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The double-stranded RNA virus mammalian reovirus displays broad cell, tissue, and host tropism. A critical checkpoint in the
reovirus replication cycle resides within viral cytoplasmic inclusions, which are biosynthetic centers of genome multiplication
and new-particle assembly. Replication of strain type 3 Dearing (T3) is arrested in Madin-Darby canine kidney (MDCK) cells at a
step subsequent to inclusion development and prior to formation of genomic double-stranded RNA. This phenotype is primarily
regulated by viral replication protein �2. To understand how reovirus inclusions differ in productively and abortively infected
MDCK cells, we used confocal immunofluorescence and thin-section transmission electron microscopy (TEM) to probe inclu-
sion organization and particle morphogenesis. Although no abnormalities in inclusion morphology or viral protein localization
were observed in T3-infected MDCK cells using confocal microscopy, TEM revealed markedly diminished production of mature
progeny virions. T3 inclusions were less frequent and smaller than those formed by T3-T1M1, a productively replicating reovirus
strain, and contained decreased numbers of complete particles. T3 replication was enhanced when cells were cultivated at 31°C,
and inclusion ultrastructure at low-temperature infection more closely resembled that of a productive infection. These results
indicate that particle assembly in T3-infected MDCK cells is defective, possibly due to a temperature-sensitive structural or func-
tional property of �2. Thus, reovirus cell tropism can be governed by interactions between viral replication proteins and the
unique cell environment that modulate efficiency of particle assembly.

Acommon strategy shared by numerous viruses is the forma-
tion of specialized sites within a host cell to complete viral

replication. Animal double-stranded RNA (dsRNA) viruses gen-
erate nonmembranous intracytoplasmic structures—termed in-
clusions or factories—that have a characteristic morphology, con-
tain viral proteins and RNA, and constitute the presumed site of
negative-strand RNA synthesis and particle assembly (11, 35, 48).
We are studying replication mechanisms of the dsRNA virus
mammalian orthoreovirus (reovirus) to better understand the
function of viral inclusions and the influence of these novel organ-
elles on viral tropism.

Reoviruses are nonenveloped, double-shelled, icosahedral par-
ticles containing a genome of 10 dsRNA segments (40). The viral
replication cycle is entirely cytoplasmic. Following internalization
of virions, the viral outer capsid disassembles to generate tran-
scriptionally active core particles (3, 15, 49), which are released
into the cytoplasm and synthesize full-length, message-sense,
capped and nonpolyadenylated single-stranded RNAs (ssRNAs)
(32, 42, 45). Viral inclusions are detectable as early as 4 h postin-
fection by confocal immunofluorescence microscopy, lack a de-
limiting membrane, and contain viral proteins and dsRNA, virion
particles at various stages of morphogenesis, and paracrystalline
arrays of virion particles at late times of infection (12, 13, 37).
Studies of viral inclusions in infected cells and viral inclusion-like
structures formed by ectopic protein expression indicate that
higher-order multimers of the viral nonstructural protein �NS
establish inclusions by forming an essential matrix to which �2,
nonstructural protein �NS, and other viral structural proteins are
recruited (1, 4, 5, 7–9, 13, 16, 17, 22, 23, 26, 27, 34, 37, 41, 43, 44,
46). The �NS, �2, and �NS proteins participate in inclusion for-
mation and maturation as indispensable components of viral rep-
lication (23). However, the nature of ribonucleoprotein (RNP)
intermediates linking the initial round of viral gene expression to

the emergence of mature progeny virions has been only partially
defined.

Although viral RNA assortment, genome replication, second-
ary transcription, and particle formation are presumed to occur
within reovirus inclusions (2, 13, 14, 29, 30, 37, 58, 59), individual
steps of particle assembly remain largely unknown. However, this
process likely begins with assortment of positive-sense viral RNAs
by a specific mechanism. Available data are congruous with an
assembly model wherein equimolar amounts of the 10 viral
mRNAs associate with nonstructural and core proteins and con-
dense to form “replicase particles” (2, 14) capable of synthesizing
complementary negative-sense RNA to generate the dsRNA ge-
nome. Populations of particles with distinctive complements of
viral RNA and protein, as well as specific transcriptional activities
(i.e., positive- or negative-strand synthesis), can be separated
physiochemically and are thought to represent intermediates on a
pathway toward virion assembly (29, 30, 58, 59). Current concepts
of sequential steps in virion assembly are rooted mainly in bio-
chemical analyses of these subvirion forms. However, the pro-
posed assembly intermediates have not been correlated with spe-
cific morphogenic events in viral inclusions.

