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ABSTRACT The genomes of influenza A and B viruses comprise eight segmented, single-stranded, negative-sense viral RNAs
(VRNAs). Although segmentation of the virus genome complicates the packaging of infectious progeny into virions, it provides
an evolutionary benefit in that it allows viruses to exchange vRNAs with other strains. Influenza A viruses are believed to pack-
age their eight different vRNAs in a specific manner. However, several studies have shown that many viruses are noninfectious
and fail to package at least one VRNA. Therefore, the genome-packaging mechanism is not fully understood. In this study, we
used electron microscopy to count the number of ribonucleoproteins (RNPs) inside the virions of different influenza A and B
virus strains. All eight strains examined displayed eight RNPs arranged in a “7+1” configuration in which a central RNP was
surrounded by seven RNPs. Three-dimensional analysis of the virions showed that at least 80% of the virions packaged all eight
RNPs; however, some virions packaged only five to seven RNPs, with the exact proportion depending on the strain examined.
These results directly demonstrate that most viruses package eight RNPs, but some do indeed package fewer. Our findings sup-
port the selective genome-packaging model and demonstrate the variability in the number of RNPs incorporated by virions, sug-
gesting that the genome-packaging mechanism of influenza viruses is more flexible than previously thought.

IMPORTANCE The genomes of influenza A and B viruses contain segmented RNAs, which complicates genome packaging but
provides the evolutionary advantage of allowing the exchange of individual genome segments with those of other strains. Some
studies have shown that influenza A viruses package all eight genome segments in a specific manner, whereas others have shown
that many virions are noninfectious and fail to package at least one genome segment. However, such viruses have never been
directly observed. Here, we used electron microscopy to provide the first direct visual evidence of virions packaging an incom-
plete set of ribonucleoproteins. The percentage of these noninfectious virions varied from 0 to 20, depending on the virus strain,
indicating that most virions package all eight genome segments. These results extend our knowledge about how infectious and

noninfectious virions coordinate for successful virus infection.
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nfluenza A and B viruses, which belong to the family Ortho-
myxoviridae, have a genome consisting of eight single-stranded,
negative-sense RNAs. Each viral RNA (VRNA) segment, which
encodes a different viral protein(s) essential for efficient virus rep-
lication, differs in length, ranging from 890 to 2,341 bases (1).
Each VRNA segment binds to an RNA-dependent RNA polymer-
ase complex and multiple copies of a nucleoprotein to form a
helical, rod-like ribonucleoprotein (RNP) (2—4). All RNPs have a
uniform diameter of approximately 12 nm but differ in length,
ranging from approximately 30 to 120 nm, depending on the nu-
cleotide length of each VRNA (5).
The segmented VRNAs allow influenza viruses to rapidly
evolve via genome reassortment, which is thought to be responsi-
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ble for the emergence of pandemic influenza viruses such as the
pandemic A (HIN1) 2009 virus strain (6-8). However, segmen-
tation of the genome complicates the genome-packaging process,
because all eight different VRNAs must be packaged into each
virion to produce infectious progeny. Recent studies support the
selective packaging model, in which a virion incorporates the eight
distinct RNPs via specific mechanisms that are not yet fully un-
derstood (9, 10). Segment-specific packaging signals that drive the
efficient incorporation of the resident vRNAs into the virion have
been identified at both the 3" and 5" ends of all VRNA segments
(11-19). Both terminal coding regions within the packaging signal
act as a bundling signal to ensure that all eight distinct vVRNAs are
incorporated (20). When viewed with an electron microscope, the
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FIG1 RNPsobserved within transverse sections of influenza A virions. MDCK cells were infected with A/WSN/33 (A/WSN) (A), A/Puerto Rico/8 (A/PR8) (B),
A/Yokosuka/UT-Y291/11 (A/Yokosuka) (C), and A/Tokyo/UT-IMS6-1/2013 (A/Tokyo) (D) at an MOI of 10. At 48 h postinfection (hpi), the infected cells were
fixed and embedded in Epon resin. Ultrathin sections (110 nm thick) were prepared and observed by using TEM. The pie charts show the proportions of virions

in which one to eight RNPs were observed. Scale bar, 100 nm.

eight RNPs are usually observed within the virions in a character-
istic “7+1” configuration in which a central RNP was surrounded
by seven RNPs (21-24). The presence of eight distinct vRNAs in
most virions examined has also been demonstrated by single-
molecule fluorescent in situ hybridization analysis (25). In addi-
tion, in vitro VRNA-vVRNA interactions between two different
vRNA segments have been shown by using native agarose gel elec-
trophoresis, and the regions for inter-vRNA interactions have
been shown to be important for efficient virus replication (24-26).
Collectively, these findings suggest that influenza A viruses use
selective packaging of a complete set of eight VRNAs as a mecha-
nism to ensure the production of fully infectious virions.

