
produced during the viral infection (Snijder et al., 2001;
Clementz et al., 2008; Gadlage et al., 2010; Angelini et al.,
2013). In this regard, characteristic double-membrane vesi-
cles (DMVs) that have been related with the
replication/transcription processes have been observed in
the cytoplasm of cells infected with different nidoviruses.
Specifically, DMVs were observed in cells infected with
several betacoronaviruses, i.e. severe acute respiratory
syndrome coronavirus (SARS-CoV) (Snijder et al., 2006),
mouse hepatitis virus (MHV) (Gosert et al., 2002; Ulasli
et al., 2010) andMiddle East respiratory syndrome coronavi-
rus (MERS-CoV) (de Wilde et al., 2013), as well as with
members of the Alphacoronavirus (NL63-CoV) (Orenstein
et al., 2008) and Gammacoronavirus [infectious bronchitis
virus (IBV)] (Maier et al., 2013) genera, and with the
arterivirus equine arteritis virus (EAV) (Pedersen et al.,
1999). Furthermore, the presence of other membranous
structures related to the replication/transcription processes
was described, such as convoluted membranes (Knoops
et al., 2008; Ulasli et al., 2010; de Wilde et al., 2013) or
spherules (Maier et al., 2013). Electron tomography studies
performed with SARS-CoV (Knoops et al., 2008) and EAV
(Knoops et al., 2012) indicate that actually the DMVs form
part of a reticulovesicular network of modified membranes
derived from the endoplasmic reticulum (ER) that supports
the viral replication machinery.

In this study, we describe for the first time the presence
of DMVs in the cytoplasm of cells infected with torovirus,
specifically with BEV. To characterize the torovirus RTCs,
we generated specific sera for BEV Mpro, Hel and RdRp,
three key proteins in the formation and functioning of
nidovirus RTCs, that were used in confocal and transmis-
sion electron microscopy (TEM) assays to analyse the lo-
cation of viral components involved in BEV replication.
This work complements the knowledge about membrane
rearrangements promoted by nidovirus infection by adding
the characterization of these structures in torovirus, a
group of viruses for which there was no available informa-
tion as yet.

Results

Formation of double-membrane vesicles during Berne virus
infection

Accumulating evidences from different positive-strand RNA
viruses indicate that in this heterogeneous group of viruses,
genomic RNA replication and transcription invariably occur
in close association with highlymodified cellularmembranes
of diverse origins. It has been shown that in cells infected
with different nidoviruses, virus-induced membrane reorga-
nization produces characteristic DMVs, as well as other
membranous structures, which have been related with the
viral RNA replication and transcription processes. However,
nothing is known about membrane rearrangements occur-
ring in torovirus-infected cells. Here, E.Derm cells mock
infected or infected with BEV for 16 h were subjected to
conventional embedding in TAAB-812 epoxy resin and
analysed by TEM. In thin sections of infected cells groups
of DMVs were observed in the cell cytoplasm, frequently in
the perinuclear area and surrounded by mitochondria and
ER membranes (Fig. 1A and B). These membranous
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708

http://www.uniprot.org/uniprot/P0C6V7


Fig. 1. Ultrastructural analysis of E.Derm cells infected with BEV embedded in epoxy resin. Electron micrographs of E.Derm cells infected with BEV for
16 h and embedded in the epoxy resin TAAB-812 after conventional chemical fixation, where the presence of DMVs can be clearly observed.
A. A cluster of DMVs (white asterisk) surrounded by mitochondria and ER.
B. Enlarged view of a DMV cluster showing some viral particles inside a vesicle located in the periphery of the cluster (white arrow).
C, D. Connections between DMVs (white arrowhead) and between DMVs and the ER (black arrowhead).
E, F. DMVs located close to the nucleus showing connections between them (white arrowhead) and with the MAM (black arrow), which can be observed
with more detail in the enlarged area shown in F.
M: mitochondria; ER: endoplasmic reticulum; N: nucleus. Scale bars, 200 nm.
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structures were not observed in mock-infected cells (not
shown). As shown in Fig. 1, vesicles of different sizes could
be observed, ranging from 50 to 150nm in diameter, but in
some cases, large DMVs, bigger than 200 nm, were also
seen. Moreover, while some DMVs appeared as empty ves-
icles, in others, an electron-dense inner content could be ob-
served. Apparently, the DMVs look as independent
structures isolated from each other; however, an in-depth in-
spection of the infected cells revealed the existence of con-
nections between many of them, as well as between DMVs
and the ER (Fig. 1C and D). In addition, a seeming continuity
between DMVs and the mitochondrial-associated ER mem-
branes (MAM) could occasionally be observed (Fig. 1E and
F). The MAM is a subdomain of the ERwith different proper-
ties and lipid composition, which regulatesER–mitochondria
communications and appears as ER tubules closely ap-
posed to mitochondria on the electron micrographs (Raturi
and Simmen, 2013). Although some virions could be seen
inside rough ER-derived vesicles close to the DMV clusters
(Figs 1B andS1A and B), at this time post infection (pi), most
viral particles appeared accumulated in large vesicles (Fig.
S1C), usually segregated from these areas.

Interestingly, similar membrane structures were also
observed in human MRC5 cells infected with BEV (Fig. S2)
where the DMVs were clearly present. The susceptibility of
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708
these cells to the BEV infection was previously reported in
our laboratory (Maestre et al., 2011). As observed in E.Derm
cells, in the MRC5 cells, some DMVs are connected
between them and with the membranes of the ER (Fig.
S2B) and the MAM (Fig. S2C). Also, viral particles inside
small or large vesicles could be observed (Fig. S2A shows
just one individual particle inside a vesicle).

To further characterize these membranous structures,
infected cells were processed under different preservation
conditions before sectioning. Hence, cells were either
subjected to quick freezing and freeze substitution before
being embedded in Lowicryl resin or processed for
cryosectioning. Although the freeze substitution protocols
have been previously described to improve the preservation
of DMVs in other nidoviruses (Snijder et al., 2006; Knoops
et al., 2012), the BEV DMVs were barely identified under
these conditions (Fig. 2A and B); nonetheless, those that
could be recognized showed a dense inner content. On
the other hand, in cryosections from BEV-infected E. Derm,
DMVs were clearly seen (Fig. 2C and D). As observed in
conventional sections of epoxy resin, the DMVsweremainly
localized in the perinuclear area and were surrounded by
mitochondria and ERmembranes. We did not observe diffe-
rences in the DMV sizes when compared with those
observed in epoxy sections; however, in the cryosections,



Fig. 2. Ultrastructural analysis of E.Derm cells
infected with BEV processed by
cryosubstitution or cryosectioning.
A–D. Electron micrographs of E.Derm cells
infected with BEV for 16 h that were subjected
to (A, B) freeze substitution before embedding
them in Lowicryl HM20 resin or (C, D)
cryosectioning as described in the
Experimental Procedures section. Clusters of
DMVs (white asterisks) surrounded by
mitochondria and ER were observed in the
infected cells. Viral particles could be visualized
outside the clusters (white arrows). The boxed
area in A is enlarged in B. M: Mitochondria; ER:
Endoplasmic reticulum; N: nucleus. Scale bars,
200 nm.
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the inner content of most of the DMVs was preserved. Also,
some viral particles could be observed in the vicinity of DMV
clusters, but in separate areas (Fig. 2C). However, the large
clusters of convoluted membranes found in several corona-
virus were not observed in the case of BEV infection.
Similarly, there was no evidence of spherules, like those
recently described in IBV-infected cells.
These results show that, as described for all the

nidoviruses analysed to date, BEV causes membrane rear-
rangements leading to the formation of characteristic DMVs.

