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Growth of Japanese encephalitis virus (JEV) in BHK-21 cells was stimulated
in the presence of 20 to 40 ug of the sodium salt of oleic acid (cis-9-octadecenoic
acid, 9-18:1) per ml supplemented in Waymouth medium. The stimulatory effect
of the salt was highest when 9-18:1 was added after adsorption of the virus. Study
of the effect of other fatty acids on growth of JEV showed the following results:
the longer the chain length of the saturated fatty acid salt, the higher the
stimulatory effect on viral growth. In contrast, polyunsaturated fatty acids had
an inhibitory effect on viral growth. The effect of isomeric cis-octadecenoic acids
on viral growth was variable, depending upon the position of the double bond.
The cis-6-octadecenoic acid had the highest inhibitory effect on growth of JEV
compared to other isomeric octadecenoic acids. The sodium salt of [1- 'IC ]cis-9-
octadecenoic acid (9-18:1, 20 gg/ml) was rapidly incorporated into control and
JEV-infected cells. Specific radioactivity in phosphatidylcholine dropped 12 to
24 h after virus inoculation, whereas synthesis of phosphatidylethanolamine
increased 12 to 24 h after virus inoculation in infected cells compared to
uninfected cells. Results from these studies suggest that phospholipid metabo-
lism of infected cells is markedly changed, which can be associated with altered
fatty acid metabolism when using labeled 9-18:1 fatty acid as a marker.

The association of lipids as a viral structural
component in Japanese encephalitis virus
(JEV) or other related group B arboviruses has
long been suspected since lipid solvents (2, 19,
50), lipolytic enzymes (2, 44, 50), and deoxycho-
late (45) inactivate these viruses. Several re-
ports have been published on lipids of group A
arboviruses, including Sindbis virus (28), Sem-
liki Forest virus (11, 30) and Venezuelan equine
encephalitis virus (17; F. P. Heydrick, R. F.
Wachter, and E. H. Ludwig, Bacteriol. Proc., p.
168, 1968; and F. P. Heydrick, J. F. Comer, and
R. F. Wachter, Bacteriol. Proc., p. 162, 1969).
Lipid composition of group B arboviruses has
not been fully examined by direct analysis of
purified virus particles (27). Grossberg and
O'Leary and Grossberg et al. showed occurrence
of hyperlipemia in chicken embryos after JEV
infection (14, 15).
These reports suggest that lipids may have a

fundamental role in arbovirus infection; there-
fore, effect of lipids on the infectious cycle is of
particular interest. However, the effect of lipids
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on arbovirus biosynthesis, as well as the effect
on lipid metabolism of the infected host cell,
has not been well documented.

Recently, attempts have been made to eluci-
date the function of lipids in growth of tissue
culture cells (1, 4-6, 20, 22, 39, 47), and exten-
sive reviews of lipid metabolism in cultured
cells have been presented (31, 32). The results
in these studies show that, under appropriate
conditions, exogenous fatty acid can readily be
incorporated into mammalian cells and be me-
tabolized.
The present investigation is a report on (i) the

effect of exogenous fatty acids on multiplication
of JEV in hamster kidney cells (BHK-21 cells)
cultivated in Waymouth medium as a first step
to study lipid metabolism of arboviruses in vitro
and (ii) the uptake of the radioactive salt of
9-18:1 in JEV-infected and normal BHK-21
cells to determine the complex lipids which may
change during infection.
The results show that the presence of sodium

oleate (sodium salt of 9-18:1) in Waymouth
medium stimulates growth of JEV in BHK-21
cells, whereas the salts of other fatty acids have
varying effects on viral growth.
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MATERIALS AND METHODS

Preparation of BHK-21 cells. BHK-21 cells (42)
were obtained from T. B. Stim, Yale Arbovirus
Research Unit, Yale University, New Haven, Conn.,
and were cultivated in Eagle minimum essential
medium (10) supplemented with 5% newborn calf
serum, 100 U of penicillin per ml, and 100 ug of
streptomycin per ml (MEM Ca,). The cells were
maintained in 32-oz (0.95-liter) prescription bottles as
follows. The cell monolayer was washed twice with
Hank balanced salt solution without calcium and
magnesium ions (GKNP) and trypsinized (0.05%
trypsin; Difco, Detroit, Mich.) at 37 C for 5 min.
Fresh medium (35 ml) was added to the bottle. The
cells were transferred every 3 to 4 days and were
usually split 1:4. Newborn calf serum, vitamins, and
essential amino acids were obtained from Grand
Island Biological Co. (Grand Island, N.Y.). Gluta-
mine was obtained from Calbiochem (Los Angeles,
Calif.).

Uninfected BHK-21 cell growth. Triplicate
screw-cap Leighton tubes were used for the study of
cell growth. A 1-ml amount of MEM Ca, containing
about 3 x 104 cells was added into each tube, and the
tubes were incubated for 48 h at 37 C. Cells were
washed twice with 2 ml of GKNP. Waymouth me-
dium (1 ml) (49; Waymouth dry powder media tissue
culture medium, Schwarz BioResearch, Inc., Orange-
burg, N.Y.), containing 2 mg of bovine albumin per
ml (fatty acid-free; Pentex, Inc., Kankakee, Ill.), and
different sodium salts of fatty acids were added to
each tube. The cells were further incubated as de-
scribed above. A hemocytometer was used to measure
cell growth by taking quadruplicate samples from
each of three tubes using the procedure of Jenkin and
Anderson (20).

Preparation of the sodium salt of fatty acids.
Saturated fatty acids 12:0 through 22:0 and unsatu-
rated fatty acids 9-18:1; 9,12-18:2; 9,12,15-18:3; and
5,8,11,14-20:4 were purchased from the Lipids Prepa-
ration Laboratory, The Hormel Institute, Austin,
Minn. Isomeric cis-octadecenoic acids 2-18:1 through
17-18:1 were obtained from Gunstone and Ismail (16)
and R. T. Holman (The Hormel Institute). All acids
were tested for purity by mass spectrophotometry and
ozonolysis. The acids were converted to the sodium
salt according to Jenkin and Anderson (20) and stored
at -20 C. An appropriate amount of the salt was
dissolved in Waymouth medium just prior to use. Two
milligrams of bovine albumin per ml (fatty acid free)
were present in all medium unless otherwise stated.