However, some studies have shown that the virus particle-to-
plaque-forming unit (PFU) ratio for influenza A viruses is greater
than 10:1, suggesting that most virus particles are defective in their
VvRNA packaging (27, 28). The existence of noninfectious viruses
has also been suggested by the observation of A/WSN/33 (A/
WSN) virus-infected cells that fail to express some viral proteins
(29). A recent study using flow cytometry demonstrated that al-
most half of A/Puerto Rico/8 (A/PR8) virus-infected cells failed to
express one or more essential viral proteins, suggesting that nearly
half of all influenza A viruses are semiinfectious (SI) virions. These
SIvirions might fail to express some viral proteins essential for the
replication cycle, but nonetheless, they are able to produce prog-
eny by complementing the absent proteins through coinfection
(30). In addition, the presence of such SI virions is considered to
enhance genome reassortment in coinfected cells (31). The au-
thors of these previous studies have generally assumed that the
lack of viral protein expression is exclusively due to the failure of
VRNA packaging into virions, proposing that virions containing a
complete set of RNPs would be in the minority. However, loss of
viral protein expression could also be due to a breakdown in the
uncoating and nuclear transport of RNPs, vVRNA transcription,
and/or viral protein synthesis (32). Given that SI virions have
never been directly observed, the existence of virions containing
less than eight RNPs remains controversial.
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Previous studies demonstrating that influenza A viruses selec-
tively package eight RNPs arranged in a specific “7+1” pattern
relied on electron microscopic techniques and mainly used labo-
ratory strains of influenza A viruses, which are well adapted to cell
culture or embryonated eggs (22, 24). In fact, quantitative analyses
of VRNP packaging have not been done even with laboratory
strains. To reveal whether virions incorporating less than eight
RNPs actually exist and, if they do exist, to determine what pro-
portion of virions contain less than eight RNPs, we counted the
number of RNPs in both laboratory and clinically isolated strains
of influenza A and B viruses by using ultrathin-section electron
microscopy and electron tomography.

RESULTS

Genome packaging of influenza A viruses. To investigate
whether virions from various influenza A virus strains package all
eight well-organized RNPs, we prepared 110-nm-thick ultrathin
sections of the budding virions of four influenza A virus strains
(A/WSN and A/PR8 as representative laboratory strains and
A/Yokosuka/UT-Y291/11 [A/Yokosuka] and A/Tokyo/UT-
IMS6-1/2013 [A/Tokyo] as representative clinically isolated
strains) and counted the number of RNPs observed within the
virions by using transmission electron microscopy (TEM). Be-
cause influenza virions are spherical or oval, with a diameter of
approximately 100 nm (1), we expected to be able to count most of
the RNPs packaged within the virions with a high probability by
using the 110-nm-thick ultrathin sections. As previously reported
(21-24), most A/WSN virions (80%) contained eight RNPs ar-
ranged in the “7+1” pattern in which a central RNP was sur-
rounded by seven RNPs (Fig. 1A). However, virions containing
less than eight RNPs (i.e., seven, six, five, four, three, two, or one
RNP in each sectioned virion) were also observed.
Well-organized sets of eight RNPs were also observed within
the virions of the other influenza A virus strains, although the
proportions of such virions differed, depending on the virus strain
(Fig. 1). Approximately 60% of the A/PR8 virions had all eight
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FIG 2 RNPs observed within transverse sections of influenza B virions. MDCK cells were infected with B/Lee/40 (B/Lee) (A), B/Hong Kong/8/73 (B/HK) (B),
B/Yokosuka/UT-Y23/11 (B/Yokosuka) (C), and B/Yokohama/UT2086/03 (B/Yokohama) (D) atan MOI of 10. At 48 h postinfection (hpi), the infected cells were
fixed and embedded in Epon resin. Ultrathin sections (110 nm thick) were prepared and observed by using TEM. The pie charts show the proportions of virions

in which one to eight RNPs were observed. Scale bar, 100 nm.