Reovirus inclusions are implicated functionally as determi-
nants of viral cell tropism (33), where tropism is defined as the
range of hosts, tissues, and cells productively infected. Reovirus
strains type 1 Lang (T1) and type 3 Dearing (T3) display differen-
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tial capacities to replicate in Madin-Darby canine kidney
(MDCK) cells (33, 39). Strain T1 replicates efficiently, while T3
replicates poorly. Analysis of recombinant reovirus strains derived
from reverse genetics revealed that the M1-encoded �2 protein of
strain T1 in a T3 genetic background independently promotes
reovirus replication in MDCK cells (33). The L1-encoded �3 pro-
tein is a modulator of �2 effects on replication efficiency, although
�3 does not display an independent association with replication
capacity in MDCK cells. Furthermore, the influence of �3 on �2-
mediated replication efficiency is manifest only in the T1 genetic
background. These findings indicate that �2 is the primary deter-
minant of reovirus replication capacity in MDCK cells and that �3
is a conditional coregulator of infectivity dependent on the viral
genetic context. In the same study, we found that the �2-sensitive
step in replication occurs at a point in the reovirus life cycle sub-
sequent to primary rounds of viral transcription and translation
but prior to dsRNA synthesis, which suggests that �2 and �3 me-
diate differences in strain-specific replication efficiency at a life
cycle stage occurring within viral inclusions.

The reovirus RNA-dependent RNA polymerase (RdRp) is
thought to be composed of two subunits, �3 and �2. The �3 pro-
tein is the RdRp catalytic subunit (47, 50, 56), and numerous
biochemical, structural, and genetic studies indicate that �2 lies
proximal to �3 and forms a subunit of the fully assembled poly-
merase complex (6, 10, 21, 31, 36, 54, 56). The �2 protein also
represents an essential component of viral inclusions required for
productive viral replication (24, 34). It binds inclusion-forming
protein �NS (9) and determines strain-specific differences in in-
clusion morphology—filamentous or globular— based on the rel-
ative capacity to bind microtubules and tether inclusions to the
cytoskeleton (34). Although the �2 protein coordinates diverse
events during the reovirus replication cycle, a mechanistic under-
standing of the role of �2 in replication remains unknown, pri-
marily because its functions have not been linked to specific steps
in the viral life cycle.

In the work described here, we used confocal immunofluores-
cence and transmission electron microscopy (TEM) to more pre-
cisely define the role of �2 protein in productive reovirus replica-
tion and virion particle production. The results indicate that
particle assembly in T3-infected MDCK cells is defective and
dependent on �2 protein in a cell-type-specific and tempera-
ture-dependent manner. Thus, permissivity of some cell types
to reovirus infection is governed by interactions between viral
replication proteins and the unique cell environment that pro-
mote genesis of functional viral inclusions.

MATERIALS AND METHODS
Cells and viruses. L929 cells were grown in Joklik’s modified Eagle’s min-
imal essential medium (Lonza, Walkersville, MD) supplemented to con-
tain 5% fetal calf serum (Cellgro, Manassas, VA), 2 mM L-glutamine
(Gibco, Grand Island, NY), 100 U/ml penicillin (Gibco), 100 �g/ml strep-
tomycin (Gibco), and 0.25 �g/ml amphotericin B (Sigma, St. Louis, MO).
MDCK cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented to contain 4.5 �g/ml sodium pyruvate (Cellgro),
10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin G, 100 �g/ml
streptomycin, and 0.25 �g/ml amphotericin B. Strains T3 and T3-T1M1
were recovered by reverse genetics as described previously (22, 25). Viral
titers were determined by plaque assay using L929 cells (51).

Quantification of virus infectivity. Monolayers of L929 cells or
MDCK cells (approximately 5 � 105 cells) seeded in 24-well plates (Corn-
ing, Tewksbury, MA) were adsorbed with virus at a multiplicity of infec-

tion (MOI) of 2 PFU/cell at room temperature (RT) for 1 h. The viral
inoculum was removed, cells were washed with phosphate-buffered saline
(PBS), fresh medium was added, and cells were incubated at 31°C or 37°C
for various intervals, followed by removal to �80°C. Viral titers in cell
lysates were determined by plaque assay. Viral yield was calculated as the
difference between log10 titer at various time points of infection and log10

titer at 0 h.
Immunofluorescence detection of reovirus infection. L929 cells

plated on untreated glass coverslips and MDCK cells plated on poly-L-
lysine (Sigma)-treated glass coverslips in 24-well plates were adsorbed
with virus at an MOI of 20 PFU/cell. Following incubation at 37°C for 24
h, cells were fixed with 10% formalin and stained with guinea pig �NS-
specific antibody (4) and either rabbit �NS-specific (23), rabbit �2-spe-
cific (57), mouse �3-specific (4F2) (52), mouse �1-specific (8H6) (52), or
rabbit �2-specific (7F4) (52) antibody, followed by Alexa Fluor 488-con-
jugated goat anti-guinea pig secondary antibody (Invitrogen, Eugene,
OR), Alexa Fluor 546-conjugated goat anti-rabbit secondary antibody
(Invitrogen), or Alexa Fluor 546-conjugated goat anti-mouse antibody
(Invitrogen). ToPro3 (Invitrogen) was used to stain the nucleus. Images
were acquired using a Zeiss LSM 510 Meta inverted confocal microscope.