Virus. JEV strain M5/596 (23) from the 10th
suckling mouse brain passage was kindly supplied by
S. Grossberg, Medical College of Wisconsin, Mil-
waukee, Wis. Virus seed was prepared by infecting
BHK-21 cells with JEV in 32-oz prescription bottles
as described below. Infected cells were incubated at
37 C in MEM Ca.. Forty-eight hours after infection,
the supernatant fluid was removed and centrifuged at
12,000 x g for 30 min. Newborn calf serum was added
to the supernatant fluid (final concentration, 20%).
The virus was stored at -70 C in sealed ampoules.

Plaque assay. Plaque assays of JEV were per-
formed according to Makino et al. (24) on monolayers
of BHK-21 cells in 6-unit plastic plates, 10 by 35 mm
(Linbro Chemical Co., Inc., New Haven, Conn.).
Methyl cellulose (1%; 4,000 centipoise) was obtained
from Dow Chemical Co., Midland, Mich. The mono-
layer was stained with crystal violet, and the plaques
were counted according to the method of Holland and
McLaren (18). PFU were determined from the average
count of triplicate plates from each of triplicate tubes.

Stability of JEV. Stability of JEV in Waymouth
medium containing various supplements was studied.
Stock inoculum of JEV was diluted at least 100-fold
(to approximately 105 PFU/ml) with each medium to
be tested. The mixture was held at 37 C in vials. At
the end of each incubation period, samples of the
mixture were removed and further diluted 100-fold
with 0.1% bovine plasma albumin (fraction V; Pentex,
Inc., Kankakee, Ill.) in phosphate buffer (pH 7.2).
The infectivity was determined by plaque assay.
Percentage of surviving virus was calculated from the
ratio of PFU at the time of sampling over PFU at zero
time, multiplied by 100.

Virus infection. BHK-21 cell monolayers in Leigh-
ton tubes were prepared as described for uninfected
cells. Cell monolayers were incubated in unsupple-
mented Waymouth medium for 24 h prior to infection.
The cell number per tube was determined in control
tubes. The cells were infected with JEV (0.1 ml/tube)
with a multiplicity of infection of 10 PFU/cell. Virus
adsorption was performed at room temperature for 90
min while agitating the tubes on a rocking platform
(Bellco Glass Co., Vineland, N.J.). At the end of the
adsorption period, the monolayer was washed twice
with 2 ml of GKNP, and then 1 ml of Waymouth
medium containing various supplements of the so-
dium salt of fatty acids was added to each tube. At
each interval of sampling, infected medium was
removed and centrifuged at 600 x g for 10 min to
remove cell debris. The supernatant fluid was re-
moved and stored at - 70 C. Loss of infectivity did not
occur at this storage temperature. Virus infectivity
was determined using the plaque assay described
above. Infectivity of cell-associated virus was titrated
after quick freezing at -70 C and thawing at 37 C
three times in the buffer system of Schulze and
Schlesinger (36). A low-speed centrifugation (600 x g
for 10 min) was performed, and the supernatant fluid
was removed and stored at - 70 C for a plaque assay.

Virus infection studies for incorporation of ra-
dioactive 9-18:1. The cell monolayers were prepared
in 2-oz (ca. 60-ml) prescription bottles (106 cells/bot-
tle) and used in the study of general distribution of
radioactivity in medium, cells, or CO2. After virus
adsorption, 3 ml of Waymouth medium supplemented
with 20 Mg of labeled sodium oleate per ml (0.17
MCi/ml) and 2 mg of bovine albumin per ml was added
to each bottle. Bottles were plugged with a double-
sealed rubber stopper constructed with a central well
(Kontes Glass Co., Vineland, N.J.). Three bottles
were sampled after appropriate incubation times by
trapping CO, as described below, removing the super-
natant fluid, and trypsinizing the cells to measure the
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radioactivity of the CO2 and cells. Triplicate radioiso-
tope counts were made from each of the three bottles.
Variations of counts were less than 15%.

Cell monolayers were prepared in 8-oz (ca. 0.24-
liter) bottles (approximately 4 x 10. cells/bottle) to
study the lipids of control and JEV-infected cells. A
15-ml amount of the Waymouth medium, supple-
mented as described above, was added to each bottle.
Cells were collected from four bottles for each set of
samples with the aid of trypsinization followed by
low-speed centrifugation (600 x g for 10 min). Unin-
fected BHK-21 cells were treated as described above.

Collection of "4CO,. '4TO, was collected by the
modification of Snyder's procedure (38). At each
interval of sampling after virus inoculation, 0.2 ml of
hyamine and 0.2 ml of 0.1 N HCl were injected
through the rubber stopper into the center well and
medium, respectively. All bottles were agitated in a
water bath shaker at 37 C for 60 min. At the end of the
incubation period, the rubber stopper was removed,
and hyamine containing trapped 14CO2 was trans-
ferred directly into the scintillation vial by cutting the
neck of the center well.

Extraction and separation of lipid from cells.
Total lipid was extracted by the method of Bligh and
Dyer (7). Cell lipid (0.5 to 1 mg) was further fraction-
ated into neutral lipid, phospholipid, and glycolipid
according to the method of Rouser et al. (33). Acti-
vated silicic acid (400 mg) (100 mesh; Mallinckrodt
Chemical Works, New York, N.Y.) was packed into a
chromatographic tube (0.5 by 10 cm). Lipids were
successively eluted as follows: neutral lipid with 10 ml
of chloroform, glycolipid with 20 ml of acetone, and
phospholipid with 10 ml of methanol. Individual lipid
classes were separated and identified as described
elsewhere (25). Recovery of radioactivity was deter-
mined at each step of the experiment.

