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A Rapid Plaque Method Using
Vertical Tube Cultures for Titration of Viruses

and Neutralizing Antibodies*
C. WALLIS,1 W. PARKS,2 N. SAKURADA3 & J. L. MELNICK 4

Standard methodsfor titrating and typing enteroviruses and other viruses, orfor assaying
antibodies against them, are based on observation of metabolic inhibition of infected cells
or on direct microscopic reading of cytopathogenic effects. Incubation of cell cultures for
at least a week, with two or three readings during this period, is usually required before
assessment is completed. This report describes a vertical-tube method in which cell mono-
layers are confined to the bottom end of a serological tube; an agar overlay is used after
virus or virus-serum inoculation. The reduced monolayer area allows seeding with only
about 30 % of the cells requiredfor standard tube cultures, and 5 % of those required for
plaque assay in bottle cultures. The new method requires only a single macroscopic reading
one to three days after the test is set up. This method has proved economical, simple and
rapid in epidemiological studies on rapidly growing viruses ofthe entero-, reo-, herpes-, myxo-
and poxvirus groups, andfor tests of the genetic markers of live poliovirus vaccine.

Viruses are generally assayed by determining their
effects on cells growing in culture. The metabolic
inhibition test in tubes (Salk et al., 1954) or in
plastic trays (Rightsel et al., 1956; Melnick & Opton,
1956) or microscopic observation of the cyto-
pathogenic effect have become the bases of standard
methods for titrating and typing enteroviruses or
for assaying antibodies against the enteroviruses
(Committee on the Enteroviruses..., 1957) and
have been applied generally to other viral agents
(American Public Health Association, 1964). To
ensure sensitivity of virus or antibody measurement,
relatively small doses of virus must be used. This
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means that several cycles of multiplication are
required before enough cells are destroyed to allow
the cytopathogenic effects to be detected. The virus
or the virus-serum mixture is inoculated into tubes of
susceptible cells; the cultures are incubated for at least
seven days, during which two or three readings are
required (Committee on the Enteroviruses..., 1957).
The plaque assay method under agar overlay,
conventionally accomplished in bottle cultures,
permits early detection of plaques even with very
small inocula ofvirus, and it can be read macroscopic-
ally (American Public Health Association, 1964).
However, the plaque method is not used routinely
because of the large initial cell seeding and the
exacting and time-consuming procedure which it
requires. By applying a plaque assay method to
cell monolayers grown in a very small area of the
bottom of a serological tube held in a vertical
position, a rapid and economical assay method has
been developed. Results obtained with this vertical
tube (VT) test have been compared with results
with the standard tube (ST) test for the typing and
titration of several viruses and their antibodies.
Comparison has also been made with the method
of plaque assay in bottles for determination of
growth markers of poliovirus.
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MATERIALS AND METHODS

Cells for culture
Monkey kidney cells. Immature rhesus and

grivet kidneys were trypsinized and grown in
Melnick's medium containing 10 mmol AlCls to
inhibit extraneous agents that might potentially
have been present in the monkey cells (Wallis &
Melnick, 1962). Before use the medium was replaced
with Melnick's maintenance medium free of AlCl3.

Rabbit kidney cells were grown in Eagle's medium
with 10% calf serum.

Viruses

Polioviruses included plaque-purified lines of
virulent type 1 (Mahoney), type 2 (MEF1), and
type 3 (P24), and of attenuated type 1 (LSc), type 2
(P712), and type 3 (Leon). Plaque-purified prototype
echoviruses studied were types 1 (Farouk), 4
(Pesascek), 7 (Wallace), 9 (Hill) and 11 (Gregory).
Coxsackieviruses used were A9 (Grigg), B2 (Ohio-i),
B3 (Nancy) and B6 (Schmitt). Measles (Edmonston),
vaccinia (WR strain) and herpes (JES strain)
viruses were also used. All viruses were grown and
assayed in rhesus kidney cultures with the exception
of measles and herpes. Measles virus was grown and
assayed in green monkey kidney cultures and herpes
virus in rabbit kidney cultures.

Overlay medium

Overlay medium in vertical tube and bottle
cultures for all viruses except herpes consisted of
Earle's salt solution, with 0.4% NaHCO3, 0.1%
skim milk, 1: 60 000 neutral red and 1.5% bacto-
agar (Difco). To enhance plaque formation,
25 mmol MgCl2 were incorporated in overlay medium
for polioviruses, echoviruses 1 and 9 and coxsackie-
viruses A9, B3, and B6 (Wallis et al., 1962); L-cysteine
(1 mmol) was used in overlay for echovirus 4, and
400 ,ug/ml protamine sulfate for echovirus 11 and
coxsackievirus B2 (Wallis & Melnick-to be pub-
lished). For herpes virus, the overlay consisted of
Eagle's medium with 5% calf serum, 0.4 %o NaHCO3,
1: 40 000 neutral red and 1.5% agar.

