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By ultracentrifugation of 30 ml of highly dilute suspensions of herpes simplex
virus (HSV) directly onto monolayer cultures grown in centrifuge tubes, infectiv-
ity was significantly greater than without centrifugation. Ultracentrifugation at
20,000 to 25,000 rpm (28,000 to 45,000 x g) for 1.5 to 2.3 h was utilized with good
preservation of cultures. With low-speed centrifugation at 3,000 rpm (1,100 x g),
infectivity was almost 10-fold greater than without centrifugation. With ultracen-
trifugal inoculation, infectivity was about 100-fold greater than without centrifu-
gation. Ultracentrifugal inoculation permitted the detection ofHSV at concentra-
tions as low as 0.05 plaque-forming units per ml. Similarly, ultracentrifugal
inoculation of cultures was almost 100-fold more sensitive a method of detecting
infectious HSV than was pelleting HSV from dilute suspensions followed by
resuspension and inoculation of cultures. Ultracentrifugal inoculation of cultures
may permit the isolation of HSV in situations where virus cannot be detected by
ordinary means and may prove applicable to the study of other viruses.

The detection of small amounts of viruses is
of importance in research and in clinical medi-
cine. Currently, radioimmunoassay and in situ
nucleic acid hybridization or renaturation have
been employed as sensitive techniques to detect
the presence of viral antigens or nucleic acids (4,
7, 13). Immunoelectron microscopy has been
employed to detect virus particles (3). Although
with isolation techniques it is theoretically pos-
sible to detect a single infectious virus particle,
the sensitivity of virus isolation testing as gen-
erally performed is limited.
We have recently utilized a technique, how-

ever, which greatly increased the sensitivity of
tissue culture isolation of herpes simplex virus
(HSV). To evaluate the isolation of infectious
HSV from extremely dilute virus suspensions,
the effect of ultracentrifugation of virus onto
susceptible monolayer cells was investigated.
Results were quantitatively compared with
those obtained with standard isolation testing.

MATERIALS AND METHODS
Virus. In initial experiments HSV type 1 (HSV-1;

KOS strain) was studied. Stock virus was grown in
primary rabbit kidney (RK) cell monolayer cultures
and was harvested by freeze-thawing the cultures.
Supernate virus was clarified by low-speed centrifu-
gation (3,000 rpm), divided into aliquots, and frozen at
-70'C. The infectivity titer of the stock HSV was 5
x 10' to 8 x 106 plaque-forming units (PFU) per 0.1
ml, as determined in RK cells. The Patton strain of
HSV-1 and the MS strain of HSV type 2 (HSV-2)
were studied after similar preparation. Titers of these

viruses were 107 PFU/0.1 ml and 105 PFU/0.1 ml in
RK cells, respectively.
Growth of cells. For centrifugation studies, mon-

olayer cultures were grown in sterile Oakridge style
polycarbonate centrifuge tubes (25.3 by 89.6 mm, Sor-
vall, Newton, Ct.). Vero cells (Flow Laboratories,
Rockville, Md.) in growth medium (medium 199 with
sodium bicarbonate and antibiotics added and supple-
mented with 10% fetal calf serum) were seeded into
the sterile tubes. To each centrifuge tube, 2 to 3 ml of
cell suspension (105 cells per ml) was added. Similarly,
2 to 3 ml of primary RK cells (5 x 105 cells per ml)
prepared by standard procedures (12) and suspended
in Eagle minimal essential medium supplemented with
sodium bicarbonate, antibiotics, and 10% calf serum
was inoculated into other tubes. Tubes were incubated
at about a 450 angle. RK cells were also cultured in
plastic petri culture dishes (60 by 15 mm). Culture
dishes were incubated in a humidified atmosphere of
5% C02, and all cultures were incubated at 370C. When
monolayers were complete, growth medium was re-
placed with maintenance medium (medium 199 sup-
plemented as described above but with 5% fetal calf
serum for Vero cells or Eagle basal medium supple-
mented as described above but with 5% calf serum for
RK cells).

