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Summary

The influence of pH on the growth of transmissible gastroenteritis virus (TGEV)
in adult pig thyroid cell culture, and on the stability of the virus was studied.
At pH 6.5 the yield of virus was 10 fold higher than cultures held at pH 7.2 and
100 fold higher than those at pH 8.0. The adsorption, penetration and uncoating
steps of the viral replicative cycle were shown to be unaffected by pH variation.
Synthesis of TGEV RNA during the first 12 hours post infection was found to be
unaffected by pH variation between the range 6.5—38.0. After 12 hours breakdown
of this RNA appeared to occur in cultures held at pH 7.2 and 8.0 but not at.
pH 6.5.

When incubated at 37° C for 24 hours the virug infectivity was found to be
least affected by pH 6.5 but when kept at 4° C for the same length of time, the
virus infectivity remained constant between plH 5.0 and pH 8.0.

Introduction

Transmissible gastroenteritis virus (TGEV) which causes a highly infectious
enteric disease of pigs (3}, is & member of the coronavirus group (12). During the
initial stages of work on the analysis of TGEV structural components (5), the
virus titres we obtained from cell culture were low and not reproducible. There
have been reports that the virus is stable for at least 1 hour at 37° C between
pH 4—8 (8, 10), but there are no data as to the effect of prolonged incubation at
these pH values on the stability of the virus. The pH of the cell culture medium
can also have a marked effect on the production of virus in wvitro. Poliovirus, for
example, shows a lower yield when grown at a slightly acidic pH, due to inhibition
of viral RNA synthesis (7); vesicular stomatitis virus (VSV) is similarly affected,
but faulty maturation has been shown to be the cause (4).

This paper presents data from experiments which determine the effect of pH
on the growth and stability of TGEV n vitro.
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Materials and Methods

Virus

The F8772/70 cloned strain of TGEV was obtained from Miss S. Cartwright (Central
Veterinary Laboratory, Weybridge) and a stock of virus passaged 125 times through
primary pig kidney cells was used as inoculum in all experiments.

Cell Cultures

Secondary adult pig thyroid (APT/2) cell cultures were prepared as previously
described (9). The maintenance medium consisted of medium 199 (Wellcome Reagents
Ltd., Beckenham, Kent) containing galactose in place of glucose, supplemented with
2.5 per cent calf serum, and penicillin, streptomyein and mycostatin at concentrations
of 100 units, 100 pug and 25 units per ml respectively. For virus growth experiments
the medium was buffered with either 0.11 per cent sodium bicarbonate, pH 7.2 or
0.11 per cent sodium bicarbonate and 20 mm N-2-hydroxyethylpiperazine-N’-2-ethane-
sulphonic acid (HEPES, Sigma London Chemical Co. Ltd., London), pH 6.8. In growth
experiments where the pH was rigidly controled the concentration of HEPES was
increased to 50 mM and the medium adjusted to the required pH by the addition of either
concentrated hydrochloric acid or 4N sodium hydroxide.

All cultures were incubated at 37° C.

Plague Assay

APT/2 cells were grown in 50 mim tissue culture plastic petri dishes, until confluent
monolayers were formed. The medium was removed and 0.2 ml of virus dilution added.
Following 1 hour incubation at 37° C the inoculum was removed and the cells over-
layed with maintenance medium containing 1 per cent Noble Agar (Difco Laboratories,
Detroit) and the amount of calf serum increased to 5 per cent. When bicarbonate alone
was used to buffer the virus dilutions and overlay medium, the plates were incubated
in a humidified atmosphere of 5 per cent CO2/95 per cent air, but when bicarbonate/
HEPES was used the incubation was carried out in an ungassed humidified incubator.

Rate of Viral RN A Synthesis

APT/2 cells were grown on the bottom of glass liquid seintillation vials until con-
fluent monolayers were formed. The medium was removed and 0.2 ml maintenance
medium, adjusted to the pH values shown, containing either no virus or 1.6 X 105 PFU
of TGEYV, was added. After 1 hour incubation at 37° C the inoculum was removed and
replaced by 2 ml maintenance medium adjusted to the same pH as the inoculum.
Following a further 2.5 hours incubation 50 ul of a 20 wg/ml solution of actinomyecin D
(Sigma Chemical Co. Ltd., London) was added to the virus infected vials. Incubation
was continued for another 1.5 hours when [5-3H]-uridine (Radiochemical Centre,
Amersham) was added to all vials to give 2 uCi/ml (specific activity 1.4 Ci/mmol).
Both infected and uninfected vials were removed in duplicate at intervals as shown.
Incorporated radioactivity was determined in the cell sheet and the medium after
precipitation with 5 per cent (w/v) trichloroacetic acid (TCA) at 4° C.