Standard (ST) cultures
Cells were seeded in disposable, constricted tubes

(Wallis & Melnick, 1963) so that each culture
received 150 000 cells. Cultures were placed in the
usual horizontal position (50 incline); after four to
five days, growth medium was replaced with main-
tenance medium, and the monolayers were used

24 hours thereafter. ST cultures containing 1 ml of
maintenance medium were inoculated with 0.1 ml
for virus titrations and with 0.2 ml of virus-serum
mixture for neutralization tests.

Vertical-tube (VT) cultures
Cells were seeded in disposable 13 mm x 100 mm

serological tubes with 50 000 cells contained in
0.5 ml of growth medium free of phenol-red dye.
Since the presence of phenol red interferes with the
visibility of changes in the colour of neutral red, it
should not be present in growth, maintenance,
overlay or dilution media, or, if phenol red is used
in growth medium, the cultures should be rinsed
with dye-free medium before use. Tubes were
incubated upright in conventional serological racks
so that a monolayer would be formed at the bottom
of the tube. In three to five days a compact mono-
layer was formed. Growth medium was replaced
with maintenance medium containing 2% calf serum
and held at 37°C for two days longer. Before use
the medium was drained, and the culture inoculated
with 0.05 ml of virus or virus-serum mixture (one
drop from a 0.5-mi Demuth plastic-tipped dropping-
pipette). After an adsorption period of one hour,
0.5 ml of agar nutrient medium containing neutral
red was added and the overlay allowed to solidify;
0.3 ml of sterile mineral oil was then added in place
of a rubber stopper (Salk et al., 1954).

Neutralization tests
These were performed in ST (horizontal) cultures

as described by the Committee on the Enteroviruses,
National Foundation for Infantile Paralysis (1957),
and in VT cultures as described later in the text.

In vitro marker tests
The d and T tests as used in this laboratory have

been described in detail elsewhere (Benyesh-Melnick
& Melnick, 1959). Their adaptation to VT cultures
is described below.

RESULTS

Titration of enteroviruses by standard tube (ST) and
vertical-tube (VT) cultures
When cells in VT cultures are not infected, the

intact monolayer retains the neutral red, and the
agar above the cell layer remains clear (see the left-
hand culture in the accompanying figure). When
the cells are infected, plaques become visible and
quickly grow to confluency. The neutral red is
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RESULTS WITH VERTICAL-TUBE VIRUS CULTURE

Left-hand tube: Uninfected culture. Intact cellular monolayer
stained with neutral red, with clear agar layer above.
Right-hand tube: Culture infected 48 hours previously with
poliovirus. Cells have been destroyed and neutral red has
dissipated from cell layer into the agar.

Magnified 2 x.

released from the dead cells and the agar medium
becomes brownish-opaque (right-hand culture in
the figure).

In a typical experiment, types 1, 2 and 3 attenuated
and virulent polioviruses were serially diluted and
0.1 ml of each tenfold dilution was inoculated into
each of six ST cultures and 0.05 ml inoculated into
each of six VT cultures. All were incubated at
37°C, the ST cultures at a 5° incline and the VT
cultures in serological racks in a vertical position.
Table 1 shows the results of the experiment. In each
instance the virus titrations performed in VT cultures
showed earlier end-points than the titrations in the
ST cultures. The final titres for each virus in both
systems were similar. For example, the titre of
type 1 Mahoney virus in ST cultures was 104'0 on

day 1 as compared with 105-5 in the VT cultures.
On day 2, the titre was 105-6 in the ST cultures and
1071' in the VT cultures.
A similar experiment was performed with repre-

sentative enteroviruses selected because of their slow
growth under agar (echoviruses 4, 9 and 11 and
coxsackievirus B2) or because they rapidly produce
plaques (echoviruses 1 and 7, coxsackieviruses A9
and B6). The results of this experiment are shown in
Table 2. The fast-growing echoviruses and coxsackie-
viruses had similar titres in VT and ST cultures,
when the titres were read each day. For example,
echovirus 1 reached its maximum titre in ST and VT
cultures on the fourth day, echo 7 on the third day
in VT cultures and on the fourth day in ST cultures,
coxsackie A9 and B6 on the third day in both systems.
On the other hand, with the slowly plaquing viruses,
echovirus 4 reached its maximum titre on the third
day in VT cultures (with L-Cysteine present for plaque
enhancement; Wallis & Melnick-to be published)
and on the fifth day in ST cultures; echovirus 9
reached maximum titre on the fourth day in ST
cultures, and by the seventh day the titres in VT
cultures were still 1.7 logl0 lower than in ST cultures.
Echovirus 11 reached its maximum titre on the third
day in ST and on the fourth day in VT cultures;
coxsackie B2 on the fifth day in ST and VT cultures.
For the VT cultures with the latter two viruses,
protamine had been added for plaque enhancement
(Wallis & Melnick-to be published).