Distribution of the viral proteins involved in Berne virus
replication/transcription

In betacoronaviruses and arteriviruses, the DMVs have
been described as the sites where the viral RTCs are loca-
lized (Pedersen et al., 1999; Gosert et al., 2002; van Hemert
et al., 2008). To identify the torovirus RTCs, we have
obtained specific sera for the BEVRdRp, Hel andMpro, three
key proteins in the formation and functioning of nidovirus
RTCs.
First, we studied the subcellular location of these nsps

along the infection by confocal immunofluorescencemicros-
copy. For these, E.Derm cells infected with BEV were fixed
at different times pi and processed for confocal microscopy.
The assay was finished at 20h pi because later times were
considered unsuitable for the viral replication studies given
that, on one hand, the release of virus progeny already
reaches the plateau phase at about 16 h pi, although it is
extended until 24 h pi, and on the other hand, cytopathic
effects caused by BEV infection are apparent from about
21 h pi (Weiss and Horzinek, 1986) and lead to apoptosis
(Maestre et al., 2011). The subcellular distribution pattern
throughout the infection was almost identical for the three
proteins. As exemplified in Fig. 3A for Mpro, for all of them,
the first signal was observed between 4 and 6 h pi, but it
increased in intensity from 8 h pi onwards. At early times
pi, these proteins were localized in dispersed and discrete
foci in the cells, which develop into a number of densely
labelled areas, giving rise to a ring-like signal distantly
surrounding the nucleus at 10–12 h pi, but which moves
towards the nucleus later in infection. The mock-infected
cells were not stained with any of these antibodies (not
shown).

The specificity of the sera for the corresponding viral
proteins was checked byWestern blot. As shown in Fig. 3B,
the anti-RdRp serum recognized a 100 kDa protein, which
concurs with size predicted by Smits et al. (2006) for the
RdRp. In addition, this serum detected three other bands
(denoted by asterisks in Fig. 3B) that likely represent inter-
mediate species of the pp1a/pp1ab precursors. However,
the anti-Hel serum did not react with any specific protein by
this assay. On the other hand, the two anti-Mpro sera
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708



Fig. 3. Expression and distribution along the infection of the BEV proteins involved in the replication/transcription processes.
A. Immunofluorescence analysis of E.Derm cells infected with BEV, fixed with 4% PFA in PBS at the indicated times pi and incubated with the anti-Mpro

antibody produced in rats (red). Nuclei were stained with DAPI (blue). Scale bar, 10 μm.
B.Western blot analysis of extracts of E.Derm cells mock infected (M) or infected with BEV, collected at the indicated pi times, which were incubated with
the following antibodies (in descending order): rabbit anti-RdRp, rat anti-Mpro, rabbit anti-Mpro, rabbit anti-M plus rabbit anti-N andmousemAb anti-tubulin.
Positions and sizes in kilodalton of the molecular weight markers are shown at the left side of each panel. Asterisks indicate protein intermediate species
generated during the proteolytic processing of the pp1a/pp1ab polyproteins.
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obtained recognized the mature Mpro of 33 kDa characte-
rized by Smits and co-workers, but curiously, the serum
produced in rabbit detected an additional protein of 16kDa.
Smits and co-workers predicted an internal cleavage site in
the Mpro of BEV and showed that the protein was processed
at this site when expressed in bacterial cells, but they did not
find evidence of that internal processing in mammalian cells
infected with BEV (Smits et al., 2006).

A representative time course of nsp accumulation
throughout the infection is shown in Fig. 3B, where the RdRp
and the Mpro showed a progressive accumulation from 8h pi
onwards, although traces of these proteins could already be
observed at 6h pi in overexposed films. The structural pro-
teins N andMwere also observed from 6h pi, but in contrast
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708
to the nsps, they showed an exponential expression from 6
to 10h pi, resulting in the accumulation of high amounts of
protein form 10h pi onwards.

Colocalization of the viral proteins involved in Berne virus
replication/transcription

To further determine whether the nsps indeed share the
same intracellular location, the anti-Mpro antibody generated
in rats was used in double-labelling studies with the rabbit
anti-RdRp or anti-Hel antibodies. As shown in Fig. 4, both
Hel (Fig. 4A) and RdRp (Fig. 4B) showed a high degree of
colocalization with the Mpro at 8 h pi. The assay was also
performed at 12 and 16h pi, and the degree of colocalization
at the three pi times was quantified by determining



Fig. 4. Colocalization analysis of the
BEV proteins involved in the
replication/transcription processes.
A–C. E.Derm cells infected with BEV
were fixed with 4% PFA in PBS at 8 h
pi and used for dual immunolabelling
with the anti-Mpro antibody produced in
rats (red) in combination with (A) rabbit
anti-Hel, (B) rabbit anti-RdRp or (C)
rabbit anti-M (green). The nuclei were
stained with DAPI (blue). The boxed
areas are representative fields that are
shown at higher magnification. Scale
bars, 10 μm.
D. Quantitative analysis of the
colocalization degree. The same
experiment as described in A–C was
also performed at 12 and 16 h pi, and
Pearson’s correlation coefficient was
calculated for each pair of antibodies at
the three analysed pi times, using for
the analysis images (n = 5) containing
an average of 20 cells each. Only the
values above 0.5 were considered as
indicative of colocalization.

1696 G. Ávila-Pérez, M. T. Rejas and D. Rodríguez
Pearson’s correlation coefficient (r) between each pair of
proteins (Fig. 4D). By definition, r values range from �1
(negative correlation) to 1 (positive correlation), and an r
value of 0 indicates no correlation. Only r values higher than
0.5 were considered as true colocalization. These
quantitative studies indicated a quite high degree of
colocalization between the BEV nsps, with an r for the Hel-
Mpro pair of 0.78 ± 0.04 at 8 h pi, 0.76 ± 0.03 at 12 h pi and
0.65 ± 0.04 at 16 h pi. Similar values were obtained for the
RdRp–Mpro pair, with an r of 0.75 ± 0.03 at 8 h pi, 0.82
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708
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± 0.02 at 12 h pi and 0.70 ± 0.03 at 16 h pi. These results
confirm that the Hel, the RdRp and the Mpro are localized
in the same areas, which likely represent the sites where
the viral replication and transcription occur.

