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Dual Wavelength Imaging Allows Analysis of Membrane Fusion of
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Influenza virus hemagglutinin (HA) is a determinant of virus infectivity. Therefore, it is important to
determine whether HA of a new influenza virus, which can potentially cause pandemics, is functional against
human cells. The novel imaging technique reported here allows rapid analysis of HA function by visualizing
viral fusion inside cells. This imaging was designed to detect fusion changing the spectrum of the fluorescence-
labeled virus. Using this imaging, we detected the fusion between a virus and a very small endosome that could
not be detected previously, indicating that the imaging allows highly sensitive detection of viral fusion.

The emergence of new subtypes of influenza A virus has
been responsible for worldwide pandemics, such as the Spanish
influenza pandemic in 1918-1919 (1). New virus subtypes are
immunologically distinct from viruses circulating previously,
because these viruses contain novel subtypes of hemagglutinin
(HA), a viral membrane glycoprotein and major antigenic de-
terminant of the virus. The antigenic shift is caused by reas-
sortment of genomic RNA between human and avian viruses
and replacement of human virus HA with avian virus HA (1).
Although the antigenic shift is required for pandemics, not all
reassortant viruses cause severe disease (3). When the HA of
reassortant viruses functions efficiently in human cells, binding
to sugar chains on the cell surface and fusing the viral and
cellular membranes (1), the viruses presumably cause severe
disease. In order to elucidate a correlation between HA func-
tion and viral infectivity to human cells, there is a need for
methodologies to determine whether the HA of viruses is func-
tional against the human cells. Here, we report a simple and
rapid imaging technique that visualizes viral membrane fusion.

Membrane fusion of influenza virus is a good marker of HA
functions. Influenza virus encloses its genomic RNA with a
membrane that consists of a lipid bilayer and viral membrane
proteins (1). When infecting a host cell, the virus attached to
the cell surface is taken up into an endosome by cellular en-
docytosis. Viral HA is activated by endosome acidification, and
activated HA fuses the viral and endosomal membranes, al-
lowing viral RNA to be released into the cell cytoplasm (1, 13).
Because virus-endosome fusion is the last step of the infectious
process mediated by HA, efficiency of the fusion in human cells
reflects HA function for human cells. The most widely used
assay to detect virus-endosome fusion is based on dequenching
of lipophilic fluorescence probes (9). In this assay, a fluores-

cence probe is incorporated into viral membranes at high con-
centrations to cause self-quenching. Virus-endosome fusion
decreases the density of the probe and consequently increases
the probe’s fluorescence, i.e., dequenching. Commonly the de-
quenching is measured with a fluorometer. Spectroscopic mea-
surements, however, do not allow proper quantitative analysis
of virus-endosome fusion. Dequenching is also induced by
other cellular membrane fusion activity, such as endosome-
endosome or endosome-lysosome fusion, that can occur after
virus-endosome fusion. Spectroscopic measurements cannot
distinguish virus-endosome fusion from cellular membrane fu-
sion events.

Recently, individual virus particles labeled with a fluorescent
probe were monitored continuously in living cells under a
fluorescence microscope, and dequenching induced by a single
virus-endosome fusion event was detected (11, 16). This single-
virus tracking technique potentially isolates virus-endosome
fusion from cellular fusion events. This kind of imaging tech-
nique, however, follows only a few virus particles in a cell
simultaneously and consequently requires considerable time
and effort to obtain statistical data on virus-endosome fusion.
In order to quantitatively analyze virus fusion activities in hu-
man cells, novel techniques that analyze numerous fusion
events simultaneously are required. To improve the fluores-
cence dequenching assay, we have developed a dual wave-
length imaging technique that detects individual virus-endo-
some fusion events as a shift in the fluorescence color of virus
particles, which can be seen under a fluorescence microscope.
We applied this technique to fusion of influenza A virus (PR/
8/34 strain) in HeLa cells, in which virus-endosome fusion
could not be observed by the previous imaging technique (11).
We detected numerous virus-endosome fusion events in HeLa
cells simultaneously and analyzed the fusion temporally and
spatially. Moreover, we characterized virus fusion sites and
found that in HeLa cells, the virus initiates fusion with endo-
somes at a stage earlier than the late endosome stage, which
has previously been suggested to be the fusion site of the
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influenza A virus for other cell lines. This finding indicates that
the dual wavelength imaging technique is useful for virological
research on infectious processes, in addition to evaluating HA
fusion activity in specific host cells.