Typing ofpolioviruses
In the standard neutralization test (Committee on

the Enteroviruses..., 1957), type 1 (Mahoney)
poliovirus was diluted to contain 100 PFU/0.1 ml
and mixed with an equal volume containing 20 units/
0.1 ml of (a) type 1 polioserum, (b) type 2 polio-
serum, (c) type 3 polioserum, and (d) normal
monkey serum. Type 2 (MEF1) and type 3 (P24)
polioviruses were treated similarly. Virus-serum
mixtures were incubated for one hour at 25°C, and
0.2 ml of each sample was inoculated into five ST
monolayer cultures which were incubated at 37°C
at a 5° angle.
The neutralization test performed in VT cultures

was carried out as described above with the following
modifications. A sample of virus containing 400
PFU/0.1 ml was mixed with an equal volume of
typing serum containing 20 units/0.1 ml and in-
cubated at 25°C for one hour. VT cultures were
drained of excess fluid, and one drop (0.05 ml) of
virus-serum mixture was inoculated into each of five
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TABLE 1
TITRATION OF POLIOVIRUS BY STANDARD TUBE (ST) AND VERTICAL TUBE (VT)

CULTURES

Logio TCDso/mI by days a

Poliovirus ST cultures VT cultures

Day 1 Day 2 Day 3 Day 4 Dayl Day2 Day 3 Day 4

Type I

Mahoney 4.0 5.5 7.5 7.5 5.5 7.5 7.8 7.8

LSc 3.5 5.5 7.5 7.5 4.5 7.3 7.3 7.3

Type 2

MEFi 3.5 6.0 7.3 7.3 5.3 7.6 7.6 7.6

P712 3.5 4.5 5.5 7.0 5.8 6.8 6.8 6.8

Type 3

Saukett (P24) 3.5 6.5 7.2 7.2 5.7 7.3 7.3 7.3

Leon 2.5 5.5 6.0 6.0 3.5 6.0 6.3 6.3

a ST titre based on appearance of cytopathogenic changes; VT titre based on appearance of
multiple plaques or confluency of monolayer. All end-points in both systems calculated by the
method of Reed & Muench.

cultures. After an adsorption period of one hour at but macroscopically. The results of this experiment
25°C, the cultures were overlaid with agar nutrient are shown in Table 3. Identification of types 1, 2
medium. and 3 poliovirus in the standard neutralization test
The standard test was read microscopically for could be made after 48 hours. On the other hand,

cytopathogenic effect each 24 hours for three days. all three viruses could be identified at 24 hours in the
The vertical-tube test was also read for three days, VT culture test.

TABLE 2
TITRATION OF ECHOVIRUSES AND COXSACKIEVIRUSES BY ST AND VT CULTURES

Logio TCD5oIml by days

Virus ST cultures VT cultures

Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Echovirus

1 4.5 6.5 6.8 6.8 6.8 6.8 4.5 5.5 6.5 6.5 6.5 6.5

4 <1.0 3.5 4.5 4.8 4.8 4.8 <1.0 4.5 4.5 4.5 4.5 4.5

7 4.5 6.5 7.2 7.2 7.2 7.2 5.5 7.5 7.5 7.5 7.5 7.5

9 2.5 5.5 6.5 6.5 6.5 6.5 <1.0 2.2 2.2 2.8 3.8 4.8

11 4.5 6.8 6.8 6.8 6.8 6.8 3.8 5.8 6.5 6.5 6.5 6.5

Coxsackievirus

A9 4.5 7.0 7.0 7.0 7.0 7.0 4.5 7.5 7.5 7.5 7.5 7.5

B2 2.5 3.5 5.5 6.1 6.1 6.1 2.0 3.5 5.0 6.3 6.3 6.3

B6 5.0 6.0 6.0 6.0 6.0 6.0 5.5 6.5 6.5 6.5 6.5 6.5
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TABLE 3
TYPING OF POLIOVIRUS IN ST AND VT CULTURES