Infectivity determinations. After adequate
growth of monolayer cultures, the infectivity of serial
10-fold dilutions of stock HSV was determined by
ascertaining (i) the number of PFU in petri-dish cul-
tures; (ii) the 50% tissue culture infective dose
(TCID5o) in centrifuge tube cultures inoculated with
0.1 ml of virus suspension and not centrifuged; (iii) the
TCID60 in centrifuge tube cultures inoculated with 30
ml of virus suspension and not centrifuged; (iv) the
TCID50 in centrifuge tube cultures inoculated with 30
ml of virus suspension and low-speed centrifugation;
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and (v) the TCID50 in centrifuge tube cultures inocu-
lated with 30 ml of virus suspension and ultracentrif-
ugation (Fig. 1). Determination of the number of PFU
in 10-fold dilutions was performed in duplicate. For
each type of tube culture titration, four tubes were
inoculated for each dilution of virus. Titration by these
procedures was performed multiple times in Vero and
in RK cells with fresh virus used each time.

For PFU determination in petri-dish cultures, stan-
dard procedures were employed (8). In brief, the me-
dium was decanted, and 0.1 ml of virus suspension was
added. Adsorption at 370C in a CO2 incubator was
carried out for 1 h, after which 5 ml of 0.5% methyl-
cellulose overlay was added. After incubation in a C02
incubator for 4 days, the methylcellulose was removed
and 5 ml of 0.1% neutral red in tris(hy-
droxymethyl)aminomethane buffer was added.
Plaques were counted after an additional 4 h of incu-
bation.

Inoculation of centrifuge tube cultures. Titra-
tions in tube cultures were performed by inoculation
of 0.1 or 30 ml of virus suspension after decanting the
medium from the tubes. Adsorption was at room tem-
perature for 1.5 to 2.3 h with the tubes at a 450 angle,
after which virus suspensions were decanted and fresh
medium was added. Titrations of stock virus in petri-
dish cultures provided estimates of the number of
PFU inoculated into each tube.
Low-speed centrifugation. Centrifuge tube cul-

tures for low-speed centrifugation were inoculated
with 30 ml of virus suspension and were placed in a
Sorvall SS-34 rotor with the monolayers positioned to
receive the centrifugal force. Tube cultures were cen-
trifuged at 3,000 rpm (1,100 x g) for 10 min at 20'C.
After centrifugation, tubes were positioned as de-
scribed above for the uncentrifuged tubes and kept at
room temperature for a total inoculation time of 1.5 to
2.3 h.

Ultracentrifugation. Centrifuge tube cultures in-
oculated with 30 ml of virus suspension were posi-
tioned in a fixed-angle Beckman 60 Ti rotor so that
monolayers received the maximal centrifugal force.
That is, monolayer cultures were positioned so that

suspended material would be pelleted onto the mon-
olayers. Ultracentrifugation (Sorvall, OTD-2) at 20,-
000 to 25,000 rpm (28,000 to 45,000 x g) was for 1.5 to
2.3 h at 20'C. After ultracentrifugation the virus sus-
pensions from these tubes and from uncentrifuged and
low-speed centrifuged tubes were decanted, and 2 to
3 ml of the appropriate maintenance medium was
added.

All tubes were incubated at 370C and examined
daily for the development of cytopathic effect typical
of HSV. Virus infectivity titers were determined by
the method of Reed and Muench (9).

RESULTS
Effect of volume inoculated. Since in the

evaluation of ultracentrifugal inoculation
(UCIN) of very dilute virus suspensions it was
necessary to inoculate tubes with large volumes
(discussed below), initially the effect of volume
of suspension inoculated on infectivity was eval-
uated. Concentration of virus was kept constant,
and tube cultures were not centrifuged. The
mean infectivity titer determined in centrifuge
tube cultures which were inoculated with 30 ml
was 7.2 log TCID50, 0.9 log unit greater than that
of 6.3 TCID50 after inoculation of similar tube
cultures with 0.1 ml. In the following centrifu-
gation studies, all tube cultures were inoculated
with 30-ml samples.