RNPs (Fig. 1B), whereas only 32% and 16% of the virions from the
clinical isolates A/Yokosuka and A/Tokyo, respectively, contained
all eight RNPs, (Fig. 1C and D). These results suggest that both
laboratory and clinically isolated influenza A virus strains use a
common mechanism to package the eight RNPs and arranged
them in a “7+1” pattern, although clinically isolated strains ap-
peared to show less-efficient packaging of the eight RNPs.

Genome packaging of influenza B viruses. Most studies of the
genome-packaging mechanism of influenza viruses have focused
on influenza A viruses, and little is known about the genome-
packaging mechanism of influenza B viruses, although these vi-
ruses also possess genomes with eight-segmented RNAs. To deter-
mine whether influenza B viruses package their eight-segmented
RNPs into virions, 110-nm-thick ultrathin sections of budding
virions were prepared from four influenza B virus strains (the
laboratory strains B/Lee/40 [B/Lee] and B/Hong Kong/8/73 [B/
HK] and the clinically isolated strains B/Yokosuka/UT-Y231/11
[B/Yokosuka] and B/Yokohama/UT2086/03 [B/Yokohamal]).
Then, the number of RNPs observed within transversely sectioned
virions of each strain was counted manually by using TEM as
described for the influenza A viruses. The characteristic “7+1”
configuration of eight RNPs was observed in all of the influenza B
strains examined (Fig. 2A to D). All eight of the well-organized
RNPs were observed in about 50% of B/Lee virions and in about
40% of B/HK virions. However, as with the influenza A viruses,
the proportions of virions containing eight RNPs tended to be
lower for the clinically isolated strains: 26% each for B/Yokosuka
and B/Yokohama (Fig. 2A to D). These findings imply that al-
though a substantial number of virions package less than eight
RNPs, influenza A and B viruses have retained the ability to pack-
age all eight well-organized RNPs.

Scanning transmission electron microscopy tomography of
influenza A and B virions. The results of the TEM analysis of
ultrathin sections of influenza A and B virions suggest that incom-
plete packaging of RNPs into a substantial number of virus parti-
cles occurs, with variation among virus strains. However, because
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whole virions are not always contained within 110-nm-thick ul-
trathin sections, the number of RNPs observed within the sec-
tioned virions might not necessarily represent the actual number
of RNPs within the virions; therefore, these results do not conclu-
sively demonstrate whether the virions package less than eight
RNPs (see Fig. S1 in the supplemental material). To determine the
exact number of RNPs packaged within a particular whole virion,
we performed scanning transmission electron microscopy
(STEM) tomography for the A/WSN, A/Yokosuka, B/Lee, and
B/Yokosuka strains. For this analysis, 250-nm-thick semithin sec-
tions of budding virions were subjected to STEM tomography as
described previously (22), and only whole virions, that is, not
sectioned virions, were three-dimensionally (3-D) reconstructed.
Then, the number of RNPs within each whole virion was counted
using the 3-D information.

Consecutive 0.5-nm-thick tomograms obtained at 5.0-nm in-
tervals from the respective whole virions demonstrated that dif-
ferent lengths of the eight RNPs, associated with the lipid envelope
at the top of the budding virion, were frequently found within a
single whole virion in all influenza A and B strains examined,
confirming the results of a previous study (22) (Fig. 3A; see Fig.
S2Cand S2D in the supplemental material). A 3-D model of RNPs
within a single whole virion (created based on the electron density
of RNPs in consecutive tomograms) clearly showed that the eight
RNPs were consistently arranged in the “7+1” pattern in all
strains, demonstrating the importance of this well-organized su-
pramolecular complex for the complete packaging of the eight
vRNAs in both influenza A and B viruses.