Cytopathogenic score a on day indicated
Virulent Polio typing ST cultures
poliovirus sera S cutrsVT cultures

strain
Day I Day 2 Day 3 Day 1 Day2 Day3

Type I Type 1 0 0 0 0 0 0

Type 2 0 2 4 2 4 4

Type 3 0 2 4 2 4 4

Normal 0 2 4 2 4 4

Type 2 Type I 0 1 4 1 4 4

Type 2 0 0 0 0 0 0

Type 3 0 1 4 1 4 4

Normal 0 1 4 1 4 4

Type 3 Type 1 0 2 4 2 4 4

Type 2 0 2 4 2 4 4

Type 3 0 0 0 0 0 0

Normal 0 2 4 2 4 4

a In ST cultures, I = 25 % of cells in culture showing changes; 2 = 50 %; 4 = 100%.
In VT cultures, I = 1-4 plaques per culture; 2 = 5 or more plaques; 4 = confluency.

Titration of immune sera

The VT test was used to titrate the enterovirus
antisera recently prepared in horses (Hampil et al.,
1965). For the ST tests, twofold dilutions of antisera
were each mixed with an equal volume ofhomologous
virus at a concentration of 100 TCD50/0.1 ml and mix-
tures incubated at 25'C for one hour. Virus-serum
mixtures were then inoculated into each of five ST
cultures in 0.2 ml volume. For the VT cultures, virus
at a concentration of 400 TCD50/0.1 ml was mixed
with an equal volume of each serum dilution, and
one drop inoculated into each of five VT cultures.
The results of a representative experiment with
type 1 poliovirus, coxsackie A9, coxsackie B3 and
echo 11 are shown in Table 4. Both methods gave
similar 50% serum end-points. However, end-
points were reached two days sooner in VT cultures
than in ST cultures in the case of all viruses tested
except echovirus 11.

The use of VT cultures for d and T (rct/40) marker
tests

Attenuated (d-) and virulent (d+) type 3 polio-
viruses were inoculated at serial tenfold dilution
steps in 1-ounce (30-ml) drained culture bottles;

TABLE 4
TITRATION OF ENTEROVIRUS ANTISERA IN ST AND VT

CULTURES

Serum titre a
Virus-serum mixture

ST cultures VT cultures

Type I poliovirus (Mahoney) 10 000 (3) 12 000 (1)

Coxsackievirus A9 4 200 (5) 6 400 (3)

Coxsackievirus B3 8 000 (5) 10 000 (3)

Echovirus 11 1 000 (5) 800 (5)

a Titre expressed as reciprocal of 50 % end-point. Figures in
parentheses indicate the day on which the final titre was
reached. No further changes in titres occurred when cultures
were held for an additional 48-hour observation period.

after two hours' adsorption at 37°C, cultures were
overlaid with agar medium containing low bicar-
bonate (0.07 %) and high bicarbonate (0.4 %). Simi-
larly, a drop (0.05 ml) of each of the serial dilutions
of virus was inoculated into drained VT cultures,
and after a two-hour adsorption period at 370C, the
tubes were overlaid with agar medium containing
high bicarbonate and low bicarbonate as abo ve.
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TABLE 5
APPLICATION OF VT CULTURES TO THE d MARKER TEST

OF POLIOVIRUS TYPE 3 STRAINS a

d+Inbottle d+InVT
Exp. Number cultures cultures
No. tested

No. % No. %

1 10 0 0 0 0

2 16 15 94 16 100

3 16 0 0 0 0

4 55 27 49 27 49

Total 97 { 42 43 43 44

a See text for methods.

Culture bottles and vertical culture tubes were
loosely capped, and incubated in a 5% CO2 in-
cubator. Plaques were counted in the bottle cultures
on days 2-4, and the VT cultures on day 2. As
shown in Table 5, comparable results were ob-
tained in both systems. Of 97 strains tested in VT
cultures, 44% were d+ and of the same strains
tested in culture bottles (conventional test), 43%
were d+.

Attenuated (T-) and virulent (T+) type 3 polio-
viruses were inoculated in culture bottles and VT
cultures as described for the d-marker test. All
overlays were made with high bicarbonate agar
medium, and representative cultures were incubated
at 370C and at 40.50C. All strains that were T+
in the standard system were also T+ in the VT
cultures, and similarly, all T- strains in the standard
test were T- in the VT cultures.