Electron microscopy. L929 cells or MDCK cells grown in T75 flasks
(Corning) were adsorbed at RT for 1 h with virus at an MOI of 100
PFU/cell. Following adsorption, cells were incubated at 31°C or 37°C for
24 or 72 h. Cells were trypsinized, pelleted, washed with PBS, fixed at
room temperature for at least 1 h with 2.5% glutaraldehyde buffered with
0.1 M sodium cacodylate, and stored at 4°C. Following fixation, cells were
washed with 0.1 M sodium cacodylate, postfixed in 1% osmium tetrox-
ide– 0.1 M sodium cacodylate for 1 h, washed in 0.1 M sodium cacodylate,
and dehydrated using a graded series of ethanols. After dehydration, cells
were subjected to two changes of propylene oxide and embedded in epoxy
resin. Ultrathin (65 to 70 nm) serial sections were obtained using a Leica
Ultracut microtome and collected on copper grids. Samples were contrast
stained with 2% uranyl acetate followed by Reynold’s lead citrate and
examined using a Phillips CM10 transmission electron microscope or FEI
T-12 transmission electron microscope operated at 80 KeV.

Quantification of TEM images. The fraction of cytoplasm containing
virion particles or inclusion matrix in electron micrographs was quanti-
fied using point counting stereology (53). Images were collected in a sys-
tematic, unbiased fashion using a FEI T-12 transmission electron micro-
scope at a magnification of �30,000. Thirty-six images were collected for
each sample. A grid of points was superimposed over the images (grid size,
43 by 43 nm), and points overlying cytoplasm or virus-specific material
were counted. The volume of virus-occupied cytoplasm was calculated by
dividing the number of points that superimposed on virus-specific mate-
rial by the total number points on cytoplasm. Particle diameters were
measured using ImageJ (http://rsb.info.nih.gov/ij/index.html). Student’s
t test was used to determine statistical significance of differences among
groups. The fraction of the viral inclusion matrix occupied by particles
was calculated from the images collected for point counting. Particle area
was estimated by assuming that particles are spherical and calculating area
using �r2, where r is half the mean diameter of mature and empty particles
measured using ImageJ. Areas of mature and empty particles were calcu-
lated independently using their respective diameters and combined to
yield total particle area.

RESULTS
Reovirus replication in MDCK cells. Our previous studies of T3-
infected MDCK cells revealed that inclusions produced by strain
T3 display normal morphological and kinetic development de-
spite an apparent functional abnormality leading to arrest of rep-
lication (33). To more precisely define viral inclusion composition
and ultrastructure in T3-infected MDCK cells, we used both con-
focal immunofluorescence microscopy and thin-section TEM.
Strain T3-T1M1, containing the T1 M1 gene in an otherwise T3
genetic background, served as a reference for efficient �2-regu-
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lated reovirus replication. Consistent with our previous results
(33), T3-T1M1 replicated to high titers, whereas T3 exhibited
minimal titer increase over a 48-h incubation interval (Fig. 1A).

Viral protein recruitment in MDCK cells. To determine
whether protein recruitment to inclusions differs in productively
and nonproductively infected cells, we visualized individual viral
proteins using confocal microscopy. Nonstructural proteins �NS
and �NS physically associate in the formation of an inclusion
scaffold (27). In cells infected with T3 or T3-T1M1, �NS and �NS
displayed colocalization, forming large inclusions with usual
strain-dependent morphology (globular for T3 and filamentous
for T3-T1M1) (34]) at 24 h postinfection (Fig. 1B and C). No
alterations in �NS or �NS localization were apparent in T3-in-
fected cells. These data indicate that the viral proteins required to
form inclusions are properly recruited and assembled in T3-in-
fected MDCK cells.

We next examined the localization of viral core proteins �2
and �2 and outer capsid proteins �1 and �3 in T3- and T3-T1M1-
infected MDCK cells (Fig. 2A) and L929 cells (Fig. 2B). In MDCK
cells, the �2 and �2 proteins of both T3 and T3-T1M1 were found
throughout the cytoplasm and concentrated in viral inclusions
(Fig. 2A). A similar distribution of these proteins was observed in
L929 cells. Outer capsid protein �3 was highly abundant in both
T3- and T3-T1M1-infected MDCK cells. It was found distributed
throughout the cytoplasm, colocalized with �NS in inclusion
puncta, and frequently in the nucleus (Fig. 2A). The distribution
of �3 in L929 cells was similar except for reduced distribution to
the nucleus compared with MDCK cells. Outer capsid protein �1
was observed diffusely throughout the cytoplasm and in punctate
structures associated with inclusions (Fig. 2). Fewer �1-contain-
ing punctate structures were observed in T3-infected MDCK cells
than in T3-T1M1-infected MDCK cells (Fig. 2A). However, this
quantitative difference correlated with diminished levels of �1
expression overall. Viral proteins also were visualized at earlier
times postinfection. Inclusions were less developed, but patterns
of protein distribution were similar to those observed at 24 h (data
not shown). In summary, no qualitative differences in the distri-
bution of nonstructural, core, and outer capsid viral proteins were
discernible in comparison of T3- and T3-T1M1-infected MDCK
cells, indicating that viral protein recruitment to inclusions occurs
normally for both strains.