MATERIALS AND METHODS
Fluorescent labeling. Influenza virus (A/PR/8/34) was labeled with 3,3�-diocta-

decyloxacarbocyanine (DiOC18) and octadecyl rhodamine B (R18). Purified
virus (viral protein, 100 �g) was suspended in 1 ml of phosphate-buffered saline.
DiOC18 and R18 (Molecular Probes, Inc.) were dissolved in ethanol and mixed
at concentrations of 33 �M and 67 �M, respectively. The probe mixture (6 �l)
was added to the virus suspension and mixed vigorously. The reaction mixture
was gently shaken for 1 h at room temperature and then passed through a filter
(0.22 �m pore size; Millipore). The mole fractions of DiOC18 and R18 for 1 mg
of virus protein were 2 and 4 nmol, respectively. These values are several times
smaller than the mole fraction (10 to 20 nmol/mg protein) of R18 in the tradi-
tional fusion assays (9). In the traditional fusion assays, unincorporated R18 was
removed by gel filtration (9). However, we omitted this process because of the
following two reasons. First, when we applied the reaction mixture to the gel
filtration, we did not detect any unincorporated probes. Second, by testing virus
fusion to red blood cells, we confirmed that there was no difference in fusion
activity between gel-filtrated and unfiltrated viruses.

Imaging virus fusion. HeLa cells, cultured in a glass dish (Iwaki), were incu-
bated with labeled virus at 4°C for 10 min, washed with ice-cold phosphate-
buffered saline, and then warmed to 37°C. After 10 to 60 min at 37°C, the dish
was set on the stage of a confocal microscope (LSM410; Zeiss). The cells were
scanned using an Ar-Kr laser light (488 nm). Two ranges of fluorescence wave-
length, 510 to 525 nm and 575 to 640 nm, were detected simultaneously using two
detectors. For quantitative analysis, the fluorescence intensities of individual
fluorescent spots on both digital images were read with ImageJ software (http:
//rsb.info.nih.gov/ij/). To examine the colocalization of epidermal growth factor
(EGF) in the virus fusion site, Cy5-labeled EGF and labeled virus were bound to
cells simultaneously. To obtain images of Cy5-EGF, immediately after scanning
with the Ar-Kr laser, the cells were scanned with a He-Ne laser light (633 nm)
and fluorescence over 665 nm was detected.

RESULTS AND DISCUSSION

Labeling design. To visualize virus-endosome fusion under a
fluorescence microscope, we designed a fluorescent labeling
system that would have a change in fluorescence spectrum
after fusion. Two lipophilic probes, DiOC18 and R18, were
incorporated into the membrane of influenza A virus strain
PR/8/34 (Fig. 1A and B). As seen in Fig. 1C, two peaks were
observed in the fluorescence spectrum of the labeled virus (Fig.
1C, �SDS [sodium dodecyl sulfate]). The first peak represents
the green (510 nm) fluorescence emitted from DiOC18, while
the other peak represents the red (586 nm) fluorescence from
R18. In the labeled virus, the green fluorescence is suppressed
to a level similar to that of the red fluorescence by both self-
quenching of DiOC18 and fluorescent resonance energy trans-
fer (FRET) from DiOC18 to R18, whereas the red fluores-
cence from R18 is partly self-quenched. Removal of the self-
quenching and FRET by solubilization with a detergent
dramatically increased the green fluorescence of DiOC18 (Fig.
1C, �SDS). In spite of the dissolution of FRET from DiOC18
to R18 by solubilization with the detergent, total red fluores-
cence above 575 nm remained unchanged because DiOC18
fluorescence caused an increase in the red fluorescence inten-
sity. The fluorescence spectra of DiOC18 and R18 and FRET
between the probes were not altered between pH 4.5 and 7.5.
When green and red fluorescence were monitored simulta-
neously using two detectors, the red channel detector was
tuned with greater sensitivity than the green detector in order
to clearly visualize the fluorescence color shift from red to
green caused by membrane fusion, as illustrated in Fig. 1B.