TABLE 6

TITRATION OF MEASLES, VACCINIA AND HERPES
VIRUSES IN ST AND VT CULTURES

Log.o TCD,o/ml a
Virus

ST cultures VT cultures

Measles 5.5 (7) 5.3 (7)

Vaccinia 6.4 (5) 6.7 (5)

Herpes 5.9 (5) 6.4 (4)

a Figures in parentheses indicate day on which titre was
attained.

The use of VT cultures for other viruses

The results of titrations of measles, vaccinia and
herpes viruses are shown in Table 6. In each case
VT cultures were as sensitive for assaying these
viruses as ST cultures.

DISCUSSION

The use of VT cultures offers a number of advan-
tages over conventional systems for a number of
viruses, with the exception of those viral strains that
grow slowly under agar medium. However, by
incorporation of anti-inhibitors into the agar, certain
slowly plaquing viruses also be can assayed by this
new method. The initial seeding of cells in VT
cultures can be reduced to one-third of the amount
used in ST cultures. The tedious procedure of
dispensing cells in conventional tubes, which must be
aligned and stoppered in racks, is overcome by the
use of VT cultures. Cells can be grown upright when
held in serological racks, or in stainless steel boxes
sealed by Neoprene gaskets (Wallis & Melnick,
1960). Under such conditions, the cells grow at the
bottom of the tube. Tubes can be examined for
quality by observing representative cultures under
a microscope, preferably of the inverted type. No
subsequent microscopic scanning of the VT culture
is necessary. After agar overlay of the vertical
cultures, sterile oil is added, thereby avoiding the
use of rubber stoppers (Salk et al., 1954). After
24-48 hours (or later, in the case of slowly plaquing
viruses), merely by examining the bottom of the tube
against a white background the VT cultures can be
observed for evidence of plaques or confluency.
This eliminates the two or three microscopic readings
of cultures required with the conventional tube test.
The contamination problems sometimes present

in ST cultures with liquid medium are often over-
come, since plaques in VT cultures are usually
formed more rapidly than most bacterial colonies.
Even when bacterial colonies grow on the agar, the
test is usually readable, since in most cases the
integrity of the monolayer stained with neutral red
is maintained.

Recently, to determine the effectiveness of a
community-wide programme of vaccination with
oral poliovirus vaccine, antibody studies were
carried out in this laboratory on over 500 serum
specimens. Results with VT tests were compared
with those with the conventional neutralization test
in ST cultures, and when a representative number
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of sera yielded similar titration results with both
tests, the entire study was then continued with
vertical-tube cultures (Melnick & Parks, 1964). At
present in this laboratory, we are identifying a large

number of viruses (myxo-, reo-, herpes, measles,
rubella viruses) using the VT test. The laboratory
work was completed much sooner than in past
studies when conventional methods had been used.

RI SUMMt

Les methodes usuelles de titrage et d'identification des
virus ou d'etude des anticorps sont basees sur l'observa-
tion de l'inhibition metabolique des cellules infectees ou
la lecture microscopique de l'effet cytopathogene. Elles
exigent une incubation des cultures de cellules d'au
moins une semaine, avec deux ou trois lectures au cours
de cette periode.

Les auteurs decrivent une methode de culture des
cellules sensibles sur l'extremite inf6rieure de tubes a
hemolyse (13 x 100 mm) maintenus en position verticale
sur des portoirs. La quantite de cellules (de reins de singe
ou de lapin) a ensemencer dans ces conditions pour
obtenir une couche monocellulaire est environ le tiers de
celle que requierent les methodes standard. Apres ino-
culation du virus ou du melange virus-serum, la surface
est recouverte d'une couche de g6lose. L'epreuve est
basee sur l'apparition de plages qui se developpent
rapidement et peuvent etre observees macroscopique-

ment. Du rouge neutre ajoute A la gelose est retenu par
les cellules intactes; il est liber6 par les cellules mortes et
la gelose devient brunatre et opaque. La lecture peut etre
faite en 24-48 heures, les poliovirus atteignant alors leurs
taux maximaux dans les cultures. La plupart des autres
virus n'exigent pas plus de 3-4 jours. Cette methode s'est
montree particulierement avantageuse pour l'etude des
virus A croissance rapide des groupes entero-reo-herpes-
myxo-et poxvirus. Elle a ete egalement utile pour r6aliser
des essais des marqueurs genetiques d et T (rct/40) du
vaccin poliomyelitique vivant.

Les auteurs comparent les resultats obtenus par cette
methode et par les methodes classiques. Ils donnent des
details sur son application au titrage des anticorps
apparus apres vaccination orale contre la poliomyelite
chez plus de 500 sujets, apres qu'ils aient v6rifie que les
methodes classiques et la methode sur tubes verticaux
donnaient des resultats similaires.
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