Similar studies were performed using antibodies directed
against the BEV structural M protein, a protein essential for
the viral assembly process. Previously, we described that
at early times pi the M protein accumulates at the
perinuclear area, specifically within the ER–Golgi interme-
diate compartment (ERGIC) where the virus assembly is
thought to occur, and at later times, the signal correspond-
ing to the M protein spreads towards the cell surface once
the protein was incorporated into the progeny virions
(Garzon et al., 2006). Figure 4C shows that the M protein
does not colocalize with the Mpro at 8 h pi. Both proteins
showed different distributions along the infection as con-
firmed by the quantitative colocalization study that gave r
values lower than 0.5 (0.22 ±0.03 at 8 h pi, 0.27± 0.03 at
12 h pi and 0.24 ± 0.06 at 16 h pi) (Fig. 4D). The analysis
was extended to the S and N structural proteins with similar
results, although there could be a certain degree of
colocalization between N and Mpro at an earlier time point
(6 h pi) (data not shown). The lack of colocalization be-
tween the structural proteins and the nsps indicates that
the sites of viral replication are separated from the sites of
virus assembly.

Intracellular localization of viral RNA involved in Berne virus
replication/transcription

For a variety of positive-strand RNA viruses, the detection of
RNA duplexes corresponding to replication/transcription
intermediates has previously been used as amarker for viral
RTCs (Lee et al., 1994; Mackenzie et al., 1996; Westaway
et al., 1997; 1999; Targett-Adams et al., 2008). To determine
whether in BEV-infected cells the nsps are located at the
sites of viral RNA synthesis, we used an anti-dsRNA mono-
clonal antibody (mAb). E.Derm cells infected with BEV were
fixed at 8, 12 and 16 h pi and stained with the anti-dsRNA
and anti-Mpro antibodies. The dsRNA staining was detected
in bright dots, whose number increases along the infection,
reaching a steady state at about 10 h pi (data not shown).
We did not observe clear colocalization between Mpro and
dsRNA at any time pi, as exemplified in Fig. 5A for 8 h pi
and as determined by the quantitative analysis that showed
r values below 0.5 at either time pi analysed in this assay
(0.13 ± 0.03 at 8 h pi, 0.13 ± 0.02 at 12 h pi and 0.10 ± 0.01
at 16h pi) (Fig. 5C). Nonetheless, although the dsRNA and
Mpro signals could not be superimposed, we observed that
they were very close to each other in many areas, in fact,
about 50% of dsRNA dots exhibited a partial colocalization
or were surrounded by the Mpro signal.

Additionally, although we have determined that the BEV
nsps were located in the same compartment, as the Mpro is
not a protein directly involved in the replication and
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708
transcription processes, we decided to perform additional
analyses using the Hel and RdRp antibodies in combination
with the anti-dsRNA mAb. As was expected, the results
obtained did not differ significantly from those obtained with
the Mpro (Figs 5C and S3). These results are in agreement
with those obtained with other nidoviruses, where only a par-
tial colocalization was found between the dsRNA and nsps
(Knoops et al., 2008; Hagemeijer et al., 2012; Knoops
et al., 2012; Maier et al., 2013). However, for EAV and
MHV, there has been described a slight colocalization be-
tween the dsRNA and nsps but only at early times pi
(Hagemeijer et al., 2012; Knoops et al., 2012). Thus, we re-
peated the analysis at 6 h pi, but no dsRNA/Mpro overlapping
was obtained (r= 0.11 ± 0.02), although the signals were
clearly juxtaposed.

In view of the aforementioned results, and in order to
determine if the BEV nsps were located at the sites of vi-
ral RNA synthesis, the location of newly synthesized viral
RNA was analysed as an alternative approach. For this,
E.Derm cells infected with BEV were treated with actino-
mycin D to block host cell messenger RNA synthesis and
simultaneously incubated with 5-bromouridine (5-BrU)
for 1 h before fixation, as described in the Experimental
Procedures section. The nascent RNA immunolabelled
with anti-BrdU-specific antibodies exhibited a staining
pattern very similar to those of the nsps (Fig. S4). The
signal associated to the newly synthesized RNA was first
detected between 4 and 6 h pi, was more apparent from
8 h pi, and kept increasing along the infection until 16–
18 h pi, at which time RNA synthesis was turned off in
many cells (Fig. S4). This result indicates that viral
RNA synthesis takes place mainly between 8 and 12 h
pi and ceases at around 16 h pi. As shown in Fig. 5B,
in cells stained with anti-BrdU and anti-Mpro specific anti-
bodies, a clear colocalization was observed between the
nascent RNA (BrU-RNA) and Mpro at 8 h pi. The r values
for the BrU-RNA-Mpro pair at 8 and 12 h pi were of 0.57
± 0.02 and 0.58 ± 0.02 respectively (Fig. 5C). However,
at 16 h pi we observed an r value slightly below 0.5
(0.48 ± 0.06). This low value could be explained by the
shutoff of RNA synthesis in some cells at this time pi,
since in those cells where the BrU-RNA signal was still
observed at 16 h pi, the r value was similar to those ob-
tained at 8 or 12 h pi.

As shown in Fig. 5B, we observed that not all the sites
positive for nascent RNA were also positive for Mpro. To
further extend this observation, we performed a triple fluo-
rescence labelling experiment in which, in addition to the
Mpro and BrU-RNA, the structural M protein was labelled.
Interestingly, we observed that at 8 h pi those Mpro-negative
and BrU-RNA-positive sites were also positive for the struc-
tural M protein (Fig. S5). This raises the possibility that these
areas might correspond to sites where the translation of
structural proteins takes place.



Fig. 5. Colocalization analysis of the dsRNA and newly synthesized RNA (BrU-RNA) with the Mpro.
A. E.Derm cells infected with BEV were fixed with 4%PFA in PBS at 8 h pi and used for dual immunolabelling with the anti-Mpro antibody produced in rats
(red) in combination with mouse mAb anti-dsRNA (green).
B. Infected cells were incubated with 5mM 5-BrU in the presence of 5mgml�1 of actinomycin D for 1 h before fixation and permeabilization for
immunofluorescence staining with the rat anti-Mpro antibody (red) in combination with a mouse anti-BrdUmAb (green). The nuclei were stained with DAPI
(blue). Boxed areas are representative fields shown at higher magnification. Scale bars, 10 μm.
C. Quantitative analysis of the colocalization degree. The same experiment as described in A and B was also performed at 12 and 16 h pi, and Pearson’s
correlation coefficient was calculated for each pair of antibodies at the three analysed pi times, using for the analysis images (n = 5) containing an average
of 20 cells each. Only the r values above 0.5 were considered as indicative of colocalization.
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Berne virus replication/transcription complexes are
associated to double-membrane vesicles