Radioactivity assay. A Packard Tri-Carb scintil-
lation counter was used for estimating the radioactiv-
ity. Radioactivity was determined in scintillation
fluid which consisted of 5.5 g of Packard Permablend
1 (Packard Instrument Co., Inc., Warrenville, Ill.) in 1
liter of toluene for lipid samples or Bray's scintillation
fluid (8) for samples in aqueous solutions. Lipids were
separated by thin-layer chromatography (25), and the
silica gel was directly scraped into scintillation vials.
Radioactivity was determined by using the dioxane-
water system of Snyder (37). Counts per minute were
converted to degradations per minute (dpm) by
correcting for quenching, using the automatic exter-
nal standardization of the counter (35).

Fatty acid methylation and gas-liquid chroma-
tography of the esters. Lipids were transesterified
with 5% HCl in anhydrous methanol (26) and were
analyzed by gas-liquid chromatography using a Pac-
kard gas chromatograph equipped with an argon
ionization detector containing a radium-D foil as a
radiation source. A glass column (1.8 m long, 0.32 cm
outer diameter) packed with 15% ethylene glycol
succinate plus 2% phosphoric acid on Gas Chrom P
(80 to 100 mesh) was used isothermally at 180 C to
separate the methyl esters. The methyl esters were
identified as previously described (25) and were

directly collected into scintillation vials using the
method of Schlenk and Sand (34).

Lipid quantitation. The amounts of phosphatidyl-
choline (PC) and phosphatidylethanolamine (PE)
were estimated according to the method of Townsend
et al. (46). The peak area of the methyl esters on
gas-liquid chromatography was compared with that of
a known amount of intemal standard (21:0 ester), and
the molar concentration of the sample was calculated.

RESULTS
Effect of fatty acids on uninfected BHK-21

cells. Under the conditions described in Mate-
rials and Methods, infected cells continued
growing normally for 2 additional days after the
medium was changed to Waymouth medium
containing different amounts of 9-18:1 (Fig. 1).
Cell growth was at least twofold higher in
Waymouth medium supplemented with 5% calf
serum (WCa,) than that in the medium con-
taining the 9-18:1 without serum. Different
amounts of 9-18:1 (10 to 40 ,g/ml) had little
effect on the cell growth. Inhibition of cell
growth was observed in the presence of 80 ,ug of
9-18:1 per ml. Cells could not be serially passed
in Waymouth medium containing bovine al-
bumin and sodium oleate without the presence
of calf serum.
A series of saturated and other unsaturated

fatty acids (see Materials and Methods) supple-
mented in Waymouth medium also did not
permit serial passage of BHK-21 cells, but some
cell growth occurred after cells adhered to glass
as reported for 9-18:1.

Stability of JEV in Waymouth medium
containing different supplements incubated
at 37 C. Table 1 shows that viral infectivity
decreased three- to tenfold in the presence of
saturated, polyunsaturated, and octadecenoic
fatty acids after a 24-h incubation at 37 C. A
further decrease in infectivity was observed
after 48-h incubation, depending upon the fatty
acid present in the medium. Virus incubated in
WCa, or Waymouth medium supplemented
with bovine albumin medium and maintained
under the same conditions described above
showed a 51 and 38% reduction in infectivity,
respectively, after 24 h of incubation at 37 C
and about a 50% further decrease in infectivity
was observed after 48 h of incubation. Virus
held in Waymouth medium not supplemented
with bovine albumin or fatty acids showed no
detectable infectivity after a 24-h incubation
period at 37 C. In general, the presence of fatty
acid supplements in medium containing extra-
cellular virus decreased viral infectivity with
prolonged incubation at 37 C more rapidly than
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FIG. 1. Effect of different concentrations of sodium
oleate on BHK-21 cell growth. After BHK-21 cells
were grown in Eagle MEM with 5% calfserum for 48 h
at 37 C, the cells were washed two times with Hanks
balanced salt solution without calcium and magne-
sium. Fresh Waymouth medium was added to the
cells, supplemented with 5% calf serum or 2 mg of
fatty acid-poor bovine albumin per ml combined with
various concentrations of sodium oleate. Cells were

further incubated at 37 C, and cell counts were

determined at 24-h intervals with the aid of a hemocy-
tometer. Symbols: 0, 10 Mg of oleate per ml; A, 20 Mg
of oleate per ml; *, 40 Mg of oleate per ml; 03, 80 Mg of
oleate per ml; A, 5% calf serum.

in control WCa5 and Waymouth medium sup-

plemented with bovine albumin media.
JEV growth in Waymouth medium with

addition of 9-18:1 and/or other supplements.
Various supplements, including serum albumin
and/or the sodium salt of fatty acids, were

added to Waymouth medium immediately after
virus adsorption. Each point in Fig. 2 represents
infectivity of released virus at different sam-

pling intervals. Virus growth was highest in
WCa,. When JEV was cultivated in Waymouth
medium without any supplements, the max-

imum infectivity was 1.2 x 104 PFU/ml during
a 48-h period of incubation. Addition of bovine
albumin (2 mg/ml) to the Waymouth medium
increased the infectivity to 1.3 x 105 PFU/ml.
Addition of 9-18:1 (20 ,g/ml) further increased

the infectivity to 107 PFU/ml, which was a
10-fold lower infectivity of virus than the max-
imum titer obtained in WCa, (Fig. 2). Infectiv-
ity of cell-associated virus was always 10- to
15-fold lower than that of released virus. A
virus-specific cytopathogenic effect occurred 48
h after cell infection. The drop in infectivity
observed after 48 h could be attributed to
extracellular viral lability at 37 C.