DiOC18 and R18 do not affect virus infectivity. By use of a

plaque-forming test with Madin-Darby canine kidney cells,
plaque-forming activity of the labeled virus was 96% � 11% of
the activity of nonlabeled virus. These probes do not perturb
the virus membrane. In fusion experiments using red blood
cells, influenza virus induces leakage of hemoglobin (i.e., he-
molysis), which is closely related to virus membrane stability
(17). For testing hemolysis between pH 4.5 and 7.5, pH de-
pendency of hemolysis induced by the labeled virus was the
same as by nonlabeled virus (data not shown).

Imaging of virus-endosome fusion in living cells. To exper-
imentally detect the fluorescence color shift caused by the
fusion of the labeled virus with an endosome, we incubated
HeLa cells with the labeled virus for 10 min at 4°C and then at
37°C for various times. The green (510 to 525 nm) and red (575
to 640 nm) fluorescence images of cells were obtained simul-
taneously using two detectors on a confocal microscope, and
both images were merged (Fig. 2). After virus binding (Fig. 2,
0 min), virus particles on cell surfaces were observed as red
spots. After a 20-min incubation, orange, yellow, and green
spots were seen all over the cells. These orange, yellow, and
green spots were not observed in the presence of NH4Cl, which
neutralizes the inside of endosomes and consequently blocks
virus-endosome fusion, indicating that the color shifts in these
spots were caused by fusion between the labeled viruses and
endosomes. After 60 min, large spots with bright-green fluo-
rescence were observed close to the cell nucleus. These spots

FIG. 1. Influenza virus-endosome fusion visualization method.
(A) Structures of DiOC18 and R18, which can be incorporated into the
virus membrane. ex., excitation; em., emission. (B) Schema outlining
the fluorescence color shift induced by membrane fusion between a
labeled virus and an endosome. (C) Fluorescence spectra of labeled
virus (�SDS) and solubilized virus (�SDS). Extreme dilution of the
probes increases green (510 nm) fluorescence and faintly alters red
(586 nm) fluorescence. From the spectra, virus fusion could be de-
tected by monitoring green and red fluorescence simultaneously using
two detectors with a confocal microscope. The labeled viruses were
colored red before fusion, as shown in panel B, by tuning the red
channel detector, which has greater sensitivity than the green channel
detector.
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are most likely lysosomes, since the viral membrane compo-
nents, such as HA, are known to be transferred to lysosomes
after 60 min (19).

The dual wavelength imaging technique allows highly sensi-
tive detection of virus fusion. Although the previous imaging
technique can track single fluorescently labeled viruses in a
living cell, it was not capable of detecting the dequenching
induced by the virus-endosome fusion in HeLa cells (11),
which we could see as a fluorescence color shift. In the single-
virus tracking experiments, influenza A virus strain X-31 was
used (11). The X-31 virus has different subtypes of HA and
neuramidase (H3N2) than PR/8/34 (H1N1), which we used in
this study. However, the difference between virus strains is not
crucial. Using Aichi/2/68, for which HA and neuramidase are
identical to those of X-31, we obtained the same results as with
PR/8/34 (data not shown). For the purpose of detection of
fusion events, changes in fluorescence color may be more sen-
sitive than changes in fluorescence intensity, because fluores-
cence intensity is easily affected by many factors other than
dequenching, such as fluctuation of the illuminating light, the
virus moving out of the focal plane, and the accumulation of
viral particles in endosome vesicles.

