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Varicella-zoster virus (VZV) is renowned for its low titers. Yet investigations to explore the low infectivity are
hampered by the fact that the VZV particle-to-PFU ratio has never been determined with precision. Herein, we
accomplish that task by applying newer imaging technology. More than 300 images were taken of VZV-infected
cells on 4 different samples at high magnification. We enumerated the total number of viral particles within 25
cm2 of the infected monolayer at 415 million. Based on these numbers, the VZV particle:PFU ratio was
approximately 40,000:1 for a cell-free inoculum.

A precise ratio of particles to PFU of varicella-zoster virus
(VZV) has never been determined, even though VZV was first
isolated in cell culture by the Nobel laureate T. H. Weller in
1952 (21). His group determined that VZV replicated in a few
embryonic tissues and in amnion cells. Subsequently, Taylor-
Robinson and Caunt found that VZV replication was re-
stricted to a small number of mainly embryonic cells by testing
more than 20 primary and continuous cell lines (19). A decade
later, VZV was propagated in melanoma cell lines, which are
derived from the neural crest (8). In all of these cultured cells,
the titer was found to be low, particularly when compared with
that of the closely related herpes simplex type 1 virus (HSV-1).
Again, in sharp contrast with HSV-1, the virus remained
strongly cell associated.

The term particle/PFU ratio refers to the number of viral
particles required to form one plaque in a plaque assay. It is a
measure of the efficiency by which a virus infects cultured cells.
Early in the 1960s, investigators began using negative staining
electron microscopy to count viral particles in inoculum mate-
rial and compare those counts to the measured titer, thereby
measuring ratios for a few animal viruses (6). For example, the
ratio for HSV-1 is around 10:1 (10, 20). Due to the strong cell
association of VZV infection of cultured cells, no precise VZV
particle/PFU ratio has ever been determined. The lack of any
widely accepted VZV ratio severely limits our ability to assess
whether mutated or recombinant viruses produce more or
fewer complete infectious particles in cultured cells (4, 5, 15,
17). In other words, if an attenuated virus has a lower titer, we
do not know whether fewer viral particles are produced per
square centimeter of cellular monolayer (without a change in
the particle/PFU ratio) or alternatively fewer infectious viral

particles are produced overall (with a higher particle/PFU
ratio).

In this report, we successfully define a VZV particle/PFU
ratio by imaging viral particles with advanced scanning elec-
tron microscopic (SEM) technology not available during our
earlier investigations of viral structure (12). We demonstrate
that the VZV ratio is much higher than that for other common
human viruses grown in cultured cells and remarkably higher
than that for HSV. Finally, this report documents evidence of
an ever-widening difference between HSV and VZV replica-
tion and assembly in cultured cells (7, 13, 18).

Topography of viral particles on infected cell surface. In a
recent study, we used newer imaging technology to document
that a vast majority of VZV particles were noninfectious en-
velopes lacking a capsid (3, 14, 16). Because of those results,
we postulated that obtaining a particle/PFU ratio would pro-
vide valuable insight into continuing investigations to explain
low VZV infectivity. In an effort to better understand what is
meant by cell-free virus, we repeated experiments first con-
ducted decades ago by ourselves and others. The standard
protocol stipulated dislodging infected cells with a rubber po-
liceman. After sonication of the cell pellet, titers of cell-free
virus around 10,000 PFU/25 cm2 monolayer were obtained. In
an alternative protocol, we substituted trypsin dispersion of an
infected monolayer, followed by washing to remove the trypsin.
When we subsequently sonicated the pellet of trypsin-dis-
persed cells, we obtained little or no infectious cell-free virus
(�100 PFU/25 sq cm). Our results confirmed an earlier, similar
result reported by Brunell (2). From these results, we surmised
that cell-free virus consisted of virus that had entered the outer
cell membrane, only to be separated from the membrane by
sonication. Trypsin treatment presumably removed or de-
stroyed this virus. We had previously demonstrated that infec-
tious virus is easily disassociated from an infected cell mono-
layer. Based on these cumulative observations, we decided to
enumerate the viral particles detectable in the outer cell mem-
brane of infected cells (Fig. 1). We postulated that by counting
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these surface particles, we would obtain a denominator for the
total number of potentially infectious VZV particles.