Ultrastructural analysis of viral inclusions in MDCK cells. As
confocal microscopy did not reveal overt abnormalities in the
morphology or viral protein composition of T3 inclusions in
MDCK cells, we used thin-section TEM to visualize viral particles
within inclusions. In both T3- and T3-T1M1-infected cells, ma-
ture virion particles (i.e., containing electron-dense centers repre-
senting genomic viral RNA) (13, 38) and empty virion particles
were observed in a variety of arrangements. Some sections con-
tained only a few scattered mature virions, whereas others con-
tained large groups of viral particles surrounded by material hav-
ing a consistency clearly distinct from cytoplasm. The latter
structures presumably correspond to the filamentous or globular
inclusions observed using confocal microscopy; we refer to these
as particle-containing inclusions. Representative images of parti-
cle-containing inclusions in T3-T1M1-infected MDCK cells are
shown in Fig. 3A. These large aggregates of virions contain a sig-
nificant fraction of complete particles in paracrystalline array. In
marked contrast, T3 particle-containing inclusions were less fre-
quent, smaller, displayed decreased organization, and harbored
fewer mature particles. Inclusions containing T3 particles like
those shown in Fig. 3A were rare and required extensive searching
to locate. The sizes, frequencies, and particle contents of T3 and
T3-T1M1 inclusions in L929 cells were similar to each other and to
those in T3-T1M1-infected MDCK cells (Fig. 3B).

To systematically confirm our impressions of T3 and T3-T1M1
inclusion ultrastructural morphology, we quantified certain fea-
tures of inclusions captured in electron micrographic images. The
fraction of cytoplasm containing virion particles or inclusion ma-
trix was measured using the point counting stereology method
(53). We defined the viral fraction of cytoplasm to be viral parti-
cles and surrounding milieu (i.e., inclusion matrix) that was
clearly distinct from cytoplasm. Structures resembling viral inclu-
sions but devoid of viral particles were counted as cytoplasm since
we could not be certain that these were of viral origin. However,
such “empty inclusions” were infrequent. In T3-T1M1-infected
MDCK cells, 19.2% of the cytoplasm was occupied by inclusion
matrix, whereas this fraction was only 2.9% in T3-infected cells
(Table 1). The corresponding values in L929 cells were 27.8% and
14.9%, respectively. The proportion of inclusion matrix occupied
by particles was 11.2% and 17.8% in T3- and T3-T1M1-infected
MDCK cells, respectively, and 23.4% and 32.1%, respectively, in

FIG 1 Reovirus replication and inclusion formation. (A) MDCK cells were adsorbed with T3 or T3-T1M1 at an MOI of 2 PFU/cell, and viral titers in cell lysates
were determined at the times shown by plaque assay using L929 cells. Results represent the mean of triplicate experiments. Error bars indicate standard
deviations. (B and C) MDCK cells were adsorbed with T3 (B) or T3-T1M1 (C) at an MOI of 100 PFU/cell, fixed at 24 h postinfection, stained with anti-�NS
(green) and anti-�NS (red) antibodies and ToPro3 (blue; nuclear) and imaged using confocal microscopy. Scale bar, 50 �m.
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L929 cells. These data are consistent with our observation that
particles within inclusions of T3-infected MDCK cells are less
densely packed. Finally, we determined the ratios of complete and
empty particles in inclusions formed in both cell types. The frac-

tion of complete particles in T3- and T3-T1M1-infected MDCK
cells was 36.3% and 76.7%, respectively. The corresponding val-
ues in L929 cells were 79.7% and 94.9%, respectively. The smaller
fraction of inclusion matrix observed in the cytoplasm of T3-in-
fected MDCK cells suggests that particle assembly is defective and
dependent on �2 protein. While T3 infection of L929 cells re-
sulted in lower values for the inclusion matrix fraction, particle
density, and particle maturity than T3-T1M1 infection, differ-
ences in the fraction of inclusion matrix and mature particles were
clearly more pronounced in MDCK cells infected with these
strains. Furthermore, T3 particles assumed definite order in inclu-
sions observed in L929 cells, unlike the irregular arrangements

FIG 2 Distribution of reovirus proteins �2, �3, �1, and �2 in infected cells.
MDCK cells (A) and L929 cells (B) were absorbed with either T3 or T3-T1M1 at an
MOI of 20 PFU/cell, fixed at 24 h postinfection, stained with anti-�NS (green) and
anti-�2, anti-�3, anti-�1, or anti-�2 (red) antibodies. Nuclei were visualized using
ToPro3 (blue). Images were captured using confocal microscopy. Scale bar, 20 �m.