Effect on JEV growth by 9-18:1 when
added at different intervals of time. Since it
was evident that 9-18:1 had a stimulatory effect
on JEV growth, an infectivity study was per-
formed with 9-18:1 (20 yg/ml) added to the
medium at different intervals of time during the
course of infection. Growth of JEV was always
higher when the 9-18:1 was added to the me-
dium than in the control medium without
supplementation with bovine albumin (Fig. 3).
Higher viral infectivity appeared 12 h earlier
when 9-18:1 was added to the medium 24 h
before the virus inoculation, compared to addi-
tion of 9-18:1 after the infection started. How-
ever, the peak of virus infectivity, which nor-
mally occurred 48 h after the inoculation, was
higher when the 9-18:1 was added immediately

TABLE 1. Stability ofJEV in cell-free Waymouth
medium supplemented with the sodium salt of

various fatty acids (20 mg/ml)a at 37 C

Incubation
Fatty acids period (h)

24 48

Saturated
12:0 20.2k 2.8
14:0 21.7 2.9
16:0 26.7 5.2
18:0 26.4 3.7
20:0 27.6 4.2
22:0 31.5 7.1

Polyunsaturated
18:2 21.2 1.4
18:3 14.1 2.4
20:4 14.1 1.7

Isomeric octadecenoic acids
3-18:1 20.9 0.4
4-18:1 10.0 2.1
6-18:1 12.9 3.7
9-18:1 25.0 2.8
9-18:1c 21.0 0.2
11-18:1 18.7 0.2

Control
Waymouth medium, no supplements <0.01 <0.01
Waymouth medium + 2 mg of bovine 49.0 24
albumin per ml

Waymouth medium + 5% newborn 62.0 29
calf serum

a Bovine albumin (2 mg/ml) was present in the medium.
bValues are percent of surviving virus (ratio of PFU at

each incubation period over PFU at zero time).
c 9-18:1 (80 jug/ml).
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FIG. 2. Effect of Waymouth medium containing
various concentrations of sodium oleate on growth of
JEV cultivated in BHK-21 cells. BHK-21 cells were
grown in MEM with 5% calf serum. When the cell
monolayer was formed, the medium was changed to
Waymouth medium without supplements and the
monolayer was incubated at 37C for 24 h. The
medium was removed, and the cells were infected
with JEV for 90 min at room temperature. Infectivity
of released virus was determined by plaque assay at
various intervals of time after virus inoculation, using
BHK-21 for the assay. Symbols: (3, 5% calf serum; A,
2 mg of bovine albumin per ml; *0, 2 mg of bovine
albumin per ml plus 20,ug of oleate per ml; A, no
supplements.
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FIG. 3. Effect of sodium oleate (20 sg/ml) added at
different intervals of time on JEVgrowth. The condi-
tions for cell cultivation, virus infection, and assay of
infectivity are described in Fig. 2 and Materials and
Methods. Symbols: A, oleate present from 24 h before
virus inoculation to just before absorption; O, oleate
present after absorption to 24 h after infection; 0,
oleate present from 24 to 48 h after infection; A, no
oleate present throughout experiment; a, input virus
infectivity.

after viral adsorption to 24 h after infection than
when added before the infection or maintained
throughout the experiment. Even when the
fatty acid salt was added to the medium 24 h
after the infection started, the peak virus titer
was threefold higher than that in the medium
without the salt (Fig. 3).

Effect of different concentrations of 9-18:1
on JEV growth. Figure 4 illustrates the effect
of different concentrations of 9-18:1 added im-
mediately after viral adsorption. Forty-eight
hours after the virus inoculation, infectivity of
released and cell-associated virus was deter-
mined. The highest virus infectivity was ob-
served in the presence of 20 to 40 ,g of 9-18:1 per
ml. When 80 ,g of 9-18:1 per ml was present in
the medium, no virus infectivity was detected.
Infectivity of cell-associated virus was always
approximately 1 log10 lower than that of re-
leased virus.

Effect of sodium salts of other fatty acids
on JEV growth. The sodium salts of polyun-
saturated fatty acids (2.5 to 80 gg/ml), satu-
rated fatty acids (20 gg/ml), the 3-, 6-, 9-, and
11-octadecenoic acids (2.5 to 80 ,sg/ml), and all
other isomeric octadecenoic acids (20 gg/ml)
were added to Waymouth medium after viral
adsorption. Infectivity was determined 48 h
after infection. In the presence of 10 ug of
polyunsaturated fatty acids (9,12-18:2; 9,12,15-

08

3-18:1
lot _ 9-18:

i t * ~~~9,12,15-18:3
t9~~~ * 9,12-18:2

e xo 5, 8,11,14 -20:4

0 20 30 40 50 60 70 80
pg / ml

FIG. 4. Effect of different concentrations of various
fatty acid salts on growth of JEV. The conditions for
cell cultivation, virus infection, and assay of infectiv-
ity 48 h after infection are described in Fig. 2 and
Materials and Methods. Symbols: 9, 3-18:1; C),
6-18:1; 0, 9-18:1; A, 11-18:1; A, 9,12-18:2; *,
9,12,15-18:3; and x, 5,8,11,14-20:4.
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18:3; and 5,8,11,14-20:4) per ml, viral growth
was partially inhibited and was completely
inhibited in the presence of 20 ig/ml (Fig. 4).
Viral growth was stimulated in the presence
of 2.5 to 40 jug of 3-, 9-, and 11-18:1 isomers per
ml and completely inhibited at 80,ug/ml. The
6-18:1 isomer was partially inhibitory at 2.5
,ug/ml, increasingly inhibitory to 20 gg/ml,
and completely inhibitory at 40 ,ug/ml (Fig. 4).
The longer the chain length of the saturated

fatty acids (12:0 to 22:0) in the medium, the
higher the stimulatory effect on viral growth
(Fig. 5). Below 15:0 no release of infectious virus
was detected, whereas below 18:0 no cell-
associated infectious virus was found (Fig. 5).
Addition of salts of isomeric cis-octadecenoic

acids, 2-18:1 through 17-18:1, to the medium
had different effects on JEV growth, depending
upon the position of double bond (Fig. 6). When
double bonds were at A3, All, or A13 position,
the acids were highly stimulatory for JEV
growth, whereas the A6 positional isomer was
markedly inhibitory. In general, acids with
double bonds at odd-numbered positions from
the A end showed a higher stimulatory effect

1
12

RELEASED VIRUS

.