However, some virions were found to have packaged less than
eight RNPs (Fig. 3C, E, and G). For example, seven RNPs were
found packaged in one virion (Fig. 3C); these RNPs were associ-
ated with the inner envelope of the budding virion at the top,
similar to the observations of the well-organized packaging of all
eight RNPs. The seven RNPs were arranged in a “6+1” pattern, in
which a central RNP was surrounded by six RNPs. Similarly, six
RNPs arranged in a “5+1” pattern were found in another virion
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FIG 3 RNPs within 3-D reconstructed virions. For each virus strain, 250-nm-thick semithin sections were prepared from the same samples as those examined
by using TEM (Fig 1 and Fig 2). Then, 3-D structures of the whole virions were computationally reconstructed by using STEM tomography. (A and B) A/WSN,
(Cto F) B/Lee, and (G and H) A/Yokosuka. Digital slices of the reconstructed virions for A/WSN (A), B/Lee (C and E), and A/Yokosuka (G) are shown from the
top (top left panel) to the bottom (bottom left panel). (B, D, F, and H) Models for the RNPs packaged within the virions from the top (right) and side (left) views.

Scale bar, 75 nm.

(Fig. 3E). In addition, we observed occasional virions containing
only five RNPs organized in a “4+1” arrangement (Fig. 3G). No
virions were found to package more than eight RNPs, although
thin actin-like structures were observed in A/Yokosuka (see
Movie S1D in the supplemental material). These results confirm
our finding that some virions package less than eight RNPs and
that incomplete genome packaging of the eight vVRNAs occasion-
ally occurs in both influenza A and B virions, resulting in the
production of virions with less than eight RNPs.

Influenza A and B virions mostly package eight RNPs. Within
a viral population, what proportion of virions package the com-
plete set of RNPs? To quantitatively determine the proportion of
budding virions that package all eight RNPs, approximately 50
whole virions of laboratory strains and 10 whole virions of clini-
cally isolated strains were 3-D reconstructed by using STEM to-
mography, and the number of RNPs packaged within the respec-
tive whole virions was counted. All A/WSN virions examined (n =
50) were found to have packaged all eight RNPs arranged in the
“7+1” pattern (Fig. 4A), which is largely consistent with the re-
sults of TEM analysis of 110-nm-thick ultrathin sections (Fig. 1A).
Similarly, for the other strains examined, most of the 3-D recon-
structed virions packaged all eight RNPs: 91% for A/Yokosuka
(n=11), 86% for B/Lee (n = 49), and 80% for B/Yokosuka (n =
10). These results suggest that virions containing less than eight
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RNPs are in the minority. Indeed, virions lacking RNPs accounted
for no more than 20% of the 3-D reconstructed virions (Fig. 4).
Because no virions containing less than five RNPs were observed
among the tested strains, the existence of such virions remains
unknown.

9%
A
100% 91%
N=50 N=11
4%
6% D
Cc P
20%
86% 80% Number of RNPs
N=49 N=10 8 7 6 5

FIG 4 Influenza A and B viruses usually package eight RNPs. The number of
RNPs inside the virions was counted for each reconstructed virus acquired by
use of STEM tomography. Approximately 50 virions of the laboratory strains
and 10 virions of the clinically isolated strains were analyzed. (A) A/WSN, (B)
A/Yokosuka, (C) B/Lee, and (D) B/HK.
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DISCUSSION