FIG 3 Ultrastructural analysis of viral inclusions. MDCK cells (A) and L929
cells (B) were adsorbed with either T3 or T3-T1M1 at an MOI of 100 PFU/cell
and fixed at 24 h postinfection. Ultrathin sections (65 to 70 nm) were exam-
ined using transmission electron microscopy. Boxed regions correspond to
high-magnification images shown below. Scale bars, 2 �m (low-magnification
images) and 500 nm (high-magnification images).
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typical of T3-infected MDCK cells. Taken together, qualitative
and quantitative TEM analysis of reovirus inclusions under con-
ditions of productive and abortive infection of MDCK cells points
to viral assembly as a �2-sensitive step in viral replication.

While examining the ultrastructure of reovirus inclusions in
MDCK cells, we observed that empty T3 particles appeared
smaller than empty T3-T1M1 particles. Therefore, we quantified
and compared the diameters of complete and empty particles. A
high-magnification image of virion particles in T3-T1M1-infected
MDCK cells (Fig. 4) illustrates the specific diameter measure-
ments recorded: (i) electron-dense centers of mature particles, (ii)
outer rim of mature particles, and (iii) outer rim of empty parti-
cles. Large numbers of observations (110 to 417) for each category
were made to statistically validate the size differences. The mean
inner diameter of mature T3 and T3-T1M1 particles in both
MDCK and L929 cells was �38 nm, whereas the mean outer di-
ameter of mature particles was �72 nm (MDCK cells) or �71 nm
(L929 cells) (Table 2). In contrast, the mean diameter of empty
particles in T3-infected MDCK cells was significantly less than the
empty-particle diameters in T3-T1M1-infected MDCK cells
(67.3 � 0.27 nm versus 73.5 � 0.34 nm, respectively). Diameters
of empty particles of T3 and T3-T1M1 in L929 cells, i.e., 71.2 �
0.40 nm and 72.0 � 0.42 nm, respectively, were not significantly

different. These results reveal a difference in the size of T3 and
T3-T1M1 empty particles produced in MDCK cells but not L929
cells, indicating that some aspect of T3 particle assembly in
MDCK cells follows an anomalous path. Furthermore, these find-
ings are consistent with a �2-associated block to morphogenesis
of mature T3 virions in MDCK cells.

Replication of reovirus at low temperature. A previous study
suggested that the T3 �2 protein is subject to temperature-depen-
dent misfolding (28), which led us to consider whether strain-
dependent differences in viral replication efficiency in MDCK
cells might be influenced by the temperature of infection. To test
this hypothesis, viral titers were monitored in MDCK cells (Fig. 5A
and B) and L929 cells (Fig. 5C and D) infected with either T3 or
T3-T1M1 and incubated at either 31°C (Fig. 5A and C) or 37°C
(Fig. 5B and D) for 96 h postinfection. Replication of T3 in MDCK
cells at 31°C greatly exceeded that at 37°C, closely approaching the
yield of T3-T1M1 at 31°C. In L929 cells infected at 31°C, T3 dis-
played significantly lower yield at 24 h postinfection than T3-
T1M1 but attained a similarly high level of replication at later
times postinfection. T3-T1M1 replicated efficiently in both cell
types at 31°C. However, the rise in titer was delayed relative to
37°C. Taken together, these results indicate that replication of T3
in MDCK cells is temperature dependent.

We used thin-section TEM of MDCK cells infected at the lower
temperature to determine whether enhanced replication kinetics
of T3 in MDCK cells at 31°C correlates with restoration of normal
inclusion ultrastructure. At 72 h postinfection, large particle-con-
taining inclusions enclosing mature and empty particles were ob-
served in both T3- and T3-T1M1-infected cells (Fig. 6). The frac-
tion of cytoplasm occupied by the viral inclusion matrix was 17%
and 28% in T3- and T3-T1M1-infected cells, respectively, while
the proportion of inclusion matrix occupied by particles was
12.7% in T3-infected cells and 16.8% in T3-T1M1-infected cells
(Table 3). Complete particles comprised 29.7% and 36.3% of total
virions in T3- and T3-T1M1-infected cells, respectively. The sub-
stantial increase in the fraction of inclusion matrix from 2.9% to
17% in T3-infected MDCK cells incubated at 31°C versus 37°C
provides further evidence that the restriction to T3 replication in
MDCK cells relaxes at low temperature. Additionally, the mean
diameters of empty particles in MDCK cells infected with T3
(72.6 � 0.29 nm) and T3-T1M1 (71.9 � 0.20 nm) were compa-
rable at reduced incubation temperature (Table 4). Thus, lower-