Effect of low-speed centrifugation. In
tubes which had been centrifuged at 3,000 rpm
(1,100 x g), the log TCID50 titer of stock virus
was almost 10-fold greater than in similar tubes
which had not been centrifuged (Table 1). Infec-
tivity titers after centrifugation at 1,000 rpm (100
x g) were slightly below and after centrifugation
at 5,000 rpm (3,000 x g) slightly above those
after centrifugation at 3,000 rpm (data not
shown).
To determine whether centrifugation of mon-

H HSV
stock

0.1 ml QIml 30ml 30ml 30ml

no centrifugation no centrifugation centrifugation ultracentrifugation

PFU TCID5 TCID50 TCID5 TCIDK5
FIG. 1. Experimental design of this investigation. Infectivity titer of stock HSV was determined by several

methods, including UCIN of monolayer cultures. The determination of the number ofPFU in culture dishes
at the time of each series of centrifuge tube culture inoculations permitted estimates to be made of the
concentration ofPFU in centrifuge tube cultures.
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TABLE 1. Effect of centrifugation and
ultracentrifugation ofHSV suspensions on

infectivity titer
log TCID50/30 ml, mean + SE'

Virus strain
tested No centrifu- Low-speed Ultracentrif-

gain centrifuga-gation tionb ugation'

KOS (HSV-1) 7.1 ± 0.2 7.9 ± 0.1 8.9 ± 0.1
Patton (HSV-1) 7.2 ± 0.3 8.1 ± 0.3 9.0 ± 0.2
MS (HSV-2) 5.2 ± 0.2 6.1 ± 0.3 7.2 ± 0.1

aData obtained with RK and Vero cells were
pooled. All cultures were inoculated with 30 ml of
dilute virus suspension. SE, Standard error.

b Centrifuged at 3,000 rpm (1,100 x g).
'Centrifuged at 20,000 to 25,000 rpm (28,000 to

45,000 x g).

olayer cells before inoculation of virus suspen-
sion resulted in an increase of infectivity titer,
monolayer cultures were centrifuged at 3,000 to
5,000 rpm before inoculation with 30 ml of virus
suspension. Infectivity titers in these pre-inoc-
ulation centrifuged tubes were similar to tubes
which had not been centrifuged.
Effect of ultracentrifugation. With ultra-

centrifugation, infectivity titers were 10-fold
greater than those with low-speed centrifugation
and were almost 100-fold greater than those
without centrifugation (Table 1). Results from
using UCIN were similar with RK and Vero
cells. With RK-13 cells, however, a lesser degree
of ultracentrifugal enhancement of infectivity
was observed (data not shown). Ultracentrifu-
gation of RK and Vero cell monolayer cultures
before inoculation with 30 ml of virus suspension
did not result in any enhancement of infectivity
when compared to noncentrifuged tube cultures.

Since determination of the number of
PFU/0.1 ml of diluted stock virus was made for
each titration, an estimate of the number ofPFU
inoculated into each centrifuge tube could be
made. This permitted determination of the effi-
cacy of each method of tube titration to detect
low concentrations of PFU (Fig. 2). With UCIN,
a mean of 0.02 PFU/0.1 ml was detected, and on
some tests as little as 0.005 PFU/0.1 ml was
detected. The sensitivity of the UCIN procedure
to detect infectious HSV was 100-fold greater
than that of similar tubes which had not been
centrifuged (P < 0.005, Student's t test).
To compare the UCIN procedure with con-

centration ofHSV by conventional pelleting, the
following procedure was utilized. Dilutions of
stock HSV were made, and 30-ml samples were
ultracentrifuged in sterile tubes which did not
contain monolayer cultures. For each dilution
four tubes were centrifuged at 25,000 rpm (45,000
x g) for 1.5 h at 40C. Each tube was then

decanted, and the pellet was scraped and resus-
pended in 0.1 ml of Hanks balanced salt solution.
Centrifuge tubes with Vero cell monolayer cul-
tures were decanted, and each resuspended pel-
let was inoculated into one tube. Suspensions
were adsorbed to the monolayers for 1.5 h at
room temperature before incubation at 370C.
Infectivity was almost 100-fold less than that
obtained with the UCIN procedure (Fig. 2).
As an integral part of developing the tech-