Rate Zonal Centrifugation

Radioactive TGEV was obtained by incorporating 10 «Ci/ml [5-3H]-uridine (specific
activity 26 Ci/mmol) into the maintenance medium. The resultant virus was con-
centrated by precipitation with ammonium sulphate at 40 per cent saturation. Follow-
ing centrifugation at 15,000 x g, the pelleted material was dissolved, to 1/10th the
original volume, in sterile distilled water. The pH of samples of concentrated virus
was adjusted by the addition of 10 mm 2-amino-2-hydroxymethylpropane-1,3-diol
(TRIS)/HCI buffer with pH values of 6.5, 7.2 and 8.0. Following incubation at 4° C for
1 hour the samples were layered onto linear 20—45 per cent (w/w) sucrose density
gradients and centrifuged for 90 minutes at 70,000 X g. The sucrose solutions used to
generate the density gradients were made up in 10 mm TRIS/HCI buffers with pH
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values corresponding to those of the virus samples. After centrifugation the gradients
were fractionated and the amount of radicactivity in the fractions was determined by
liguid scintillation counting.

Results

Virus Yveld in the Presence of HEFPES Buffer

Monolayers of APT/2 cells in 4 oz flat glass bottles were inoculated with TGEV
at an input multiplicity of at least 1 PFU/cell. The inoculum and maintenance
medium were either buffered with bicarbonate or bicarbonate/HEPES. After
36 hours incubation at 37° C the virus yield in a peol of four replicate cultures was
determined by plaque assay. In the bicarbonate buffer the yield was 0.6 x 105 PFU/
mi but when bicarbonate/ HEPES was used the yield was 32 fold higher at 1.9 x
106 PFU/ml.

Growth curves of the virus under the above buffering conditions are shown in
Figure 1 (a). The growth curve for the virus in APT/2 cells was characterised by
an initial rapid production of virus which reached a peak 24—36 hours after
infection coinciding with the onset of cytopathic effect (13). After 36 hours the
virus infeetivity decreased due to its instability at 37° C; this is consistent with
other reports (1, 6, 8, 10, 14, 15).

A comparison of the two curves indicates that the presence of HEPES resulted
in a faster rate of virus production during the first 12 hours after inoculation,
giving a 10 fold increase in the peak titre. This was followed by a less marked
decrease in the amount of infectious virus, suggesting that the virus infectivity
was more stable in the presence of HEPES.

The pH of the maintenance medium containing HEPES remained constant
at 6.8 during the incubation period, whereas the medium buffered with bicarbonate
alone had an initial pH of 7.0 which increased to 8.0 by 36 hours, probably due
to cell death following virus maturation. Subsequent experiments were designed
to find whether a correlation exists between the enhanced virus yield and the pH
of the growth medium.

Plagque Assay in the Presence of HEPES Buffer

A sample of virus was titrated four separate times with six replicate petri dishes
for each dilution, using either bicarbonate or bicarbonate/HHEPES as buffer
systems for the inoculum and overlay medium. The virus titers were found fo be
6.2 108 PFU/ml when wusing bicarbonate alone, and 9.6 106 PFU/ml with
HEPES present. This difference in titre under the two conditions although statisti-
cally significant (P<<0.003), is not great enough to account for the higher virus
yield obtained when HEPES is incorporated into the growth medium.

Effect of pH on Virus Growth

Growth curves of TGEV at three pH values are shown in Figure 1 (b). The
three curves show that the optimum yield of virus was obtained 24 hours after
infection, but the amount of virus produced was greatly affected by pH. Again
the major differences between the curves are the initial rate of virus production,
which was greatest at pH 6.5, and the rate of virus inactivation after 24 hours
which was highest at pH 8.0.
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Effect of pH on Virus Adsorption

The pH of the inoculum used in a plaque assay was varied as shown in Table 1,
experiment 1. The number of plaques formed was used as an estimate of the
amount of virus adsorbed. The results given in Table 1 indicate that pH had no
effect on the adsorption of the virus to the cell since the plaque count remained
congtant.