Previous studies have observed that the virus-endosome fu-
sion in CHO and BS-C-1 cells occurs after the viruses are
transported close to the cell nuclei, whereas in HeLa cells the
viruses stayed largely in peripheral regions and did not exhibit
much motion (11, 16). We obtained consistent data for the
distribution of viruses in HeLa cells. As seen in Fig. 2, endo-
somes containing the labeled virus were distributed peripher-
ally even at 20 min. Furthermore, our data demonstrated that
the virus-endosome fusion in HeLa cells occurred in peripheral
regions before transport to the perinuclear regions (Fig. 2).
This suggests that the virus fusion sites in HeLa cells are
different than those in CHO and BS-C-1 cells. Therefore, in
order to characterize the virus fusion site in HeLa cells, we
analyzed the fusion quantitatively.

Quantitative analysis of virus-endosome fusion. The dual
wavelength imaging technique is advantageous in obtaining
statistical data on virus fusion because it allows visualization of
numerous virus particles (about 40 to 50 viruses per cell) as
fluorescent spots, as seen in Fig. 2. To quantitatively analyze
the virus-endosome fusion events, we measured the green and

red fluorescence intensities of individual fluorescent spots
from the digital images at various times (Fig. 3, insets). Each
spot was characterized by the ratio of green to red (G/R). As
seen in Fig. 3, the G/R values of unfused viruses were distrib-
uted close to peak no. 1 (G/R � 0.2 to 0.3) before the 37°C
incubation (0 min). After 10 min, half of peak no. 1 shifted to
peak no. 2 (G/R � 0.7 to 0.8), and after 20 min, the shift was
complete. These results indicate that the subpopulation
around peak no. 2 is probably the endosome fused with labeled
virus and the half time of virus-endosome fusion is approxi-
mately 10 min. After 60 min, both peak no. 1 and peak no. 2
disappeared, and the G/R values increased and became widely
spread. The increase in G/R values observed from 20 to 60 min
is likely caused by endosome-endosome and endosome-lyso-
some fusion occurring after virus-endosome fusion. We next
focused on the subpopulation where peak no. 2 corresponded
with the orange spots in Fig. 2 to identify the endosomes with
which the virus fused.

Colocalization of endocytosed molecules in the virus fusion
site. In order to characterize the influenza A virus fusion site,
we examined colocalization of EGF in the fusion site. Both
influenza virus and EGF are endocytosed through clathrin-
coated pits, transferred through an early and a late endosome,
and delivered to a lysosome (6, 13). Before delivery to a lyso-
some, EGF molecules accumulate in a late endosome (4). It
has been hypothesized that fusion of influenza A virus occurs
in late endosomes because the pH of late endosomes is 5.5 and
fusion of influenza A virus (PR/8/34) is activated below pH 5.8
(1, 8, 12, 13). Therefore, EGF should accumulate at the virus
fusion site. To examine this hypothesis, we incubated HeLa
cells with DiOC18/R18-labeled virus and Cy5-labeled EGF
simultaneously at 4°C and then warmed the cells up to 37°C.
After 20 min at 37°C, EGF accumulated in organelles close to
the nucleus (Fig. 4). The distribution of EGF-positive or-
ganelles was consistent with that of late endosomes or lyso-
somes, as reported previously (4). As seen in Fig. 4, orange
spots corresponding to the virus fusion sites were still distrib-
uted all over the cell and many of them did not contain any
detectable EGF. In contrast, some yellow and green spots close
to the nucleus contained detectable EGF (Fig. 4). Virus fusion
seemed to precede transfer of the virus to EGF-accumulating
organelles. This implies that the virus fusion occurs before

FIG. 2. Time-dependent color shift of viruses and virus-fused endosomes. Labeled virus was bound to HeLa cells for 10 min at 4°C and then
incubated at 37°C for various time periods (times in min are indicated at upper left of each panel). Green and red fluorescence images were
detected with two detectors by using a confocal microscope (LSM410; Zeiss). To detect the labeled viruses as red spots, the red channel detector
was tuned with greater sensitivity than the green detector in all experiments. The two images have been merged. The color of fluorescent spots
shifted from red to green with time. The shift was not observed in the presence of NH4Cl. The cell nucleus is indicated by N. Bar � 10 �m.
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reaching late endosomes. To examine this possibility further,
we next analyzed the size of endosomes that fused with the
viruses.