0

\-/ /

.~~~~--

13 14 15 16 17 18 19 20 21 22 C
CARBON NUMBER

FIG. 5. Effect of sodium salts of saturated fatty
acids (20 t.g/ml) on growth ofJEV. The conditions for
cell cultivation, virus infection, and assay of infectiv-
ity 48 h after infection are described in Fig. 2 and
Materials and Methods. Symbols: 0, infectivity of
released virus; 0, infectivity of cell associated virus;
c, bovine albumin control.
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FIG. 6. Effect of sodium salts of cis-octadecenoic
acids (20 ug/ml) on JEV growth. The conditions for
cell cultivation, virus infection, and assay of infectiv-
ity 48 h after infection are described in Fig. 2 and
Materials and Methods. Symbols: 0, infectivity of
released virus; 0, infectivity of cell associated virus;
c, bovine albumin control.

than neighboring acids with double bonds at
even-numbered positions, with the exception of
A10 > A9 and A16 > A15 and A17.

Differences in the effect between acids with
double bonds at odd- and even-numbered posi-
tions on viral growth tended to be larger when
the double bonds were close to the A end of the
chain than when they were at the w end (Fig. 6).

Incorporation of [1-14C]oleate into lipids of
JEV-infected and uninfected cells. [1-
14C ]sodium oleate was rapidly incorporated into
the total lipids of JEV-infected and control cells
(Fig. 7). The labeled oleate was rapidly incorpo-
rated into the total lipid of infected and unin-
fected cells during the first 12 h of incubation,
and incorporation remained constant through-
out the rest of the experiment. A slightly higher
increase of incorporation was observed in in-
fected cells in the first 12 h than in uninfected
cells. A concomitant decrease in radioactivity
was observed in the supernatant fluid of in-
fected and uninfected cells.
The amount of "4CO2 released was 15% of the

total radioactivity. The "4CO2 evolved, gradu-
ally increased up to 24 h after virus inoculation
(a.v.i.), and remained constant thereafter.

108

107

r-
E 106
z

0

z

CO 105

40
1-4
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FIG. 7. Incorporation of [14C]oleate into the total

lipid of uninfected and JEV-infected BHK-21 cells
and CO2. Replicate cultures of infected and unin-
fected cells in 2-oz bottles were incubated, each bottle
containing 3 ml of Waymouth's medium supple-
mented with a mixture containing 20 ;ig of [1-14C]ole-
ate (0.17 uCi/ml) per ml and 2 mg of bovine albumin
per ml. At various intervals of time, samples from
triplicate bottles were analyzed for radioactivity in
the cell-associated total lipid, lipids of the superna-
tant culture fluid, and C02- Symbols: cell lipid (A,
infected; A, control); supematant fluid (0, infected;
03, control), and CO2 (E, infected cells; ID, control
cells).

There was no difference in infected and control
cells in the amount of "4CO2 produced.
The amount of radioactivity from the non-

lipid fraction of infected and control cells,
which was recovered from the methanol-water
layer of the Bligh-Dyer extraction, was similar
to the 14C02 data shown in Fig. 7. However,
radioactivity from infected cells was 20 to 30%
higher than control cells.

Incorporation of [1-"Cjoleate into lipid
classes of the cells. Figure 8 illustrates the
results of incorporation of [1- 14C loleate into PC,
PE, and triglyceride in JEV-infected and con-
trol cells. Radioactivity of PC from infected
cells suddenly dropped between 12 to 24 h a.v.i.
(1.04 x 106 to 0.44 x 106 dpm/107 cells), whereas
the PC of the control had the highest activity
(1.79 x 106 dpm/107 cells) at 24 h a.v.i. Rapid
increase of radioactivity in PE of infected cells
(1.4 x 106 dpm/107 cells) was observed 24 h
after inoculation. Radioactivity of PE from
control cells remained low (0.09 x 106 to 0.37 x
106 counts/min per 107 cells) during the 48-h
observation period. The amount and pattern of
radioactivity of triglyceride was the same for
infected and control cells during the course of
the experiment.

Changes of PC and PE content. Changes of
PC and PE content between JEV-infected and
control cells showed a similar pattern during
infection (Fig. 9). However, changes in the
amount of PC and PE (micromoles/107 cells)
during 12 to 24 h a.v.i. were quantitatively
different between infected and normal cells. PC
decreased from 0.16 to 0.05 ,mol in infected
cells and from 0.21 to 0.13 ,mol in control cells,
but PE increased from 0.16 to 0.82 Mmol in
infected cells and from 0.08 to 0.12 lsmol in
control cells.

Specific activity of PC and PE of the cells.
Calculation of the specific activity showed some
changes in the patterns of PC and PE (Fig. 10).
Specific activity of PC was always higher than
that of PE (Fig. 10). Radioactivity of PC from
infected cells had a lower specific activity (592
dpm/4mol) than that of PC in control cells (959
dpm/4smol) at 24 h a.v.i. Specific activity of PE
was shown to be 341 dpm/gmol in infected cells
and 201 dpm/,umol in control cells after 24 h
a.v.i.

DISCUSSION
There have been several reports that fatty

acids stimulated cell growth in vitro (31). Jen-
kin and Anderson showed that the sodium salt

30
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-CHOLINE

20 CONJTRO

u)10 / INETDCL
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04

PHOSPHATIDYL
w ETHANOLAMINEa-
,- 20-
0 INFECTED CELL

cx 10 /

6 12 24 48
HOURS AFTER INOCULATION

FIG. 8. Uptake of ["4Cloleate into phospholipids
and triglycerides of uninfected and JEV-infected
BHK-21 cells. See Materials and Methods and legend
to Fig. 1. Symbols: dpm (x 104) per 107 cells of PC,
PE, and triglyceride (0, infected cells; E0, uninfected
cells).
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investigation of the effect of the fatty acids on

60 viral growth without background interferencefrom the cell.
Bovine albumin in the medium aided in

PHOSPHATIDYL CHOLINE - maintenance of viability of the virus to about

the same level as observed in medium contain-
40 ing calf serum; therefore, bovine albumin was

CONTROLCELL supplemented in all the experimental studies.
n

\_ The stimulatory effect of sodium oleate onXj_j /Y \JEV growth is clearly shown in Fig. 2, where'20 viral infectivity was almost 50-fold higher in the
°o presence of 9-18:1 (20 ,ug/ml) than in control
cr \/INFECTED CELL medium (Waymouth medium with bovine al-

bumin, 2 mg/ml). JEV growth in Waymouth
o medium supplemented only with 9-18:1 could

0 not be studied because the salt was not well
o PHOSPHATIDYL solubilized in the medium without bovine al-

60 ETHANOLAMINE - bumin.

Goodman (13) and Spector et al. (40) re-
a.