Effect of pH on Plaque Size
The pH of the overlay medium was varied as indieated in Table 1 experiment 2

and the resulting plaque count and average plague diameters recorded, for pH 6.5
and 7.2. The use of overlay at pH 8.0 resulted in a fairly rapid degeneration of
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Fig. 1
a) Growth curves of TGEV in APT/2 cells in maintenance medium buffered with
bicarbonate (e) or bicarbonate/ HEPES (=)
b) Growth curves of TGEV in APT/2 cells at pH 6.5 (o), pH 7.2 (=) and pH 8.0 (&)

Table 1. Hffect of pH on virus adsorption and plague size

Expt. pH Plagque
No. Inoculum Overlay No.2 Av. Diameter (mm)
1 6.5 6.8 12-4-2 2.10
7.2 6.8 15-1-4 2.08
8.0 6.8 1343 2.00
2 6.8 6.5 15-1-4 2.28
6.8 7.2 1143 1.42
6.8 8.0 —b —b

2 The number of plaques formed 4 standard deviation using 0.2 ml of a standard
virus dilution.

b The cell monolayers degenerated under these conditions: the results therefore were
unobtainable.
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the cell monolayer, therefore data were unobtainable for this condition. As in the
viral adsorption experiment the plaque count remained constant. However, the
diameter of plaques formed under the pH 6.5 overlay was on average 60 per cent
greater than that of plaques formed at pH 7.2, again suggesting an increased
growth of virus at the lower pH.

The Effect of pH on Viral RN A Synthesis

The results of experiments carried out to investigate the incorporation of
radioactive uridine into TCA insoluble material are given in Table 2. Data obtained
from the uninfected controls indicated that RNA synthesis in APT/2 cells was
not atfected by pH to any great extent over the range studied. The rate of accumu-
lation of synthesised RNA during the first 12 hours post infection (8 hours after
the addition of [3H]-uridine), ag shown by the results from the infected actino-
myein D treated cells, was unaffected by pH between values of 6.5 and 8.0.
Between 12 and 24 hours post infection the amount of RNA increased almost 2 fold
in the cultures maintained at pH 6.5. However at the other two pH values in-
vestigated a reduction in the amount of intracellular RNA was seen, the reduction
being larger at pH 8.0 than at pH 7.2. This reduction was not associated with an
increase in the amount of material released into the medium and therefore in-
volved a breakdown of RNA produced in the first 12 hours.

Table 2. The effect of pH on cellular and viral RN A synthesis

pH
Time? 6.5 7.2 8.0
Uninfected control
4 hours 41,528% 37,790 28,330
Cells 8 hours 85,272 112,240 76,821
20 hours 300,588 321,839 265,388
4 hours 2,880 4,590 3,830
Medium 8 hours 6,560 4,250 4,220
20 hours 8,870 7,180 9,590
Infected actinomycin D treated
4 hours 6,244 8,747 6,114
Cells 8 hours 13,338 19,174 15,378
20 hours 22,961 12,301 4,249
4 hours 2,970 3,410 4,490
Medium 8 hours 4,270 3,380 4,790
20 hours 11,840 11,410 10,860

& Time after the addition of radioactive uridine.

b TCA insoluble radioactivity (counts per minute).

Effect of pH on the Thermal Inactivation of the Virus
The effect of pH on the stability of TGEV at 4° and 37° C was measured over
a 24 hours period. Samples of stock virus were diluted 1:1 with phosphate buffer
(11) to give the required pH. The samples were incubated for 24 hours in water
baths maintained at either 4° or 37° C. The amount of infectious virus remaining
after incubation was determined by plague assay at pH 6.8. The results given in
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Figure 2 indicate that the virus was stable over a wide pH range at the lower
temperature. At 37° C, however, the virus showed greatest stability at pH 6.5.
When the pH was increased above this value the virus showed marked instability,
but at lower pH values the decrease in stability was less obvious.

Figure 3 shows the results of an experiment in which the rate of inactivation
of the virus at 4° and 37° C was followed under three pH conditions. Over the
24 hours period of the experiment the amount of virus inactivation at 4° C was
small and essentially identical for the three pH values. At the normal virus growth
temperature of 37° C the rate of inactivation was exponential with respect to time
over this period but the rate increased as the pH increased. The inactivation
at 37° C followed first order kinetics during the 24 hours period and the half-lives
of the virus at pH 6.5, 7.2 and 8.0 were 7.34, 4.70, and 3.55 hours respectively.
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Fig. 2. The effect of pH on the stability of TGEV after 24 hours incubation at 4° C (s)
and 37° C (w)