Estimation of size of the virus fusion sites. The size of
endosomes that fused with the labeled viruses could be calcu-
lated from the G/R values in Fig. 3, since the G/R value

depends on the density of the probes and the change of probe
density induced by the fusion depends on the size of the en-
dosome before the fusion event. We examined whether the
influenza A virus fuses with the late endosome from the view-
point of organelle size. To determine the relationship of the
G/R value to probe concentration, we prepared egg phosphati-
dylcholine (PC) liposomes containing DiOC18 and R18 with
various ratios of PC and measured the G/R value of these
liposomes with the confocal microscope. The result is shown in
Fig. 5A. On this calibration curve, the G/R values of spots no.
1, no. 2, and no. 3 in Fig. 3 were plotted and the corresponding
concentrations were deduced (Fig. 5A). The concentration of
spot no. 2 in Fig. 3 was 2.6 times less than that of spot no. 1.
Since spot no. 1 represents the virus particle itself, this result
suggests that the virus fused to an endosome with a membrane
area 1.6 times larger than that of the virus particle (Table 1).

To calculate the diameter of the endosome fusing with the
virus, we used the diameter of virus particles determined from
electron microscopic images of negative-stained virus (Fig.
5B). The diameter of labeled virus particles was the same as
that of nonlabeled virus, that is, 125 � 24 nm. Using this value,
we estimated the diameter of the endosome fusing with the
virus to be 160 nm (1.3 � 125 nm) (summarized in Table 1).

The estimated diameter of the endosome fusing with the
virus is midway between the size of a clathrin-coated vesicle
and the size of an early endosome and is several times smaller
than that of a late endosome (5, 7, 10, 18). If viruses were
accumulated through endosome-endosome fusion and conse-
quently an endosome contained more than one virus particle,
we could underestimate the size of the endosome fusing with
the virus. However, accumulation of virus particles might be
limited, because the red fluorescence intensity of endosomes
containing the labeled virus, which is proportional to the num-
ber of virus particles, was not increased by much, even at 60
min (Fig. 3, insets). To test whether our estimation was correct,
we estimated the size of spot no. 3 after 60 min (Fig. 3). After
60 min, membrane components of endocytosed influenza virus
are transferred to lysosomes (19). By using the G/R value of
spot no. 3, the diameter of this organelle was estimated to be
approximately 900 nm by the same calculation procedure used
above (Fig. 5A and Table 1). The estimated diameter, 900 nm,
is equal to the diameter previously determined for lysosomes
(5, 10). Therefore, this method appears to be a reliable esti-
mate of size.

To further confirm the size of the virus-fusing endosome, we
attempted to observe the endosome through an electron mi-
croscope. HeLa cells were infected with virus, incubated at
37°C for 5 to 20 min, and subjected to electron microscopy. A
large number of small endosomes containing a virus particle
were observed. After incubation for 10 min, which was the half
time of the fusion, the diameter of these endosomes remained
similar to or slightly larger than that of endosomes immedi-
ately after virus internalization (Fig. 5C). The diameter of
endosomes after the 10-min incubation was around 160 nm
(Fig. 5C). This value is consistent with the diameter estimated
from the G/R values of spot no. 2. In addition, the endosomes
with membranes continuous with viral membranes and a C-
shaped membrane organelle that can be seen in Fig. 5C (10
min) imply that these small endosomes had just fused with the
virus. These C-shaped structures were detected more often at

FIG. 3. Temporal analysis of virus-endosome fusion. Green and
red fluorescence intensities of individual fluorescent spots, as shown in
Fig. 2, were measured. The fluorescent spots were characterized by a
ratio of green to red fluorescence (G/R). Two hundred spots were
analyzed at each time, as indicated in the histograms. The colors of the
bars in the histograms correspond to the fluorescence colors of spots
with the indicated G/R values. Insets show distribution of green and
red fluorescence in each spot. Three subpopulations with peaks no. 1,
no. 2, and no. 3 (labeled with arrows) represent labeled virus, virus-
fused endosomes, and lysosomes, respectively.
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10 to 20 min after infection (data not shown). The electron
microscopic observations confirmed that the influenza A vi-
ruses fused with the endosomes several times smaller than late
endosomes in HeLa cells.