VZV particles egress across the infected cell syncytia in long
pathways that were called viral highways by Harson and Grose
(12). More recently, examination of VZV viral highways by a
newer generation of SEM documented that the highways were
composed of both complete and incomplete or aberrant viral
particles (which we called VZV L particles) clustered at the
base of filopodia (3). VZV highways ranged in width from 10
to 50 �m and in length from 30 to 300 �m (Fig. 1C). Viral
particles egressed in clumps of 5 to 10 viral particles clustered
around several interconnected filopodia (Fig. 1D).

Measurement of viral particle density. We performed an
experiment to choose a magnification that balances between
being low enough to accurately calculate the particle density
and high enough to clearly see whether a particle was complete
or not. We found that the error in computing viral density
increased slowly past magnification �40,000 and became inac-
curate at magnification �80,000; therefore, we chose to ran-
domly sample highways at �35,000. The only constraints were

that the image had to be within a viral highway and that at least
one viral particle was visible. Additionally, enumerated viral
particles were classified as complete or L particles. An L par-
ticle is characterized by the lack of a capsid, which is apparent
in large gaps in the viral particle structure. Complete particles
are those that contain no large gaps and are spherical and
covered with protuberances.

In an earlier report (3), we established that both aberrant
and complete particles were detected on the cell surface. In
this investigation, we further defined the proportions of these
groups of particles. Using four different samples of melanoma
cells infected with VZV-32 for 72 h postinfection, we obtained
303 images at magnification �35,000 of different aspects of
viral highways on the surfaces of the infected cells. Two images
from that set are shown in Fig. 2A and B. Image A contained
26 viral particles of which only 6 were complete, while Image B
contained 29 viral particles of which 4 were complete. The
resulting viral particle densities were 2.93 and 3.27 particles/
�m2, respectively. The percentages of complete particles were
6/26 (23.1%) and 4/29 (13.8%).

FIG. 1. Potential cell-free VZV on the surfaces of infected cells. Melanoma cells were inoculated with VZV-32-infected cells (1:8), fixed at 72 h
postinfection, and then processed for viewing in transmission and scanning electron microscopes. Representative transmission electron microscopy
sections (A and B) through VZV-infected cells showed the majority of VZV particles are on or near the surface of the infected cell rather than
in the cytoplasm. Particles with discernible cores (capsid and DNA) are marked by black arrows. (C) SEM image of a section of a viral highway
at magnification �3,500. Small viral particles were clustered within the highway. (D) Image at magnification �35,000 of the area enclosed by the
rectangle in panel C. The image shows a single cluster of viral particles arranged along a filopodium. The majority of the visible particles were
aberrant. N, nucleus.
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Distributions of viral particle density and percentage of
complete particles. The distribution of calculated viral particle
densities over images was generated by binning each image by
its density in increments of 0.5 (Fig. 3). Similarly, the distribu-

tion of percentages of complete particles was generated by
binning each image by its percentage of complete particles in
increments of 10.0 (Fig. 3). The density distributions from all
four samples exhibited a positively skewed normal curve with a