nique of UCIN the effect of ultracentrifugation
on living monolayer cultures of Vero and RK
cells was evaluated. With ultracentrifugation of
Vero cells there was.more disruption of mono-
layers at speeds greater than 20,000 rpm (28,000
x g) than was seen with RK cells. Therefore, for
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FIG. 2. Effect of UCIN on sensitivity of detection
ofHSV. Logarithmic plot ofminimal detection of the
number ofPFU for each type ofprocedure (mean and
standard error). Centrifuge tube cultures were inoc-
ulated with 30-ml samples of dilute HSV or with the
HSV pellet derived from 30 ml. Estimates of the
number of PFU in each tube culture were based on
the number ofPFU detected in simultaneously inoc-
ulated plate cultures. A single positive tube culture
was considered to indicate the detection ofthe appro-
priate concentration ofPFU. By this method ofanal-
ysis the sensitivity of detection between titrations in
which one tube was positive or in which two tubes
were positive was not differentiated. Sensitivity of
HSV detection was calculated in terms of concentra-
tion of PFU rather than the total number of PFU
present in the centrifuge tube cultures. Symbols: *,
Vero cells; 0, RK cells.
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FIG. 3. Living RK monolayer cell culture after ultracentrifugation at 25,000 rpm (45,000 x g) for 1.5 h at
200C. xl10.

most experiments Vero cells were ultracentri-
fuged at 20,000 rpm (28,000 x g) for 2.3 h,
whereas RK cells were ultracentrifuged at 25,000
rpm (45,000 x g) for 1.5 h. RK cells after such
an ultracentrifugation procedure are seen in Fig.
3.

DISCUSSION

In this study we present evidence that UCIN
of HSV onto monolayer cultures may be em-
ployed to isolate virus from suspensions contain-
ing extremely low concentrations of infectious
HSV. Ultracentrifugation did not significantly
disrupt cultures and resulted in a 100-fold in-
crease in virus detected as compared to no cen-
trifugation. Use of ultracentrifugation permitted
the isolation of HSV from suspensions which
yielded consistently negative results without
centrifugation. This procedure was considerably
more efficient than pelleting and resuspension
of virus and may prove valuable in situations
where isolation of viruses, particularly from
large volumes, is difficult.

Inoculation of centrifuge tube cultures with
large volumes (30 ml) was utilized to permit
study of HSV isolation from dilutions greater
than those from which virus could be routinely

isolated. In these large volumes, despite the low
concentration of virus per milliliter (for example,
0.1 PFU/ml), some infectious virus would be
expected to be present. This would not be the
case if only 0.1 ml were inoculated, and in testing
the efficacy of any isolation procedure it is ob-
viously necessary that virus be present or all
results will be negative. For example, if a virus
suspension that was diluted to 10 PFU/ml was
further diluted 100-fold, it would be estimated
that there would be 0.1 PFU/ml. Of tubes or
plates inoculated with 0.1 ml of this suspension,
only 1 in 100 would be expected to be positive
under the best of circumstances. Therefore, to
ensure the presence of some virus in the very
highly dilute virus suspensions studied, large
volumes were used for the inoculation of cul-
tures.
By determining the number of PFU in stock

virus diluted to 10-, it was possible to estimate
the concentrations of PFU in dilutions to 10-9.
This permitted estimates to be made of the level
or sensitivity of detection of HSV for each iso-
lation procedure. Sensitivity of virus isolation
procedures may be expressed in terms of their
being able to detect infectious virus when virus
is present in a low concentration. Although frac-
tions of PFU cannot be considered detectable,
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the calculation of sensitivity of detection in
terms of PFU/0.1 ml does express the sensitivity
of each method.
The use of low-speed centrifugation to inocu-

late monolayer cultures has been studied previ-
ously (2, 5, 6, 10). Recent work on this subject,
primarily with mouse cytomegalovirus, was re-
ported by Osborn and Walker (5) and by Hudson
et al. (2). Both groups of authors discussed cen-
trifugal enhancement insofar as it applied to
mouse cytomegalovirus rather than as a more
general phenomenon. In fact, they used HSV as
a negative control virus for which only very
limited centrifugal enhancement was apparent.
These authors indicated a less than eightfold
enhancement of HSV infectivity in mouse em-
bryo cells with low-speed centrifugation (2, 5).
The centrifugal enhancement we observed with
low-speed centrifugation was of similar magni-
tude. Use of ultracentrifugation of virus suspen-
sions onto monolayer cultures was briefly dis-
cussed by Gey et al. (1), but quantitative com-
parisons with noncentrifuged cultures were not
made.