_ / \ported that albumin had several binding sites
for fatty acid anions, and Spector et al. (41)

40 NFECDCELL- demonstrated that uptake of free fatty acid byD CELL Ehrlich ascites cells was dependent upon the

20 C-NTROL CELL 14 -PHOSPHATIDYVL
CHOLINE

12 CONTROL CELL

0 6 12 24 48
HOURS AFTER INOCULATION 8 8

FIG. 9. Changes in PC and PE in uninfected and ECTED CELL

JEV-infected BHK-21 cells. The conditions for label-
ing and infecting the cells are the same as in Fig. 1. S 6
The methods for lipid analysis are described in c /\

Materials and Methods. Symbols: micromoles of O-

phospholipid per 107 cells of PC and PE (0, infected >4
cells; 0, control cells).

2
of oleic acid could substitute for calf serum in
the growth of LLC-MK2 cells (20), once the cells 0

were attached to the glass. Therefore, failure to
grow BHK-21 cells in the medium with the ETHANOLAMINE FECTED CELL

sodium oleate suggests that the nutritional 4
requirements of BHK-21 cells are more critical
than that of LLC-MK2 cells or a long adapta- 2 L
tion period may be required for growth to occur
readily. The almost twofold increase in cell 0___
number after the serum-containing medium 6 12 24 48

was changed to medium containing 9-18:1
could be associated with the presence of resid- FIG. 10. ChORs AT

s ifcLactivoual cal seum since .a.similar. patternwas Changes inspecific activity of PCand PEualcalo serum, ssncea similar pattern was

in uninfected and JEV-infected BHK-21 cells. Theobserved in the same medium without the specific activity was obtained by dividing the radioac-
9-18:1 (Fig. 1). This observation was used to an tivity (shown in Fig. 2) by the concentration of lipid in

advantage, since the fatty acid had little effect each phospholipid (Fig. 3). Symbols: PC and PE (0,
on normal cell growth and thereby permitted an infected cells; 0, control cells).
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molar ratio of fatty acid to albumin. The same
ratio in the present experiment was found for
sodium oleate, which meant the fatty acids were
readily bound within the binding capacity of
the albumin. This fatty acid-albumin binding
seems to have provided the higher solubility of
fatty acids in the medium and better availabil-
ity of 9-18:1 for the cells. This hypothesis could
account for the increase of JEV growth in the
presence of bovine albumin with 9-18:1 in the
medium, in addition to the virus protective
effect of the albumin.
The finding that the effect of the 9-18:1 on

JEV growth was highest when the 9-18:1 was
added 0 to 24 h after the virus inoculation
suggests that there is a high requirement for
fatty acids during virus multiplication. To re-
duce the effect of residual calf serum on virus
growth, the cell monolayer was maintained in
Waymouth medium containing bovine albumin
alone for 24 h prior to infection. Therefore, the
cells were probably in a fasting state at the time
of infection so that uptake of 9-18:1 increased
when the fatty acid was added to the medium
after the infection started.
The reason for the higher yield of virus in the

presence of 22:0 is not well understood at this
time. Presence of the monoene 9-18:1 seemed to
be favored over saturated fatty acids for utiliza-
tion by the cells or at least for the virus growth
(Fig. 5 and 6). Isomeric cis-octadecenoic acids
have various effects on JEV growth, depending
on the location of the double bond. The pattern
of the effect of isomers of JEV growth is quite
different from the pattern shown for acyltrans-
ferase of rat liver microsomes (29), a bacterium,
Leptospira interrogans serotype patoc (21), or
mammalian cells, LLC-MK2 cells (22). It ap-
pears that each biological system has its own
pattern of utilization of octadecenoic acids
associated with the presence of an array of
different enzyme systems.

It was shown by Stoffel (42) that different
enzymatic systems were involved in :-oxidation
of fatty acids with double bonds at even- or
odd-numbered positions. This result may sug-
gest that a different pattern for utilization of
isomeric octadecenoic acids is present during
virus multiplication. A marked inhibitory effect
of cis-6-octadecenoic acid is of particular inter-
est, though presently there is no reasonable
explanation for the observation.

All of the polyunsaturated fatty acids tested
showed inhibitory effect on virus growth (Fig.
4). This effect may be associated with the
position of a common bond on all of these acids,
i.e., A12 in 18:2 and 18:3. Although 9-18:1
shows a stimulatory effect on virus growth, 9,

12-18:2 and 9, 12, 15-18:3 acids are highly
inhibitory.
Fatty acid-free bovine albumin contains trace

amounts of phospholipid. Therefore, contribu-
tion of fatty acids derived from this fraction
cannot be excluded from the present results.
However, the results illustrate that a more
highly defined system than has been previously
available allows for more critical studies of viral
lipid metabolism.
The results obtained from the study of [1-

4C 19-18:1 incorporation suggested that little
,-oxidation occurred and that the oleate was
mainly incorporated into lipids with little deg-
radation to acetate, or else labeled TCO2 was
recycled extremely efficiently in the pool after
oxidation.

Apparently incorporation of ["C ]oleate into
PE was stimulated by viral infection between
0 to 24 h a.v.i., whereas incorporation of the
isotope into PC was relatively suppressed. It
was of particular interest that Waite and Pfef-
ferkorn (48) reported that Sindbis virus infec-
tion suppressed ["C Jcholine, as well as 32PO4
incorporation, into phospholipid of primary
chicken embryo fibroblast but not in BHK-21
cells. Also, the same authors reported that in
cells infected with Sindbis virus both showed an
increase in incorporation of 32po4 in PE and
PC, which was not observed in both phospho-
lipids of BHK-21 cells infected with JEV from 0
to 12 h after infection in our studies.
Decrease of radioactivity in PC of infected

cells 24 h a.v.i. was associated with a lower
specific activity, whereas increase of radioactiv-
ity of PE in infected cells was a reflection of a
higher amount of PE synthesis. It was recently
reported that phosphoglyceride acyltransferase
activity of chorioallantoic membrane of the
embryonated egg was inhibited by influenza
infection (W. R. Smith and H. A. Blough,
Bacteriol. Proc., p. 157, 1970). A similar associ-
ation could be made in these experiments; i.e.,
decrease of specific activity of PC was found in
infected cells. Also, the results from these
observations suggest that incorporation of
["C Joleate into PC was suppressed by infection
which, in turn, stimulated PE synthesis. PE
may have accumulated because of a blockade of
the methylation step. Biosynthesis of PC by
serial methylation of PE was reported in rat
liver microsomes by Bremer and Greenberg (9)
and by others (3, 12).