To study the relationship between the DMVs induced by
BEV with viral replication and transcription processes,
cryosections of E.Derm cells infected with BEV fixed at
16h pi were immunolabelled with anti-dsRNA mAb. Repre-
sentative dsRNA labelling is shown in Fig. 6A (left panels),
where the dsRNA is observed in the interior of the DMVs.
Only some DMVs are labelled, probably as a consequence
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708



Fig. 6. Relationship between the DMVs and the RTCs in BEV-infected cells.
A. Cryosections of E.Derm cells infected with BEV and fixed at 16 h pi were immunogold labelled with a mAb anti-dsRNA (left panel) or with antibodies
against the RdRp (middle panel) and Mpro (right panel) and analysed by electron microscopy. Scale bars, 100 nm.
B. Immunodetection of Mpro and RdRp in a membrane-enriched cell fraction analysed by Western blot. Mock-infected and BEV-infected (16 h) E.Derm
cells were fractionated by differential centrifugation into cytosolic (S100) and membranous (P100) fractions and analysed by Western blot with anti-Mpro

and anti-RdRp antibodies. As control of the fractionation procedure, antibodies against the cellular cytosolic GAPDH and membrane-associated
cadherins were also used. The positions and sizes in kilodalton of the molecular weight markers are shown at the left side of each picture.
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of a loss of material due to the mild fixation conditions used
to preserve the antigenicity, but the signal was exclusively
localized in the interior of these DMVs. A different pattern
was observed when cryosections were labelled with
antibodies directed against the RdRp (Fig. 6A, middle
panels) or Mpro (Fig. 6A, right panels). We observed that
the RdRp and Mpro polypeptides were clearly localized at
DMV clusters, specifically associated to DMV membranes
as well as to the adjacent membranes, while the interior of
DMVs was mainly devoid of signal, although occasionally
we observed some labelling within the DMV interior. When
the same antibodies were used in parallel with cryosections
of mock-infected cells, only a few scattered gold particles
could be observed in each case, indicating the specificity
of the immunolabelling observed (Fig. S6).
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708
The replicase subunits of BEV are probably embedded
in a membrane-associated complex, as expected based
on the prediction of the hydrophobic regions in nsp1,
nsp2 and nsp4. To analyse if the Mpro and the RdRp of
BEV are membrane-associated proteins, E.Derm cells
mock infected or infected with BEV were homogenized
and subjected to differential ultracentrifugation such that
cellular membranes were pelleted (P100) and separated
from the cytosolic fraction (S100). Both fractions were
analysed by Western blot with antibodies against Mpro

and RdRp, and against specific markers for cytosolic
proteins [glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)] or membrane proteins (p-cadherins). As shown
in Fig. 6B, both proteins, the Mpro and RdRp, were found
within the membrane fraction.
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Clearly, the pattern observed in immunolabelled cryosec-
tions reveals that the dsRNA is located inside the DMVs,
surrounded by the nsps anchored to the adjacent mem-
branes. However, this pattern was less clear in the immuno-
fluorescence assay shown previously in Fig. 5A. For this
reason, sequential z-sections with a step size optimized
were captured to generate three-dimensional (3D) images
of dsRNA andMpro using confocal images (Fig. 7 and Movie
S1). The 3D reconstruction generated (Fig. 7B) shows that
part of the dsRNA is localized inside the volume formed by
the Mpro (Fig. 7C).

Membranous origin of the double-membrane vesicles
induced by Berne virus

A wide panel of antibodies was used to identify the donor
organelle fromwhich theDMVs are formed. For that, E.Derm
cells infected with BEV were fixed at 10 h pi and
immunolabelled with the anti-Mpro serum and antibodies
against organelle markers such as TGN46, a marker for
the trans-Golgi network (Fig. 8A); ERGIC p53, a marker for
the intermediate compartment (Fig. 8B); calnexin or protein
disulfide isomerase (PDI), which aremarkers for ER (Fig. 8C
and D); sigma-1 receptor (S1R) for MAM (Fig. 8F); or EEA1
for early endosomes (Fig. 8H). Also, the ectopic expression
of GFP-Lamp1 (Fig. 8G) was used as marker of lysosomes,
and the mitochondrion compartment was stained with
MitoTracker (Fig. 8E). All the cellular markers used in this
studywere previously tested inmock-infected cells, andwith
the exception of ERGIC p53, none of the proteins showed a
differential pattern between infected and non-infected cells.
As previously mentioned, the ERGIC is the compartment
where the virus assembly is thought to occur (Garzon
et al., 2006).
As shown in Fig. 8, none of themarkers used in this assay

showed colocalization with the Mpro protein, but, apparently,
Fig. 7. Three-dimensional reconstruction from images obtained by confocal m
optimized were taken by confocal microscopy from E.Derm cells infected with B
dsRNA (green) antibodies as described in the legend to Fig. 5A. The nuclei we
A. Projection in the z-axis of the captured images of an individual cell.
B. General view of the 3D reconstruction generated from the confocal images u
C. Enlarged area from the 3D reconstruction. (C1) Frontal view. (C2) Frontal vie
with anti-Mpro antibody. (C3) Top view. (C4) Top view of a cross section. Scale
the signals of PDI, calnexin, S1R and MitoTracker are sur-
rounding or partially overlapping the Mpro signal. Although
the quantitative analysis showed r values below 0.5, the
values for PDI (0.36 ± 0.03), calnexin (0.30 ± 0.04), S1R
(0.37 ±0.04) or MitoTracker (0.38± 0.05) were higher than
those for EEA1 (0.03± 0.01), ERGIC (0.13±0.05), TGN46
(0.10±0.02) or Lamp1 (0.05±0.03), reinforcing the idea of
a partial overlapping. These results are in concordance with
observations made during the TEM study (Fig. 1), where the
DMVs were surrounded by ER and mitochondria, but only in
few cases could we observe connections between the
DMVs and the ER or the MAM.

Again, the results are in agreement with those obtained
with other nidoviruses, where the membrane origin of the
DMVs is questioned because the conventional organelle
markers do not colocalize or only partially colocalize with
viral replicase proteins (Shi et al., 1999; Ivanov et al., 2004;
Snijder et al., 2006; Knoops et al., 2010; Ulasli et al., 2010).
Discussion

In this study, the RTCs of a member of the torovirus genus
are described for the first time, and a preliminary charac-
terization has been performed. First, we carried out an ul-
trastructural study to analyse the cellular membrane
rearrangements elicited upon torovirus infection. The pre-
sence of characteristic DMVs within the cytoplasm of cells
infectedwith BEVwas observed both in equine E.Derm cells
and in human MRC5 cells, treated under different preserva-
tion conditions, such as conventional chemical fixation or
cryofixation. However, the BEV DMVs were poorly visual-
ized under the cryofixation and freeze substitution conditions
used in this study. A cryofixation and freeze substitution
method was previously used by Snijder et al. (2006) to
improve the preservation of DMVs in SARS-CoV-infected
icroscopy: Mpro-dsRNA. A series of consecutive images with a z-step
EV, fixed at 8 h pi and immunostained with the anti-Mpro (red) and anti-
re stained with DAPI (blue).

sing the IMARIS software (Bitplane AG). Scale bars, 5 μm.
w of a vertical section that shows the dsRNA inside the structure labelled
bars, 0.5 μm.

© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708



Fig. 8.Origin of the membranes of the DMVs induced by BEV. E.Derm cells infected with BEV and fixed at 10 h pi were immunolabelled with the rat anti-
Mpro antibody (red) in combination with antibodies against different membranous cellular compartments or with MitoTracker reagent for mitochondrial
staining (green). In addition, E.Derm cells transfected with a plasmid expressing the GFP-Lamp1 fusion protein (as described in the Experimental
Procedures section) were used for lysosome detection. Nuclei were stained with DAPI (blue). Each panel shows a general image of the labelling and, at
the right side, an enlarged image of a representative area labelled with both antibodies (upper panel), with the antibody to the cellular marker (middle
panel) or with the anti-Mpro antibody (lower panel). Scale bars, 10 μm.
A. Anti-TGN46 for Golgi.
B. Anti-ERGIC p53 for intermediate compartment.
C. Anti-calnexin for ER.
D. Anti-PDI for ER.
E. MitoTracker for mitochondria.
F. Anti-S1R for MAM.
G. GFP-Lamp1 expression for lysosome.
H. Anti-EEA1 for early endosomes.

Ultrastructure of torovirus replication factories 1701
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cells for their examination by TEM, and later utilized for elec-
tron tomography studies, with someminor changes (Knoops
et al., 2008). The same group described the presence of
DMVs in EAV-infected cells using a similar protocol;
however, for the tomography assays, they included high-
pressure freezing before freeze substitution (HPF-FS) to fur-
ther improve DMV preservation (Knoops et al., 2012). In our
assay, the membranes appeared poorly contrasted by this
technique, probably owing to differences in the cryofixation
and embedding conditions with regard to the protocols used
for SARS-CoV and EAV. Although the HPF-FS has been
recognized as an efficient technique for preserving DMVs
(Limpens et al., 2011; Knoops et al., 2012; Romero-Brey
et al., 2012; Maier et al., 2013), the embedding in epoxy
resin TAAB-812 protocol used in these assays provided a
high preservation of the cellular structures as well as of the
DMVs, which exhibit the spherical shape similar to that pre-
viously observed in other nidoviruses. Moreover, the great
ultrastructural preservation achieved in this study allows us
to clearly distinguish the two tightly apposed membranes of
the DMVs,most of which show an electron-dense inner con-
tent, as well as to visualize membranous connections
among different DMVs and between DMVs and ER
membranes.
Apparently, the DMVs arranged during BEV infection look

like independent structures separated from each other; how-
ever, as mentioned earlier, an in-depth inspection of the
infected cells revealed the existence of connections
between many of them and between them and ER mem-
branes. This suggests that, as has been described to occur
with the related SARS-CoV (Knoops et al., 2008) and EAV
(Knoops et al., 2012), the BEV-induced DMVs form part of
a network of modified membranes derived from the ER.
Nonetheless, a more sophisticated ultrastructural analysis
would be required to confirm the existence of this network.
An apparent difference with SARS-CoV (Knoops et al.,
2008) or EAV (Knoops et al., 2012) was the absence of ribo-
somes associated to the outer membranes of the BEV
DMVs. We observed ribosomes attached to ER membrane
but not in association with the DMVs.
In this ultrastructural study, we did not observe other

membranous structures different from the DMVs induced
by BEV infection. The large convoluted membrane clusters
found in SARS-CoV-infected cells (van Hemert et al.,
2008), and later described in cells infected with MHV (Ulasli
et al., 2010) andMiddle East respiratory syndrome coronavi-
rus (de Wilde et al., 2013), were not observed in the case of
BEV. The absence of convoluted membranes in torovirus,
as well as in cells infected with EAV (van Hemert et al.,
2008) or IBV (Maier et al., 2013), supports the idea that
these structures are specific to betacoronaviruses. Likewise,
the spherules recently described for IBV (Maier et al., 2013)
were not observed in our study. Nonetheless, we cannot rule
out the presence of these structures in the BEV-infected
cells because their appearance in two-dimensional ultra-
structural studies is very similar to that of the DMVs, and,
therefore, the application of 3D studies is essential to eluci-
date the presence or the absence of spherules in BEV-
infected cell.

A common characteristic of all the nidoviruses studied to
date is that the DMVs are always surrounded by ER and
mitochondria. Concerning this, we observed clusters of
DMVs with apparent continuity with ER tubules closely
apposed to mitochondria, which might represent the areas
of communication between these two organelles, known as
MAMs. Recently, Friesland et al. (2013) have suggested that
the membranes of the MAM could serve as platforms for
initial RNA replication during hepatitis C virus infection, a
virus that induces DMVs with similar characteristics to those
produced by nidoviruses. The interaction between virus rep-
lication factories and MAMs is probably due to the fact that
viruses need the energy produced by the mitochondria for
their processes, and hence, the formation of their replicative
platforms from MAMs could be advantageous to obtain this
energy. Moreover, MAMs play a major role in lipid metabo-
lism, a function that could be essential for the membrane
remodelling process induced by the virus. However, bio-
chemical assays are indispensable to confirm the implica-
tion of MAMs with the DMVs of BEV.