Ultracentrifugation at 25,000 rpm (45,000 x g)
for 1.5 h may be used to pellet HSV virions. It
is probable, therefore, that the centrifugal forces
utilized brought sparsely distributed virus par-
ticles in the very dilute suspensions tested into
contact with the test monolayers. Similarly, with
low-speed centrifugation, it is hypothesized that
virus aggregates which are known to be present
in HSV suspensions (11) were brought into con-
tact with the monolayers. One can only specu-
late at present on the possibility that ultracen-
trifugation may have permitted the isolation of
HSV virions that would otherwise have been
noninfectious.

ACKNOWLEDGMENTS
Helpful suggestions by Fred Rapp are gratefully acknowl-

edged. The technical assistance of Jean Poole and the secre-
tarial assistance of Filomena Cramer are appreciated.

R.B.T. is the recipient of Public Health Service Teacher-
Investigator Award 1 K07 NS00248 from the National Insti-
tute of Neurological and Communicative Disorders and
Stroke.

LITERATURE CITED
1. Gey, G. O., F. B. Bang, and M. K. Gey. 1954. Responses

of a variety of normal and malignant cells to continuous
cultivation and some practical applications of these
responses to problems in the biology of disease. Ann.
N.Y. Acad. Sci. 58:976-999.

2. Hudson, J. B., V. Misra, and T. R. Mosmann. 1976.
Cytomegalovirus infectivity: analysis of the phenome-
non of centrifugal enhancement of infectivity. Virology
72:235-243.

3. Kapikian, A. Z., R. G. Wyatt, R. Dolin, T. S. Thornhill,
A. R. Kalica, and R. M. Chanock. 1972. Visualization
by immune electron microscopy of a 27-nm particle
associated with acute infectious nonbacterial gastroen-
teritis. J. Virol. 10:1075-1081.

4. Nonoyama, M., and J. S. Pagano. 1971. Detection of
Epstein-Barr viral genome in nonproductive cells. Na-
ture (London) New Biol. 233:103-106.

5. Osborn, J. E., and D. L. Walker. 1968. Enhancement of
infectivity of murine cytomegalovirus in vitro by cen-
trifugal inoculation. J. Virol. 2:853-858.

6. Padgett, B. L., and D. L. Walker. 1962. Use of centrif-
ugal force to promote adsorption of myxoma virus to
cell monolayers. Proc. Soc. Exp. Biol. Med.
111:364-367.

7. Purcell, R. H., D. C. Wong, Y. Moritsugu, J. L Dien-
stag, J. A. Routenberg, and J. D. Boggs. 1976. A
microtiter solid-phase radioimmunoassay for hepatitis
A antigen and antibody. J. Immunol. 116:349-356.

8. Rapp, F. 1963. Variants of herpes simplex virus: isolation,
characterization, and factors influencing plaque forma-
tion. J. Bacteriol. 86:985-991.

9. Reed, L. J., and H. Muench. 1938. A simple method of
estimating fifty percent endpoints. Am. J. Hyg.
27:493-497.

10. Sharp, D. G., and K. 0. Smith. 1960. Rapid adsorption
of vaccinia virus on tissue culture cells by centrifugal
force. Proc. Soc. Exp. Biol. Med. 104:167-169.

11. Smith, K. 0. 1963. Physical and biological observations
on herpesvirus. J. Bacteriol. 86:999-1009.

12. Tenser, R. B., and G. D. Hsiung. 1977. Pathogenesis of
latent herpes simplex virus infection of the trigeminal
ganglion in guinea pigs: effects of age, passive immuni-
zation, and hydrocortisone. Infect. Immun. 16:69-74.

13. Wolf, H., H. zur Hausen, and V. Becker. 1973. Viral
genomes in epithelial nasopharyngeal carcinoma cells.
Nature (London) New Biol. 244:245-247.

VOL. 21, 1978