TABLE 1 Quantitative analysis of reovirus replication using thin-
section electron micrographs of reovirus-infected MDCK and L929
cellsa

Cell type and
virus strain

Fraction of cytoplasm
containing virion
particles or inclusion
matrix (%)

Fraction of viral
inclusion
matrix occupied
by particles (%)

Mature virion
particle
fraction (%)

MDCK
T3 2.9 11.2 36.3
T3-T1M1 19.2 17.8 76.7

L929
T3 14.9 23.4 79.7
T3-T1M1 27.8 32.1 94.9

a A total of 36 images was examined for each sample condition.

FIG 4 High-magnification image of T3-T1M1-infected MDCK cells. The di-
ameter of the inner electron-dense center of complete particles (Inner), the
outer diameter of complete particles (Outer), and the outer diameter of empty
particles (Empty) are demarcated by horizontal bars. Scale bar, 100 nm.

TABLE 2 Quantification of viral particle diameters in reovirus-infected
MDCK and L929 cells

Cell type and
virus strain

Particle size (nm)a

Mature particle
Empty particle
outer diam (n)Outer diam (n) Inner diam (n)

MDCK
T3 72.3 � 0.44 (110) 38.3 � 0.22 (116) 67.3 � 0.27 (306)
T3-T1M1 72.0 � 0.21b (311) 37.9 � 0.12b (323) 73.5 � 0.34c (177)

L929
T3 71.3 � 0.24 (380) 38.5 � 0.11 (417) 71.2 � 0.40 (119)
T3-T1M1 71.0 � 0.22b (385) 38.3 � 0.11b (413) 72.0 � 0.42b (138)

a Values represent means � standard error of the means. n, number of particles
measured.
b Not significant versus T3 (t test).
c P 	 0.0001 versus T3 (t test).
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ing the temperature of infection partially relieved �2-mediated
restriction of T3 replication in MDCK cells and reversed the block
to mature particle assembly, consistent with the hypothesis that
the conformational state of �2 influences efficiency of the reovirus
life cycle through a mechanism involving virion morphogenesis.

DISCUSSION

A common strategy of virus replication is formation of neo-or-
ganelles—i.e., inclusions—that concentrate and protect viral
components required for genome multiplication and particle as-
sembly. An understanding of viral inclusion composition and or-
ganization is essential to illuminate strategies by which viruses
direct a successful replication program. In this study, we charac-
terized a postentry-determined, strain-specific replication defect
in MDCK cells to enhance knowledge of critical activities within
reovirus inclusions that depend on the particular cell environ-
ment. Our findings suggest that reovirus tropism for some types of
cells is governed by interactions between viral replication proteins
and cell-type-specific factors that favor development of inclusions
capable of generating fully assembled infectious particles.

Original studies of reovirus replication in MDCK cells revealed
a genetic association of polymerase proteins �2 and �3 with viral
replication efficiency (39). We subsequently showed that the �2-
sensitive step of replication in these cells occurs following the for-
mation of viral inclusions but prior to dsRNA synthesis, leading us
to propose that reovirus strain-specific replication efficiency in
MDCK cells is determined at a postentry replication checkpoint

FIG 5 Temperature dependence of reovirus replication in MDCK cells. MDCK cells (A and B) or L929 cells (C and D) were adsorbed at an MOI of 2 PFU/cell
and incubated at 31°C (A and C) or 37°C (B and D) for the times shown. Viral titers in cell lysates were determined by plaque assay using L929 cells. Viral yields
were calculated as the difference between the log10 titers at the indicated times and log10 titer at 0 h. Results represent the mean of triplicate experiments. Error
bars indicate standard deviations. *, P 	 0.05 in comparison to T3-T1M1 (Student’s t test).

FIG 6 Ultrastructural analysis of viral inclusions in MDCK cells infected at
low temperature. MDCK cells were adsorbed with either T3 or T3-T1M1 at an
MOI of 100 PFU/cell, incubated at 31°C, and fixed at 72 h postinfection.
Ultrathin sections (65 to 70 nm) were examined using transmission electron
microscopy. Boxed regions correspond to high-magnification images shown
below. Scale bars, 2 �m (low-magnification images) and 500 nm (high-mag-
nification images).
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responsive to the composition of the viral polymerase complex
(33). Here, we report findings of a more comprehensive analysis of
viral protein trafficking to inclusions conducted to determine
whether one or more inclusion components displays abnormal
localization in nonproductively infected MDCK cells. Using con-
focal immunofluorescence microscopy, no discernible cell-type-
specific differences in the distribution of �2, the other major in-
clusion proteins �NS and �NS, core protein �2, or outer capsid
proteins �1 and �3 were observed in T3-infected MDCK cells
(Fig. 1 and 2A). Although a relative reduction (compared with
T3-T1M1) in the expression of �1 was observed, the significance
of this reduction to T3 replication in MDCK cells is unclear as
expression of all viral proteins markedly declines at late times
postinfection (33). Thus, results of our confocal microscopy stud-
ies confirm the expected pattern of viral protein localization to T3
inclusions in MDCK cells, indicating structurally or functionally
abnormal interactions within the inclusion that prevent produc-
tion of infectious progeny.