FIG. 2. Representative SEM images from the set used to estimate the number of viral particles on infected cells. (A and B) Two images that
are representative of 303 SEM images at magnification �35,000, taken of various sections of viral highways in four different samples. Panel A
contains 26 particles: 6 are complete; 20 are L particles. Panel B contains 29 particles: 4 are complete; 25 are L particles. The density of viral
particles in panels A and B was 2.9 and 3.3 particles/�m2, respectively. L particles are pseudocolored yellow; complete particles are red.
(C) Forty-eight overlapping images of three different areas of each sample were taken at magnification �600 and then pieced together to make
12 individual montages that each show approximately 1 mm2 of infected cell surface. One of the montages (S1-A) is shown, with all viral highways
measured in this study outlined in black. It is pseudocolored red. Full-size versions of all 12 montages are available in the supplemental material.
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maximum between 1 and 3 particles/�m2 and ranging out to 4
or 5 particles/�m2 (1). The percentage-complete distributions
were also skewed normal but more sharp, with a maximum
between 10 and 20% and ranging out to 40%. In all images,
more than half of all particles were aberrant. The average
particle density ranged from 1.4 to 2.8 particles/�m2, with an
overall average of 2.0 � 1.0 particles/�m2 (Fig. 3). Corre-
spondingly, the average percentage of complete particles ranged
from 13.2% to 19.2%, with an overall overage of 15.2% � 10.3%,
which indicates a preponderance of VZV L particles in viral
highways.

Enumeration of viral particles on the surface of an infected
monolayer. In order to estimate the total number of viral
particles in an infected cell monolayer, we measured the area
of the infected cell surface covered by viral highways on three
different areas on each of four samples. We accomplished this
task by taking an overlapping set of SEM images at magnifi-
cation �600 that covered approximately 1 mm2 of infected cell

surface. The overlapping images were then used to generate
composite images of the areas (Fig. 2C; see also the supple-
mental material). Using a large format (30 by 40 cm) on paper,
the highways of viral particles were then enumerated and mea-
sured with a ruler. For example, the montage in Fig. 2C ex-
hibited 58 highways that covered 8.4% of the area of the
montage, while those of montage B of sample S2 and montage
C of sample S3 exhibited 74 and 105 highways and covered
10.5% and 21.6% of the montages, respectively. Multiplying
the area of all highways in each montage by the corresponding
viral particle density led to 12 estimates of the number of viral
particles on the infected cell surface (Fig. 4A).

Averaging computed particle numbers for each of the four
samples yielded values that ranged from 300 million to 540
million (Fig. 4B). Averaging the computed results for all 12
montages (3 montages � 4 samples) yielded a final number of
415 million VZV particles per 25 cm2. A typical measured titer
for a cell-free VZV infection is 10,000 PFU per 25 cm2 of
infected cells (9, 11).

FIG. 3. Density and composition of viral particles on VZV-infected
cells. (A) Statistical analysis of viral particle density and composition
for all four samples. (B) Percentage of images that had a particular
viral particle density for all four samples separately and then all images
grouped together. The graph shows skewed normal distributions cen-
tered around 1.8 particles/�m2 with a range up to 4.0. The distribution
was similar for all four samples. (C) Percentage of images that had a
particular percentage of complete particles. The graph also shows a
skewed normal distribution centered around 15% complete particles,
with a range up to 40% complete particles.

FIG. 4. Enumeration of VZV particles in 25 cm2 of infected cells.
Measurements of viral highways in 12 montages of infected cells (Fig.
2C; see also the supplemental material) were used to determine the
area of infected cell surface covered by viral highways in each montage.
Multiplying the area by the viral particle density calculated for each
sample yielded an estimate for the total number of VZV particles in 25
cm2. (A) Graph of estimated particle numbers versus percentage of
area covered by viral highways. The slope of each line in the graph
corresponds to the viral particle density of the sample. The data points
showed the considerable variability of viral egress in individual mm2 of
infected cell surface. (B) Graph of average particle number versus
sample. The data points for each sample were derived by averaging the
three measurements for each sample. The All data point was the result
of averaging all 12 measurements. The error bars correspond to stan-
dard deviations. The average number of VZV particles in 25 cm2 was
415 million � 200 million.
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Conclusion. Taken together, the calculations from this im-
aging analysis indicated that approximately 40,000 VZV par-
ticles in a cell-free inoculum were needed to generate 1 PFU.
Of equal interest, our calculations also show that VZV when
grown in cultured cells had a higher particle/PFU ratio than
any other studied virus (6).
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