It is generally believed that influenza A viruses selectively package
their eight different RNPs within their virions (21-25). However,
some virological studies have reported that most virions are in fact
SI virions and that this is likely due to incorrect packaging and a
lack of RNP(s) (27, 29-31). To directly demonstrate how many
RNPs are packaged into different virions, we used electron mi-
croscopy and confirmed that both influenza A and B virions usu-
ally package eight RNPs, arranged in the “7+1” pattern. Impor-
tantly, we also provide the first direct evidence that some virions
are indeed deficient in one or more RNP(s) and that the propor-
tion of virions lacking RNP(s) is dependent on the virus strain.
These results are consistent with the current selective genome-
packaging model but suggest that this mechanism of influenza A
and B virus packaging is more flexible than previously thought.
Using STEM tomography, we directly counted the number of
RNPs packaged within 3-D reconstructed virions and revealed
that only a small proportion of virions (at most 20%) packaged
less than eight RNPs. Overall, these results show that clinically
isolated strains of both influenza A and B viruses have a greater
tendency to package less than eight RNPs than do their laboratory
counterparts (Fig. 1 and 2). Although we did not determine the
infectivity of the viruses in this study, a virion with less than eight
RNPs would not be able to undergo the replication cycle by itself,
suggesting that those virions share a feature similar to SI virions.
Previous studies determined the proportion of SI virions by ana-
lyzing the viral protein expression in infected cells. Brooke et al.
(30) performed flow cytometric analysis and reported that 53% of
A/PRS virus-infected cells failed to simultaneously express hem-
agglutinin (HA), neuraminidase (NA), nucleoprotein (NP), and
NS1 proteins, suggesting that most of these influenza A virions
were SI virions (30). An immunofluorescence assay of A/WSN
virus-infected cells by Martin and Helenius revealed that approx-
imately 5% of NP-expressing cells failed to express either HA or
M1 (29). Failure of viral protein expression could be due to not
only the failure of vVRNA packaging into virions but could also
reflect the uncoating and inefficient nuclear transport of RNPs or
lack of VRNA transcription and/or viral protein synthesis, even
though eight RNPs were packaged in virions (32). Another possi-
ble mechanism for the production of SI virions is that the virions
package eight RNPs but incorporate two or more of the same
VRNPs, resulting in some vVRNPs not being represented. However,
a previous study showed that vRNAs that possess the same
genome-packaging signal but encode different reporter genes
compete with each other, suggesting that multiple copies of the
same VRNPs would not be efficiently incorporated into a virion
under normal circumstances (33). In fact, we showed that the
proportion of virions that package a complete set of RNPs for
A/WSN was 100%, suggesting that some virions with eight RNPs
could be semiinfectious due to packaging nonfunctional VRNA
segment (e.g., those possessing mutations leading to nonfunc-
tional proteins). The presence of SI virions with eight RNPs may
be what caused the difference in the proportion of SI virions as
previously reported (29, 30) and virions with less than eight RNPs
determined in this study (Fig. 4A). It should be noted that the
proportion of virions that package eight RNPs and less than eight
RNPs may vary by host cell type and also at different time points
after infection. Further studies are needed to determine the factors
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that affect the number of the RNPs that are packaged within prog-
eny virions.

Taken together, our results essentially support the selective
packaging model, in which eight different vVRNAs are generally
packaged into virions. As expected, the arrangement of eight
RNPs in the typical “7+1” pattern was observed in all influenza A
and B virions examined (Fig. 1 and 2). Although the number of
RNPs observed within a single whole virion varied from five to
eight, the overall configurations of the RNPs inside the virions
were consistent: one RNP at the center surrounded by the remain-
ing RNPs (Fig. 3B, D, F, and H; see Fig. S2B, S2D, and S2F in the
supplemental material). Previous reverse genetics studies have
demonstrated that mutations or deletions in a packaging signal
sequence of a certain VRNA can disrupt the packaging of the other
vRNAs into the virions or virus-like particles (VLPs), suggesting
functional interactions among vRNAs via a genome-bundling sig-
nal—which ensures the incorporation of the complete set of eight
vRNAs into the virions (20)— during the genome-packaging pro-
cess (26). Deletion of the genome-packaging signals in the PB2
vRNA had the strongest impact on the packaging efficiency of
other vRNAs into VLPs (14), suggesting the importance of the
PB2 vRNA in genome packaging. A detailed ultrastructural anal-
ysis of the eight well-organized RNPs within virions revealed
physical interactions among the central and peripheral RNPs via
as-yet-unidentified string-like structures (22). Considering these
specific interactions, our data suggest that the central RNP plays
an important role in recruitment and packaging via interactions
with the peripheral RNPs. Although the central RNP (VRNA) has
not yet been identified, the PB2 vRNA might be a potential can-
didate (14, 22). Further studies are needed to identify the central
RNP (VRNA) among the eight well-organized RNPs as well as
hierarchy among vRNPs in packaging other than the critical role
played by the PB2 vRNP.

The production of virions that lack RNP(s) may reflect the
“flexibility” in the interaction between VRNAs during the
genome-packaging process. At first glance, production of virions
with less than eight RNPs would seem to be a disadvantage for a
virus; however, such flexibility would enable the progeny virions
to package VRNAs from different influenza strains, leading to the
production of reassortants and thus promoting evolution and di-
versity. If the selectivity of the eight different VRN As was rigid and
exclusively determined on the basis of conserved nucleotide se-
quences in genome-packaging signals, the chance of genome re-
assortment between different strains would be restricted to the
certain factors such as high rate of coinfection by different strains.
Indeed, a recent study demonstrated that genome reassortment is
enhanced by the presence of SI virions that deliver an incomplete
genome set (31). Although a single SI virion cannot produce prog-
eny in a cell on its own, it can achieve infectivity via complemen-
tation through coinfection with other SI virions. Thus, our results
support the idea that flexibility in VRNA interactions may enhance
the genome diversity of influenza viruses, even though this prop-
erty comes at the risk of potential failure of integral vVRNA pack-
aging into virions.