To investigate whether torovirus DMVs are the sites
where replication and transcription occur, we obtained spe-
cific sera for the BEVMpro, Hel and RdRp, three key proteins
in the formation and functioning of RTCs. All showed a high
colocalization with each other and with newly synthesized
RNAs. However, the dsRNA, widely used as a marker of
RTC in several positive-strand RNA viruses, only showed
a partial colocalization with the nsps. A 3D reconstruction
of confocal images showed that part of the dsRNA is loca-
lized inside the volume occupied by the Mpro. Additionally,
the immunolabelling assays on cryosections indicated that
the nsps are associated to DMV membranes or to the adja-
centmembranes, while the dsRNAwas exclusively detected
inside DMVs. An apparent separation between the bulk of
the nsps and most of the dsRNA was previously described
for other nidoviruses (Knoops et al., 2008; 2012; Maier
et al., 2013). Therefore, in nidoviruses, the relationship be-
tween the sites of dsRNA accumulation and RTCs remains
an open question. The apparent absence of pores
connecting the interior of DMVs with the cytoplasm and the
presence of dsRNA inside of these DMVs, as well as the
lack of colocalization with replicase proteins, suggested the
idea that many DMVs are not actively involved in RNA syn-
thesis and might instead represent shielding structures that
protect the dsRNA molecules from the detection by the in-
nate immune sensors (Hagemeijer et al., 2012). Other au-
thors consider that a huge excess of nsps may be
produced in virus-infected cells, with only a fraction of these
molecules actively participating in viral RNA synthesis
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708
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(Knoops et al., 2008). We believe that the DMVs formed in
torovirus-infected cells are the sites where the replication
and transcription occur. By confocal microscopy, we ob-
served a clear colocalization between the newly synthesized
RNA and the nsps, but attempts to perform similar studies by
immunoelectronmicroscopy were unsuccessful. On the
other hand, it has to be considered that the colocalization
between the newly synthesized RNA and nsps does not
necessarily imply that those are areas of active replication
exclusively; they can also represent sites of protein transla-
tion, as it probably occurs in the regions that are positive
for the nascent RNA and the M protein (Fig. S5).
Colocalization studies between the dsRNA and the newly
synthesized RNA could help to resolve this question. Our at-
tempts to perform these assays have failed because of the
unavailability of an adequate combination of antibodies for
the double labelling. Similar assays were performed in
MHV-infected cells, where the dsRNA and an analogue of
uridine, EU, were placed at closely adjacent locations, but
only at an early time pi (Hagemeijer et al., 2012). Similar
results were described for EAV (Knoops et al., 2012), where
a limited colocalization between the nsps and dsRNA was
described at an early time pi. In this regard, we did not
observe colocalization of the BEV nsps characterized here
with the dsRNA at any time of infection, although the signals
observed by confocal microscopy corresponding to nsps
and dsRNA were closely juxtaposed in many areas at all pi
times analysed.

Additionally, another fact observed in this work is the se-
paration between the RTC and the site of virus assembly.
In our confocal assays, we observed a complete exclusion
between the Mpro and the structural protein M during the
infection with BEV, which was also supported by the separa-
tion of ERGIC p53 and the Mpro. Furthermore, the TEM
assays show a high amount of viral particles enclosed in
vesicles physically separated from the sites where the
DMVs are localized. Similarly, in SARS-CoV-infected cells,
the separation between the RTC factories and the sites of
virus assembly has been described (Snijder et al., 2006).

Finally, we have attempted to determine the membranous
origin of the DMVs using specific organellemarkers. None of
the markers used in these confocal microscopy assays, to
identify early endosomes, Golgi, ERGIC, lysosomes, ER,
mitochondria or MAM, showed a clear colocalization with
the Mpro protein. However PDI, calnexin, MitoTracker and
S1R, markers of ER, mitochondria and MAM respectively,
were found surrounding the Mpro signal or even partially
colocalizing with it. These results together with the fact that
the TEM assays showed that the DMVs are connected with
the ER, and probably with the MAM, lead us to believe that
the membranes of this organelle are the donors for the
DMV formation. The absence of colocalization between the
traditional ER markers and nsps may be due to the high
accumulation of BEV nsps in this region, which could
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708
promote the exclusion of these cellular proteins. The origin
of the rearranged membranes produced by the studied
coronaviruses for their replication is also in question. From
the TEM assays, it appears that coronaviruses subvert the
ER membrane to establish their replication factories.
However, the absence of conventional ER markers in
virus-induced membranous structures (Snijder et al., 2006;
Ulasli et al., 2010) makes it difficult to undoubtedly establish
their origin. Only colocalization with the ER protein sec61
and a partial colocalization with PDI were reported (Knoops
et al., 2010). Some studies indicated that the origin is found
in specific organelles derived from the ER, like the
autophagosome. By their very nature, DMVs resemble cellu-
lar autophagosomes generated during the cellular auto-
phagy process. Nonetheless, the relationship between
DMV formation and autophagy is not clear, as although it
has been shown that some coronaviruses induce autophagy
(Prentice et al., 2004; Snijder et al., 2006), this process is not
required for virus replication (Zhao et al., 2007; Schneider
et al., 2012). Furthermore, it has been described that the
coronavirus nsp6 protein generates autophagosomes from
the ER via an omegasome intermediate (Cottam et al.,
2011). The relationship between BEV and the autophagy
pathway is as yet unknown, but we have some ongoingwork
to clarify this issue. Recent reports described an autophagy-
independent role for LC3 in several nidovirus infections,
where the ER-derived membranes of EDEMosomes may
be the platform for virus replication, showing that the RTCs
of MHV and EAV colocalize with markers for cellular
EDEMosomes, as EDEM1 and OS-9. Our attempts to
explore this possibility in BEV-infected cells were
inconclusive.

Overall, our results show a close relationship between the
replicative structures of BEV and those of the related viruses
in the Nidovirales order. The formation of DMVs in torovirus-
infected cells, as well as the similar characteristic of the
RTCs, provides a new evidence to support the idea that
nidoviruses have a common replicative structure based on
the DMVs arranged in clusters at specific areas of the cyto-
plasm and surrounded by ER membranes and mitochon-
dria. Further analysis will be required to define the
biogenesis of BEV-induced replicative compartment. This
work can serve as a starting point to understand the remo-
delling of cellular membranes induced by BEV infection to
build its RTC factories, a field of research that remains
almost unexplored as yet.

Experimental procedures

Cells and viruses

Equine dermal (E.Derm) cells (NBL-6; ATCC CCL-57) and human

fetal lung fibroblasts (MRC-5) (ATTC CCL-171) were cultured in

Dulbecco’s modified Eagle’s medium (Gibco) supplemented with

15% and 10% fetal calf serum (FCS) respectively. The equine
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torovirus, strain Berne P138/72 (BEV), was used to infect mono-

layers of E.Derm andMRC-5 cells as described previously (Maestre

et al., 2011). A multiplicity of infection of 2.5 plaque-forming units per

cell was used in all experiments.

Antibodies

The BEV nucleocapsid (N), membrane (M) and spike (S) structural

proteins were detected by using specific antisera previously

described (Garzon et al., 2006;Maestreet al., 2011). Specific antisera

against the predicted proteins from the replicase complex, Mpro, Hel

and RdRp were generated for this study. The anti-Hel and anti-RdRp

sera were obtained by immunizing rabbits (New Zealand White) with

Escherichia coli-expressed histidine-tagged recombinant proteins

harbouring the predicted BEV helicase domain (residues Ala-5411

to Gln-5968 from the replicase pp1ab polyprotein) or a fragment of

the BEVRdRp (residues Ala-4576 to Ala-4828 of the replicase pp1ab

polyprotein) respectively. The construction of expression plasmids,

the production and purification of the recombinant antigens and the

rabbit immunization protocol are described in the supporting informa-

tion. Also, two anti-Mpro serawere obtained by subcutaneous immuni-

zation of rabbits or rats with the previously described synthetic

peptide N-KPLQYFHVPSFWQPFKKQ (Smits et al., 2006) coupled

to keyhole limpet haemocyanin.