It was concluded from the studies thus far
carried out that the effect of JEV infection on
infected cells seemed to be a suppression of PC
metabolism associated with increase of incorpo-
ration of oleate in the PE. Apparent decrease of
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fatty acid metabolism was also found in in-
fected cells. However, these findings could be
simply the result of rapid utilization of lipid as
an energy and/or carbon source in infected cells.
Investigation of radioactivity incorporated into
released virus, as well as radioactivity remain-
ing or excreted into the medium and specific
isotopic tracing of labeled fatty acid precursors
into the fatty acids of complex lipids, is neces-
sary to further elucidate the mechanism of the
effect of oleate on viral growth.

ACKNOWLEDGMENTS
We thank Ken Yang for his excellent technical assistance.
This investigation was supported by Public Health Service

research grant HL-08214 from the Program Projects Branch,
Extramural Programs, National Heart Institute, and by The
Hormel Foundation.

LITERATURE CITED

1. Anderson, R. E., R. B. Cumming, M. Walton, and F.
Snyder. 1969. Lipid metabolism in cells grown in tissue
culture: 0-alkyl, 0-alk-1-enyl and acyl moieties in L-M
cells. Biochim. Biophys. Acta 176:491-501.

2. Anderson, S. G., and G. L. Ada. 1961. The action of
phospholipase A and lipid solvents on Murray Valley
encephalitis virus. J. Gen. Microbiol. 25:451-458.

3. Artom, C. 1964. Methylation of phosphatidyl mono-
ethanolamine in liver preparations. Biochem. Biophys.
Res. Commun. 15:201-206.

4. Bailey, J. M. 1964. Lipid metabolism in cultured cells. V.
Comparative lipid nutrition in serum and in lipid-free
chemically defined medium. Proc. Soc. Exp. Biol. Med.
115:747-750.

5. Bailey, J. M. 1966. Lipid metabolism in cultured cells. II.
Lipid biosynthesis in serum and synthetic growth
media. Biochim. Biophys. Acta 125:226-236.

6. Bailey, J. M., and J. Menter. 1967. Lipid metabolism in
cultured cells. III. Linoleic acid content of cells grown
on lipid-free synthetic medium. Pro. Soc. Exp. Biol.
Med. 125:101-105.

7. Bligh, E. G., and W. J. Dyer. 1959. A rapid method of
total lipid extraction and purification. Can. J. Bio-
chem. Physiol. 37:911-917.

8. Bray, G. A. 1960. A simple efficient liquid scintillator for
counting aqueous solutions in a liquid scintillation
counter. Anal. Biochem. 1:279-285.

9. Bremer, J., and D. M. Greenberg. 1961. Methyl transfer-
ring enzyme system of microsomes in the biosynthesis
of lecithin (phosphatidylcholine). Biochim. Biophys.
Acta 46:205-216.

10. Eagle, H. 1959. Amino acid metabolism in mammalian
cell cultures. Science 130:432-437.

11. Friedman, R. M., and I. Pastan. 1969. Nature and
function of the structural phospholipids of an ar-
bovirus. J. Mol. Biol. 40:107-115.

12. Gibson, K. D., J. D. Wilson, and S. Udenfriend. 1961.
The enzymatic conversion of phospholipid ethanol-
amine to phospholipid cholite in rat liver. J. Biol.
Chem. 236:673-679.

13. Goodman, D. S. 1958. The interaction of human serum
albumin with long-chain fatty acid anions. J. Am.
Chem. Soc. 80:3892-3898.

14. Grossberg, S. E., and W. M. O'Leary. 1965. Hyperlipa-
emia following viral infection in the chicken embryo-a
new syndrome. Nature (London) 308:954-956.

15. Grossberg, S. E., L. A. Roch, R. Tompkins, and K.
Cichanski. 1969. Lipid, lipoprotein, and enzyme aber-

rations during viral infections of the chick embryo, p.
501-506. Antimicrob. Agents Chemother. 1968.

16. Gunstone, F. D., and I. A. Ismail. 1967. The synthesis of
all the cis-n-octadecenoic acids. Chem. Phys. Lipids
1:209-224.

17. Heydrick, F. P., R. F. Wachter, and H. J. Hearn, Jr. 1966.
Host influence on the characteristics of Venezuelan
equine encephalitis virus. J. Bacteriol. 91:2343-2348.

18. Holland, J. J., and L. C. McLaren. 1959. Improved
method for staining cell monolayers for virus plaque
counts. J. Bacteriol. 78:596-597.

19. Hotta, S., and C. A. Evans. 1956. Ether-sensitivity of
dengue virus. Virology 2:704-706.

20. Jenkin, H. M., and L. E. Anderson. 1970. The effect of
oleic acid on the growth of monkey kidney cells (LLC-
MK,). Exp. Cell Res. 59:6-10.

21. Jenkin, H. M., L. E. Anderson, R. T. Holman, I. A.
Ismail, and F. D. Gunstone. 1969. Effect of isomeric
cis-octadecenoic acids on the growth of Leptospira
interrogans serotype patoc. J. Bacteriol. 98:1026-1029.

22. Jenkin, H. M., L. E. Anderson, R. T. Holman, I. A.
Ismail, and F. D. Gunstone. 1970. The effect of isomeric
cis-octadecenoic acids on the growth of monkey kidney
cells (LLC-MK,). Exp. Cell Res. 59:1-5.