Endosomes with a diameter of 160 nm have a size midway
between that of a coated vesicle and that of an early endosome.
An endosome of such an early stage was reported to have a pH
of 6.3, which is insufficient for fusion of the influenza virus
strain (A/PR/8/34) (12, 14). To resolve this problem, further
study is needed. However, a similar inconsistency between
endosomal pH and optimal pH for biological activity has also

been pointed out in the case of iron ion release from endocy-
tosed transferrin (14). It is generally accepted that iron ion
release occurs in early endosomes, since transferrin is not
transferred to late endosomes (14). However, the pH of early
endosomes is 6.0 to 6.5, which is higher than the optimal pH of
iron release from transferrin (pH 5.5) (2, 8). Therefore, the pH
of early endosomes, especially small early endosomes, must be
considered carefully, since pH 6 corresponds to only two to
three protons in a small endosome (a diameter of �200 nm).

Conclusion. We developed a dual wavelength imaging tech-
nique for visualizing individual viral fusion events as a fluores-

FIG. 4. Colocalization of EGF in virus-fused endosomes. DiOC18/R18-labeled virus and Cy5-labeled EGF were bound to HeLa cells for 10 min
at 4°C and then incubated at 37°C for 20 min. Virus and virus-fused endosomes (left), EGF (center), and the merged image (right) are shown.
Cy5-EGF is colored blue, which is a pseudocolor. The cell nucleus is indicated by N. G/R values for four fluorescent spots are indicated. The red
and orange spots (G/R � 0.1 to 0.9) did not contain EGF, although the green spot (3.0) contained EGF. Yellow and green spots (*) close to the
nucleus contained EGF. IFV, influenza virus. Bar � 10 �m.

FIG. 5. Size estimation of virus-fusing endosomes. (A) Determination of probe dilution. PC liposomes were made with various concentrations
of DiOC18 and R18. Forty liposomes with various sizes (diameter � 1 �m), which were attached to coverslips, were examined at each
concentration, and G/R values of the liposomes were measured with the confocal microscope. Dilution rates corresponding to peaks no. 1 to 3
(labeled with arrows) in Fig. 3 were read and are summarized in Table 1. (B) Electron microscopic (EM) images of negative-stained influenza virus.
The diameters of virus particles were measured and are summarized below the photographs. One hundred virus particles were examined in each
experiment. *, this value is used in Table 1. Bar � 100 nm. (C) EM images of endosome containing virus. HeLa cells were bound with labeled virus
for 10 min at 4°C and then incubated at 37°C for 5 min (upper left) and 10 min (others). The endosomal membrane joins to the viral membrane
at the point indicated by the arrowhead. The C-shaped structures appear to be endosomes immediately after fusion with the virus. Bar � 100 nm.
The distribution of diameters of endosomes containing the virus is presented in a histogram. From EM images, the diameters of 70 endosomes,
which obviously contained virus particle(s), were measured.
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cence color shift. Because the color shift is directly recognized
from fluorescence microscopic images, this technique has ad-
vantages that allow rapid analysis of viral fusion activity.
Therefore, this technique should be useful not only for surveil-
lance of virulent viral strains but also for screening of antiviral
drugs blocking HA and development of influenza virus vectors.
Since labeling virus with DiOC18 and R18 is very simple and
rapid, this technique could be widely applied to membrane
viruses. Many viruses, including Epstein-Barr and vesicular
stomatitis viruses, have been reported to have unknown fusion
sites, which could not be deduced from pH profiles of viral
fusion activity (15). This technique should be a convenient tool
for identifying fusion sites of membrane viruses because of
spatial and temporal resolutions and high detectability.
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TABLE 1. Calculation of the size of the virus-fusing endosome

Fluorescent
spot no.

Area
(relative)

Diam

Relative Actual (nm)

1 1 1 125a

2 2.6 1.6 200
2–1b 1.6 1.3 160

3 50 7.1 890

a This value is given in Fig. 5B.
b 2-1 corresponds to the endosome immediately before fusion.

2018 SAKAI ET AL. J. VIROL.