Here, we demonstrated that the selective genome-packaging
mechanism of eight vVRNAs is maintained in influenza A and B
viruses, indicating that this mechanism has been conserved as a
minimum requirement for continual virus replication and species
survival. We also provide the first direct evidence for the presence
of virions that package less than eight RNPs and further evidence
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that most virions package all eight RNPs. Additional studies are
required to reveal the genome-packaging mechanism as well as the
specific roles of virions with less than eight RNPs. Such studies
would contribute to the development of a deeper understanding
of how pandemic influenza viruses emerge.

MATERIALS AND METHODS

Cells and viruses. The Madin-Darby canine kidney (MDCK) cells used in
this study were obtained from Robert Webster, St. Jude Children’s Re-
search Hospital, Memphis, TN, and were maintained in minimal essential
medium (Gibco) with 5% newborn calf serum. The stocks of A/WSN/33
(A/WSN), A/Puerto Rico/8 (A/PR8), B/Lee/40 (B/Lee), and B/Hong
Kong/8/73 (B/HK) were prepared by using reverse genetics as previously
described (34). A/Yokosuka/UT-Y291/11 (A/Yokosuka), A/Tokyo/UT-
IMS6-1/2013 (A/Tokyo), B/Yokosuka/UT-Y231/11 (B/Yokosuka), and
B/Yokohama/UT2086/03 (B/Yokohama), which were clinically isolated
from humans, were passaged three times in MDCK cells.

Virus infection. The cells were infected with each virus strain at a
multiplicity of infection (MOI) of 10 and were fixed at 10 to 16 h postin-
fection (hpi) as previously described (21).

Quantification of the number of packaged RNPs in virions by use of
TEM. Chemically fixed samples were prepared as previously described
(21). Ultrathin (110-nm-thick) sections were stained with 2% uranyl ac-
etate and Reynold’s lead. The areas of interest were chosen randomly
based on where budding virions and infected cells were observed. The
images were then acquired with a Tecnai F20 TEM (FEI Company, Eind-
hoven, the Netherlands) at 200 kV. The number of RNPs in each virion
was determined by counting the number of RNPs observed only within
transversely sectioned virions. This was because the number of RNPs
within the longitudinally sectioned virions could not be counted due to
overlapping projection images of other RNPs within the virions. Empty
virions were not considered in this study because the rate of empty virions
is dependent on strain-specific morphology; filamentous virions appear
to be mostly empty when they are transversely sectioned (21). Approxi-
mately 100 virions were observed for each virus strain.

Quantification of the number of packaged RNPs in virions by use of
STEM. Semithin sections (250 nm thick) were prepared from the same
plastic block as was used for the ultrathin sections. After the semithin
sections were stained with 2% uranyl acetate and Reynold’s solution, both
sides of the sections were carbon coated with the VE-2030 vacuum (Vac-
uum Device, Ibaraki, Japan). Plasma cleaning was performed with a
model 1020 plasma cleaner (Fischione Instruments, Export, PA). Single-
or dual-axis images of the semithin sections were acquired with a Tecnai
F20 field-emission STEM (FEI Company, Eindhoven, the Netherlands) at
200 kV using an annular dark-field detector (Fischione, Export, PA). The
digital images were collected with a 2cos6° increment over a 60° range
with a pixel size ranging from 0.25 to 1 nm. The stack of images was then
reconstructed by using the simultaneous iterative reconstruction tech-
nique and Inspect3D software (FEI Company, Eindhoven, the Nether-
lands). For the dual-axis tilt series, the x- and y-axis tilt series were recon-
structed by using Inspect3D software (FEI Company, Eindhoven, the
Netherlands). The models of the RNP complexes within the virions were
created with the Avizo 6.2 image-processing package (Visualization Sci-
ence Group, Burlington, MA) as previously described (22).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBi0.01248-16/-/DCSupplemental.

Figure S1, TIF file, 8.5 MB.

Figure S2, TIF file, 8.2 MB.

Movie S1A, AVI file, 9.3 MB.

Movie S1B, AVI file, 8 MB.

Movie S1C, AVI file, 5.6 MB.

Movie S1D, AVl file, 9.1 MB.
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