Viral RNA replication intermediates were visualized by using an

anti-dsRNA mAb (clone K1; English and Scientific Consulting Kft).

To visualize newly synthesized viral RNA, infected cells were incu-

bated in the presence of BrU and an anti-BrdU mAb (clone UI-4;

Invitrogen) was used for detection. The primary antibodies used to

label cellular organelles were rabbit polyclonal anti-calnexin, mouse

mAb anti-PDI (clone 1D3) and anti-ERGIC p53 (clone G1/93) (Enzo

Life Science), sheep anti-TGN-46 (AbD Serotec), mouse mAb anti-

EEA1 (BD Biosciences) and mouse mAb anti-S1R1 (clone F-5;

Santa Cruz). The MitoTracker® Red FM (Invitrogen) dye was also

used. As control for the subcellular fractionation experiments, the

rabbit polyclonal anti-p-cadherin (Sigma-Aldrich) and the mAb anti-

GAPDH (clone 14C10; Cell Signaling) antibodies were used. Also,

for loading control, a rabbit mAb anti-α-tubulin (Cell Signaling) was

used.

SDS-PAGE and Western blot

Infected cells were lysed at the indicated times pi directly in Laemmli

loading buffer with 5% β-mercaptoethanol. Protein lysateswere sub-

jected to SDS-PAGE and transferred to nitrocellulose membranes

(Bio-Rad). The membranes were blocked for 1 h in Tris-buffered

saline with 0.05% Tween 20 (TBS-T) containing 5% non-fat dry milk

and then were incubated with the primary antibodies diluted in the

same buffer at 4°C overnight. The incubation with the mAb anti-

GAPDH was carried out in TBS-T containing 5% BSA. Then, the

membranes were washed with TBS-T, incubated with appropriate

dilutions of the corresponding horseradish peroxidase-labelled sec-

ondary antibodies (Sigma-Aldrich) for 1 h at room temperature and

washed again. Proteins were detected using an enhanced chemilu-

minescence Western blot detection kit (ECL, GE Health Care).
Immunofluorescence

E.Derm cells grown on glass coverslips were infected with BEV,

fixed at the indicated times pi with 4% paraformaldehyde (PFA) in

PBS and processed for immunofluorescence using a standard pro-

tocol. Briefly, after washing with PBS, the cells were permeabilized

with 0.5% Triton X-100 in PBS and blocked with PBS containing

20% FCS. Then, the cells were incubated with a mixture of primary

antibodies diluted in PBS with 20% FCS in a humidified chamber

for 1 h at 37°C, washed with PBS and again incubated with the

secondary antibodies conjugated with Alexa Fluor 488 or 594, and

4,6-diamidino-2-phenylindole (DAPI) (Invitrogen) for nuclei staining.

For the triple fluorescence labelling experiment, we used secondary

antibodies conjugatedwith AlexaFluor 488, 546 and 647. Cells were

washed with PBS and mounted on microscope slides using the

ProLong® Gold anti-fade reagent (Invitrogen). Images were

acquired with a Leica TSC SP5 confocal laser scanning microscope

with a step size of about 0.5 μm. The colocalization analyses were

performed with the IMAGEJ software by using the JACoP plug-in

(Bolte and Cordelières, 2006), and Pearson’s correlation coefficient

between each pair of signals was calculated. Image volumes were

reconstructed from sequential z-sections with an optimized step size

of 0.13μm using IMARIS software (Bitplane AG).

Bromouridine labelling of de novo synthesized viral RNA

Infected cells on glass coverslips were incubated with 5mM 5-BrU

(Sigma-Aldrich) and 5mgml�1 of actinomycin D (Sigma-Aldrich)

for 1 h before fixation and permeabilization for immunofluorescence

staining.

Plasmid transfections

The pEGFP-Lamp1 expression construct (kindly provided by J.

Lippincott-Schwartz, NICHD, NIH, Bethesda, EEUU) (Patterson

and Lippincott-Schwartz, 2002) was transfected into E.Derm cells

grown on coverslips by using Lipofectamine 2000 (Invitrogen) as

recommended by the manufacturer. At 24 h post-transfection, cells

were infected with BEV and processed for immunofluorescence

staining as described earlier.

Subcellular fractionation

E.Derm cells either mock infected or infected with BEV for 16h were

lysed and subjected to differential centrifugation as previously

described (Sims et al., 2000; Brockway et al., 2003). Briefly, cells

were scraped in PBS, collected by low-speed centrifugation and re-

suspended in cold sucrose–Tris buffer [10mM Tris (pH 7.2),

200mM sucrose] with protease inhibitors (cOmplete Protease Inhib-

itor Cocktail; Roche). The cell suspension was homogenized in a

Dounce homogenizer and centrifuged at 1000× g for 5min to pellet

the nuclei. The post-nuclear supernatant was then centrifuged at

100 000 × g for 15min in a Beckman tabletop ultracentrifuge, using

a Beckman rotor (TLA-120) to pellet the membranes. The final

supernatant was saved as the cytosolmaterial (S100), and the pellet

was resuspended in the same volume of sucrose–Tris buffer (P100).
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708



Ultrastructure of torovirus replication factories 1705
Transmission electron microscopy

Embedding in epoxy resin TAAB-812. For conventional TEM,

E.Derm or MRC5 cells infected for 16 h with BEV were fixed in situ

for 2 h at room temperature with a mixture of 4% PFA and 2% gluta-

raldehyde in 0.1M Sörensen phosphate buffer, pH7.4. After several

washes, the cells were scraped and collected in the same buffer,

centrifuged and the cell pellets were processed for embedding in

the epoxy resin TAAB-812 (TAAB Laboratories, Berkshire, England)

according to standard procedures previously described (DeDiego

et al., 2007; Maestre et al., 2011). Ultrathin sections (70–80nm) of

the cell samples were stained with 2% uranyl acetate solution in

water and lead Reynols citrate and examined at 80 kV in a Jeol

JEM-1010 (Tokyo, Japan) electronmicroscope. Pictures were taken

with a TemCam-F416 (4 K × 4 K) digital camera (TVIPS, Gauting,

Germany).

Quick freezing and freeze substitution. E.Derm cells infected

with BEV for 16h were fixed in situ with 4% PFA and 0.1% glutaral-

dehyde in 0.1M Sörensen phosphate buffer pH7.4 for 2 h at room

temperature, followed by an overnight incubation at 4°C in the same

fixative solution without glutaraldehyde. After several washes, the

cells were scraped, centrifuged and the cell pellets were embedded

in a solution of 10% gelatin in PBS. The cells were then

cryoprotected with glycerol at 4°C (15min with 15% glycerol in

PBS and another incubation of 15min in 30% glycerol in PBS). Cells

were subsequently subjected to plunge freezing in liquid propane

using a KF80 (Leica) cryofixation equipment. Freeze substitution

was carried out in an automated freeze substitution system (Leica)

in pure methanol containing 0.5% uranyl acetate. Samples were

kept at �85°C for 54 h, after which the temperature was raised by

5°Ch�1 to �50°C. After being washed with pure methanol several

times, the cells were embedded in Lowicryl HM20 (Polysciences

Europe GmbH, Germany) at �45°C following the manufacturer’s

instructions. Ultrathin sections (70–80 nm) were obtained as

described earlier.