TEM analysis of MDCK cells infected with T3 revealed a much
smaller fraction of cytoplasm containing particles and inclusion
matrix than cells infected with strain T3-T1M1 (2.9% versus
19.2%) (Fig. 3 and Table 1). Mature particles with electron-dense
(i.e., genome-containing) centers and empty particles were ob-
served in MDCK cells infected with either T3 or T3-T1M1. How-
ever, the mature fraction of T3 particles was less than that of T3-
T1M1 (36% versus 77%) (Table 1). Assembly intermediates that
escape the restrictive step appear competent to reach full struc-
tural maturity, consistent with the finding that conditions can be
modified to permit partial relief of the restriction to T3 replication
in MDCK cells. Collectively, the substantial decrease in particle-
containing inclusion matrix and mature virion particles suggests
that assembly of T3 particles is restricted in MDCK cells, leading to
a significant reduction in viral yield. It is possible that decreased
protein synthesis leads to diminished mature particle yields in
T3-infected cells. However, we think our results are more consis-
tent with a model wherein replication fails due to inefficient pro-
duction of replicase particles. We previously observed that new T3
virion proteins are expressed through 12 h postinfection in
MDCK cells (33). Additionally, results of the current study con-
firm that no overt impediments exist to the morphogenesis of T3
inclusions in these cells, and we found no obvious abnormalities
in the levels or localization of T3 proteins relative to T3-T1M1
(Fig. 1, 2). Biochemical analysis of reovirus RNA synthesis has
demonstrated that 80 to 95% of viral mRNA is transcribed by
progeny particles made in the infected cells (55), and these tran-
scripts serve as templates for protein translation during later por-
tions of the viral life cycle (40). Taken together, results from our
work and from other published studies best support the conclu-

sion that diminished viral RNA and protein production in T3-
infected MDCK cells is secondary to a defect in particle assembly.

Although results of confocal microscopy studies indicate that a
majority of cells are infected (Fig. 1 and 2), not all TEM sections
contained identifiable viral structures. We defined inclusions in
electron micrographs by the presence of virion particles. Struc-
tures resembling particle-free inclusions were rarely observed, and
inclusion matrix could not be determined with complete confi-
dence in the absence of particles. It is possible that our TEM
method lacks the sensitivity necessary to identify a particle-free
inclusion matrix. Alternatively, the large difference in section
thickness between the two methods (900-nm confocal z-slice ver-
sus 70-nm electron microscopy thin section) may explain prefer-
ential detection of infected cells using confocal microscopy.

The observation that empty particles are smaller in T3-infected
MDCK cells than in T3-T1M1-infected MDCK cells offers cor-
roborating evidence of aberrant assembly of T3 virion particles. It
is not known whether empty particles represent precursors to ma-
ture virions or replication by-products, but the latter possibility is
generally favored (18, 40). In either case, these structures inevita-
bly share some assembly steps with complete virion particles and
highlight the potential for a global �2-dependent defect in particle
assembly. Possible explanations for the smaller size of empty T3
particles include missing or stoichiometrically incorrect protein
subassemblies or misfolding of key protein constituents. The cell-
type-specific nature of this phenotype further suggests that dis-
crete cellular factors are essential to coordinate successful particle
maturation.

TEM ultrastructural analysis revealed a 6.6-fold decrease in the
fraction of cytoplasm containing virion particles or an inclusion
matrix in T3-infecected MDCK cells in comparison to T3-T1M1-
infected cells (Table 1). This difference correlates with an approx-
imate 100-fold decrease in T3 viral yield compared with T3-T1M1
(Fig. 5). Numerous factors may contribute to disproportionate
changes in virion production as measured by TEM and viral
plaque assay. First, the mature, and presumably infectious, frac-
tion of virion particles is significantly less in T3-infected (36%)
than in T3-T1M1-infected (77%) MDCK cells. Also, TEM almost
exclusively identifies intracellular virus, whereas replication ex-
periments measure both intracellular and released virus. Finally,
the two analytical methods are subject to nonequivalent sampling
bias. For example, in the replication experiments, virus particles
moving randomly in a fluid matrix are equally likely to undergo
sampling in a plaque titration assay, in contrast to TEM-based
virus detection, where virion particles are immobilized within
structures that have nonuniform boundaries and represent fewer
members of the total virus population available for quantification.