Fig. 3. Rate of inactivation of TGEV at 4°C (—— —) and 37° C ( -} buffered

at pH 6.5 (e), pH 7.2 (4), and pH 8.0 (w). The symbols Vy and V; refer to the original
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The Effect of pH on the Rate Zonal Sedimentation of the Virus

Figure 4 shows the results of rate zonal sedimentation of [3H]-uridine labelled
TGEYV, concentrated by ammonium sulphate precipitation, through 20—45 per
cent (w/w) sucrose gradients. Two peaks of radioactivity were observed indicated
by the symbols v and vm. On electron microscopic examination of these two
areas the peak v was found to contain discrete virus particles whereas peak vm
contained clumps of virus particles and membrane fragments. After incubation
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at 4° C at pH 6.5 peak vin contained more radicactivity than peak v, but as the
pH was increased the aggregates contained in peak vm dissociated and an increase
in the amount of radioactivity in peak v was observed. At pH values below 6.5
almost all the radioactivity was contained in peak vm, above pH 8.0 the counts
in peak v decreased and became associated with. lower molecular weight material
at the top of the gradient probably due to breakdown of the virus.
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Fig. 4. Rate zonal sedimentation of [3H]-uridine labelled TGEV through 20—45 per

cent (w/w) sucrose density gradients at (a) pH 6.5, (b) pH 7.2 and (c) pH 8.0. The

symbols (v) and (vin) refer to the positions of free virus and virus-membrane aggregates,
respectively. The direction of sedimentation was from right to left

Diseussion

This report shows that the growth of TGEV is affected by the pH of the growth
medium since the yield of virus after 24 hours incubation with medium at pH 6.5
is 10 fold greater than at pH 7.2 and almost 100 fold higher than the yield at pH 8.0.

When HEPES was added to the maintenance and plaque overlay media for the
routine growth and assay of the virus, the yield was increased 32 fold, but the
plaque number was not affected. Subsequent experiments revealed that the growth
enhancement was due to the pH of the media, but unlike many other viruses,
TGEV grew to a higher titre in slightly acidic media. From the virus growth curves
it appears that there are two main effects of pH, the first early in infection when
the rate of virus production is affected, and the second after 24 hours following
the peak of the virus yield, when the rate of virus inactivation is affected. It is
possible that these results could reflect the effect of pH on the association of the
virus into aggregates either with itself or with cell debris. The presence of virus
aggregates would effectively reduce the amount of virus available for titration.
If this was the case with TGEV, the cultures grown at pH 8.0 would be expected
to contain more aggregates than eultures grown at pH 6.5. We have shown by rate
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zonal sedimentation however that the presence of virus aggregates is more marked
at the lower pH value and is therefore not the reason for the results of the growth
experiments.

We have shown that the adsorption of the virus to the cells is not affected
between pH 6.5 and 8.0, as the number of infectious centres produced, judged
by plaque count, was similar when the inoculum was maintained at pH 6.5, 7.2
and 8.0. When both the inoculum and the overlay medium were maintained at
either pH 6.8 or pH 7.2 the number of plaques remained constant which suggests
that over this range pH has little or no effect on penetration and uncoating.
The decrease in plagque diameter which oceurs at pH 7.2 as compared with that at
pH 6.5, again indicates the reduction in growth of the virus at the higher pH.

It has been shown that TGEV replication is not inhibited by low concentra-
tions of actinomyein D (2). Using low levels of this drug we have been able to
investigate the effect of pH on TGEV RNA synthesis. Early RNA synthesis
(0—12 hours post infection) was found to be unaffected by pH. After 12 hours,
however, the amount of RNA present in the infected cultures held at pH 6.5
increased whereas the content in the cultures at the other two pH values decreased.
This suggests a breakdown of synthesized viral RNA which is greater at higher pH
values. This may be the reason for our finding that less virus is produced at pH 8.0
compared with pH 6.5. The final interpretation of these results, however, must
wait until more is known about primary and secondary transeription of corona-
virug RNA.

Following its release into the growth medium the virus is susceptible to
thermal inactivation. CARTWRIGHT ef al. (1) observed that a sample of virus in a
bicarbonate buffered medium left at 37° C for 24 hours lost virtually all infectivity.
In experiments where the pH was controlled we found that the thermal inactivation
of the virus at 37° C was pH dependent, with least inactivation at pH 6.5. The
rate of inactivation appears to be exponential over a period of 24 hours, and is
greatly increased as the pH of the medium is raigsed. This effect appears to correlate
with the loss of virus infectivity as seen in growth curves, when cultures are
incubated for more than 24 hours.
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