Cryosections. To obtain ultrathin cryosections (Tokuyasumethod)

(Slot and Geuze, 2007), E.Derm cells infected with BEV were fixed

in situ for 2 h at room temperature in a solution of 4% PFA and 1%

glutaraldehyde in PHEM buffer (240mM Pipes, 100mM Hepes,

8 mM MgCl2, 40mM ethylene glycol tetraacetic acid, pH 6.9),

followed by an overnight incubation at 4°C in the same fixative solu-

tion. After several washes, the cells were pelleted, embedded in

12% gelatin and cryoprotected by overnight incubation in 2.3 M

sucrose in PHEM buffer. Mounted gelatin blocks were frozen in

liquid nitrogen. Ultrathin cryosections (70–80 nm) were obtained at

–120°C by using a Leica UCT ultramicrotome, equipped with an

FCS cryochamber, and were picked up in a 1:1 mixture of 2.3 M

sucrose : 2% methylcellulose and deposited on Formvar-coated

grids. Ultrathin cryosectionsmaintained in the sucrose :methylcellu-

losemixture were incubated in 2%gelatin in PBS at 37°C for 20min.

Then, sections were washed with bidistilled water and finally stained

and embedded with a mix of 1.8% methylcellulose and 0.4% uranyl

acetate.
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708
Immunogold labelling. Ultrathin cryosections were obtained as

described earlier with a slight modification in the fixation to preserve

the antigen–antibody reactivity. In this case, the infected cells were

fixed by adding an equal volume of a 2× fixative solution (8% PFA

in PHEM buffer) to the culture medium. After 30min at room temper-

ature, the solution was replaced by a 1× fixative solution (4% PFA in

PHEM buffer) and cells were incubated for an additional hour. After,

the cells were incubated overnight at 4°C in a solution with 8% PFA

in PHEM buffer and were processed for cryosections as described

earlier. Ultrathin cryosections maintained in the sucrose :methylcel-

lulose mixture were incubated in 2% gelatin in PBS at 37°C for

20min. The sections were then incubated with 0.15% glycine in

PBS, with four changes of 2min each and blocked by incubation in

PBS with 10% FCS for 10min. Incubation with the primary antibody

diluted in PBS containing 5% FCS was performed for 1 h at room

temperature. After three washes in PBS with 0.2% FCS, sections

were incubated for 1 h with protein A coupled to 10nm gold particles

(CMC Laboratory, Utrecht University, Utrecht, the Netherlands).

Sections were treated with 1% glutaraldehyde in PBS for 5min,

washed with bidistilled water and finally stained and embedded with

a mix of 1.8% methylcellulose and 0.4% uranyl acetate.
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Additional supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Close view of BEV viral particles observed in sections
of BEV-infected E.Derm cells embedded in epoxy resin TAAB-
812. Electron micrographs of E.Derm cells infected with BEV
for 16 h and embedded in the epoxy resin TAAB-812 after con-
ventional chemical fixation, where the presence of rod-shaped
viral particles can be clearly observed. Individual particles A)
or small groups of particles inside rough ER derived-vesicles
B), as well as large groups of particles packed in large vesicles
C) can be observed at this pi time. Viral particles were sectioned
in different orientations: longitudinal section (black arrow) or
cross-section (black arrowhead). M: Mitochondria; ER: Endo-
plasmic reticulum. Scale bars, 100 nm.
Fig. S2. Ultrastructural analysis of MRC5 cells infected with
BEV embedded in epoxy resin TAAB-812. Electron micro-
graphs of sections of MRC5 cells infected with BEV for 24 h that
were embedded in the epoxy resin TAAB-812, after conven-
tional chemical fixation, showing the presence of characteristic
spherical DMVs. A) Cluster of DMVs (white asterisk)
surrounded by mitochondria and ER. A particle inside a vesicle
can be distinguished at the periphery of the cluster (white ar-
row). B-C) DMVs connected between them (white arrowhead)
and with the ER (black arrowhead) or with the MAM (black ar-
row). M: Mitochondria; ER: Endoplasmic reticulum. Scale bars,
200 nm.
Fig. S3. Colocalization analysis of the RdRp and Hel proteins
with the dsRNA. E.Derm cells infected with BEV were fixed with
4% PFA in PBS at 8 h pi and used for immunolabeling with the
mouse mAb anti-dsRNA (green) in combination with A) rabbit
anti-RdRp or B) anti-Hel antibodies (red). Nuclei were stained
with DAPI (blue). The boxed areas are representative fields
shown at higher magnification. Scale bars, 10 μm.
Fig. S4. Distribution of newly synthesized viral RNA (BrU-RNA)
along the infection with BEV. E.Derm cells infected with BEV
were incubated with 5 mM BrU in the presence of 5 mgml�1

of actinomycine D for 1 h before fixation. Cells were fixed at dif-
ferent pi times as indicated in each panel, and processed for im-
munofluorescence staining with a mouse anti-BrdU mAb
(green). The nuclei were stained with DAPI (blue). The boxed
areas are representative fields that are shown at higher magni-
fication. Scale bar, 10 μm.
Fig. S5. Partial colocalization of the newly synthesized RNA
(BrU-RNA) and the M structural protein. BEV-Infected cells
treated as described in the legend to Fig. S3 were fixed at 8 h
pi. A) Triple colocalizaton assay using the rabbit anti-M (green),
mouse anti-BrdU mAb (red) and rat anti-Mpro (blue) antibodies.
The square encloses a representative area that is shown at
higher magnification in panels B-G. B) Signal obtained with the
anti-M antibody; C) signal corresponding to the newly synthe-
sized RNA (BrU-RNA); D) signal corresponding to the Mpro; E)
overlapping of the signals corresponding to the M protein and
the BrU-RNA; F) overlapping of the signals corresponding to
the Mpro protein and the BrU-RNA; G) overlapping of the signals
corresponding to the M and the Mpro proteins. The arrow indi-
cates the area of colocalization between the M protein and the
BrU-RNA. Scale bar, 10 μm.
Fig. S6. Immunolabeling assay onmock-infected cells. A) Cryo-
sections of mock-infected E.Derm cells were fixed and
immunogold-labeled with a mAb anti-dsRNA (left panel), or with
antibodies against the RdRp (middle panel) and Mpro (right
panel), and analyzed by electron microscopy. Scale bars, 100
nm.
Movie S1. 3D reconstruction presented in the Fig.7, panels B-C.
© 2016 John Wiley & Sons Ltd, Cellular Microbiology, 18, 1691–1708