23. Lee, H. W., and W. F. Scherer. 1961. The anamnestic
antibody response to Japanese encephalitis virus in
monkeys and its implications concerning naturally
acquired immunity in man. J. Immunol. 86:151-164.

24. Makino, S., N. Fujita, H. Aoki, M. Takehara, and S.
Hotta. 1971. Biologic and antigenic variation of Japa-
nese encephalitis viruses. Kobe J. Med. Sci. 17:75-84.

25. Makino, S., H. M. Jenkin, H. M. Yu, and D. Townsend.
1970. Lipid composition of Chlamydia psittaci grown in
monkey kidney cells in defined medium. J. Bacteriol.
103:62-70.

26. Metcalfe, L. E., and A. A. Schmitz. 1961. The rapid
preparation of fatty acid esters for gas chromatographic
analysis. Anal. Chem. 33:363-364.

27. Nishimura, C., M. Nomura, and M. Kitaoka. 1968.
Comparative studies on the structure and properties of
two selected strains of Japanese encephalitis virus. Jpn.
J. Med. Sci. Biol. 21:1-10.

28. Pfefferkorn, E. R., and H. S. Hunter. 1963. Purification
and partial chemical analysis of Sinbis virus. Virology
20:433-445.

29. Reitz, R. C., M. E. Sheikh, W. M. Lands, I. A. Ismail,
and F. D. Gunstone. 1969. Effects of ethylenic bond
position upon acyl transferase activity with isomeric
cis-octadecenoyl coenzyme A thiol esters. Biochim.
Biophys. Acta 176:480-490.

30. Renkonen, O., L. Kaarainen, K. Simons, and C. G.
Gahmberg. 1971. The lipid class composition of Semliki
Forest virus and of plasma membranes of host cells.
Virology 46:318-326.

31. Rothblat, G. H. 1969. Lipid metabolism in tissue culture
cells, p. 135-163. In R. Paoletti and D. Kritchevsky
(ed.), Advances in lipid research, vol. 7. Academic
Press Inc., New York.

32. Rothblat, G. H., and D. Kritchevsky. 1967. Lipid me-
tabolism in tissue culture cells. Wistar Institute Sym-
posium Monogr. No. 6, Wistar Press, Philadelphia.

33. Rouser, G., D. Kritchevsky, and A. Yamamoto. 1967.
Column chromatographic and associated procedures for
separation and determination of phosphatides and
glycolipids in lipid chromatographic analysis, p.
99-169. In G. V. Marinetti (ed.), Lipid chromato-
graphic Analysis, vol. 1. Marcel Dekker, Inc., New
York.

34. Schlenk, H., and D. M. Sand. 1962. Collection of gas-liq-
uid chromatography fractions by gradient cooling.
Anal. Chem. 34:1676.

35. Schrodt, A. G., J. A. Gibbs, and R. E. Cavanaugh. 1965.

524 J. VIROL.



EFFECT OF FATTY ACIDS ON JEV GROWTH

Quench correction by automatic external standardiza-
tion, p. 155-162. In S. Rothchild (ed.), Advances in
tracer methodology, vol, 2. New England Nuclear Corp.
Boston.

36. Schulze, I. T., and R. W. Schlesinger. 1963. Plaque assay
of dengue and other Group B arthropod-bome viruses
under methyl cellulose overlay media. Virology
19:40-48.

37. Snyder, F. 1964. Radioassay of thin-layer chromato-
grams: a high-resolution zonal scraper for quantitative
IC and 'H scanning of thin-layer chromatograms.
Anal. Biochem. 9:183-196.

38. Snyder, F., and P. Godfrey. 1961. Collection of "CO, in a

Warburg flask for subsequent scintillation counting. J.
Lipid Res. 2:195.

39. Spector, A. A. 1968. Transport and utilization of free
fatty acid. Ann. N.Y. Acad. Sci. 149:768-783.

40. Spector, A. A., K. John, and J. Fletcher. 1969. Binding of
long-chain fatty acids to bovine serum albumin. J.
Lipid Res. 10:56-67.

41. Spector, A. A., D. Steinberg, and A. Tanaka. 1965.
Uptake of free fatty acids by Ehrlich ascites tumor
cells. J. Biol. Chem. 240:1032-1041.

42. Stoffel, W., and H. Caesar. 1965. Der Stoffwechsel der
ungesattigen Fettsauren, V. Zur,-oxydation der mono-
und polyenfettsauren, Der mechanismus der en-

zymatischen reaktionen an A2 cis-enoyl-COA-verbin-

dungen. Hoppe-Seyler's Z. Physiol. Chem. 341:76-83.
43. Stoker, M., and I. MacPherson. 1964. Syrian hamster

fibroblast cell line BHK-21 and its derivatives. Nature
(London) 203:1355-1357.

44. Takehara, M., and S. Hotta. 1961. Effect of enzymes on

partially purified Japanese B-encephalitis and related
arboviruses. Science 134:1878-1880.

45. Theiler, M. 1957. Action of sodium desoxycholate on

arthropod-borne viruses. Proc. Soc. Exp. Biol. Med.
96:380-382.

46. Townsend, D., B. Livermore, and H. M. Jenkin. 1971.
Simultaneous analysis of glycerol, fatty acid and phos-
phorus in complex lipids. Microchem. J. 16:456-466.

47. Tsao, S., and W. E. Comatzer. 1967. Biosynthesis of
phospholipids in subcellular particles from cultured
cells of human tissue. Lipids 2:424-428.

48. Waite, M. R. F., and E. R. Pfefferkorn. 1970. Phospho-
lipid synthesis in Sindbis virus-infected cells. J. Virol.
6:637-643.

49. Waymouth, C. 1959. Rapid proliferation of sublines of
NCTC clone 929 (strain L) mouse cells in a simple
chemically defind medium (MB 751/1). J. Nat. Cancer
Inst. 22:1003-1017.

50. Yoshikawa, S. 1965. Japanese B-encephalitis virus. VI.
Lipids in a virus particle purified by alcohol-protamine
procedure. Igaku To Seibutsugaku 70:19-23.

VOL. 15, 1975 525