TABLE 4 Quantification of viral particle diameters following infection
of MDCK cells at 31°C

Virus strain

Particle size (nm)a

Mature particle
Empty particle
outer diam (n)Outer diam (n) Inner diam (n)

T3 71.9 � 0.35 (203) 38.0 � 0.16 (225) 72.6 � 0.29 (284)
T3-T1M1 71.5 � 0.23b (306) 37.9 � 0.13b (312) 71.9 � 0.20b (472)
a Values represent means � standard errors of the means. n, number of particles
measured.
b Not significant versus T3 (t test).

TABLE 3 Quantitative analysis of reovirus replication at 31°C using
thin-section electron micrographs of reovirus-infected MDCK cellsa

Virus strain

Fraction of cytoplasm
containing virion
particles or inclusion
matrix (%)

Fraction of viral
inclusion
matrix occupied
by particles (%)

Mature virion
particle
fraction (%)

T3 17.2 12.7 29.7
T3-T1M1 28.0 16.8 36.3
a A total of 36 images was examined for each sample condition.
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These technical differences could account in part for the greater
discriminatory power of a viral replication assay than that of TEM
for enumeration of viable virion particles.

The capacity of T3 to replicate in MDCK cells at 31°C provides
insight into a possible mechanism of the �2-regulated replication
phenotype. The T3 �2 protein is highly ubiquitylated in a temper-
ature-dependent manner, and ubiquitylation is reduced when the
temperature of viral infection is lowered (28). These findings sug-
gest that T3 �2 misfolds at higher temperature and raise the pos-
sibility that temperature-sensitive conformations of �2 influence
a critical early step in viral assembly. The �2 ubiquitylation phe-
notype segregates with a polymorphism at amino acid position
208 (28), while temperature-dependent replication efficiency in
MDCK cells is regulated by amino acid position 347, without de-
tectable contribution by the residue at position 208 (33). The ef-
fect of amino acid variability at position 347 on �2 conforma-
tional states has not been examined. However, reversal of the
block to T3 replication at decreased temperature suggests that
residue 347 modulates a temperature-sensitive property of �2,
possibly protein-folding, which in turn governs reovirus strain-
specific interactions with the host cell environment during viral
assembly. These interactions could involve stimulation of replica-
tion complexes containing T1 �2 or inhibition of complexes con-
taining T3 �2. Alternatively, the replication block could be passive
in nature, caused by a failure of T3 �2 to successfully interact with
cellular factors. In either model, conformational variation in �2
could conceivably influence a critical association of viral and host
cell factors required for virion assembly.

The T3 replication phenotype in MDCK cells is similar to that
of reovirus strain tsH11.2, which contains lesions in �2 protein
that restrict viral replication to low temperature. Like T3 infection
of MDCK cells, tsH11.2 synthesizes normal amounts of ssRNA
but displays significantly diminished dsRNA production and sec-
ondary translation (10). However, unlike T3 infection of MDCK
cells, tsH11.2 �2 does not concentrate in viral inclusions at restric-
tive temperature (26). Thus, the replication block to tsH11.2
might operate through mechanisms affecting �2 localization. Al-
though the precise step in viral replication blocked in tsH11.2
infection may differ from or complement that of T3 in MDCK
cells at nonpermissive temperature, both of these models of con-
ditional reovirus replication confirm the importance of �2 pro-
tein for progression of the viral life cycle beyond primary rounds
of RNA and protein synthesis.

Reovirus inclusions are generally thought to contain cellular
proteins repurposed for viral use. Identities of these molecules
remain mostly unknown. Early studies using electron microscopy
identified inclusion-associated cytoskeletal elements, including
coated microtubules and thick, kinked fibrils interspersed among
viral particles (13, 16). Known cellular proteins recruited to reo-
virus inclusions include chaperone Hsc70 (20) and clathrin (19).
The roles played by these proteins in inclusion formation and
function await further investigation. A comprehensive study of
cellular factors required for reovirus replication, in particular
those required for inclusion development and maturation, will
further define postentry mechanisms of viral tropism and the pre-
cise activities of �2 and other viral replication proteins in virion
morphogenesis.

In summary, we used microscopic techniques to characterize
functionally abnormal reovirus inclusions that form in nonper-
missive cells to more fully understand the role played by �2 in

promoting productive viral replication and tropism for host cells.
Findings made in this study establish virion particle assembly as a
�2-regulated step in the reovirus replication program and suggest
that a temperature-sensitive property of �2, perhaps protein con-
formation, controls key events within inclusions that culminate in
assembly of mature particles. Additional characterization of this
system may identify novel cellular regulators of reovirus infection
that participate in virion morphogenesis and serve as determi-
nants of viral cell tropism.
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