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Morphological evidence has been obtained by electron microscopy in support of
previous findings that one of the most important functions of sialidase is associated
with the release of virus from infected host cells. Highly specific antiserum against
fowl plague virus enzyme and specific antiserum against X7 recombinant influenza
virus enzyme were shown to influence the morphology of cells infected with their
homologous virus. In the presence of enzyme antiserum, an accumulation and aggre-
gation of virus particles were evident on the cell surface and in the extracellular space
of infected host cells. The aggregation of virus particles was interpreted to result from
the inhibition of the release of virus.

Recent evidence suggests that the function of
sialidase (neuraminidase; N-acetylneuraminate
glycohydrolase, EC 3.2.1.18) is associated with
the release of virus from host cells (5, 15, 18).
With the use of highly specific enzyme antiserum
devoid of demonstrable hemagglutinating-in-
hibiting and virus-neutralizing capacity, it has
been shown that when the antiserum is added to
chick embryo tissue culture monolayers infected
with fowl plague virus (influenza A), no hemag-
glutinin, no infective virus, nor any sialidase is
released into the tissue culture media. There was
a fourfold reduction in hemagglutinin titer, 33%
of the normal infective units, and a normal
amount of complement-fixing antigen was syn-
thesized in infected cells (15). Because of the
reduced synthesis of some of the viral compo-
nents, it is conceivable that sialidase may have
another function during virus multiplication.

Electron microscopic studies were undertaken
to examine by morphological means the late
phase of virus multiplication in the presence of
enzyme antiserum. Such studies should provide
evidence of whether (i) the reduced synthesis of
cell-associated viral components may have been
insufficient to facilitate the release of measurable
amounts into the culture media and of whether
(ii) sialidase is indeed associated with the release
phase (15).

This paper presents morphological evidence on
the effects of specific enzyme antiserum on in-
fluenza virus multiplication in support of the
concept that sialidase is involved in the release
of virus from host cells.

MATERIALS AND METHODS
Virus. A2/Singapore/57, A2/Japan 305/57,X7 re-

combinant (6), and fowl plague virus (FPV) strain
"Rostock" were used. Viruses were propagated, par-
tially purified, and assayed for hemagglutinating ac-
tivity (HA) titer, egg infectivity (EID5o), and plaque
assay as described before (9, 13, 16). Cell-associated
viral components of infected-tissue supernatant fluids
from repeatedly frozen and thawed cells after centrifu-
gation were measured (11).
Enzyme assay. Normal enzyme assays with bovine

sialyllactose and enzyme inhibition assays with fetuin
substrate were carried out as described previously (4,
14, 15). Sialic acid analyses were carried out by the
method of Aminoff (1).
Enzyme antiserum. Specific antiserum against A2

Singapore enzyme (AS27) and FPV enzyme (AS42)
preparations were the same as reported previously
(4, 15). X7 virus enzyme antiserum (AS53) and non-
specific A2 Japan virus antiserum (AS54) were pre-
pared, and their enzyme antibody titers were measured
as before (4, 12, 15).
The serum dilutions of AS53 and AS54 inhibiting

50% of their homologous enzyme activity were 1:938
and 1:200, respectively (15). Hemagglutination in-
hibition titer of AS54 against A2 virus was 1:256.
Antisera were treated with periodate (9), dialyzed
overnight against 0.15 M sodium chloride at 4 C, and
heated for 30 min at 56 C.

Tissue and cell cultures. Primary chick embryo tis-
sue cultures and clone 1-5C-4 Chang conjunctival cell
cultures and media used were as reported before (8,
16). FPV plaque assays for plaque-forming units
(PFU) were carried out by the procedure described by
Schafer et al. (10). For the experiments on kinetics of
virus multiplication and for the electron microscopic
studies, virus replication was measured for viral com-
ponents as before (15, 16). Adsorption period for
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kinetics experiments of X7 virus was 1 to 2 hr. Input
multiplicity of X7 virus was 10.

Electron microscopy. Tissue and cell cultures were
infected and treated as mentioned above. For the elec-
tron microscope experiments, cells were "fixed" in the
plates with 1% glutaraldehyde in 0.1 M cacodylate
buffer for 10 min and transferred into tubes. After
centrifugation, the fixative was decanted, and the cells
were suspended and stored in 7% sucrose also in the
same cacodylate buffer overnight at 4 C. Except for
experiments with FVP-infected tissue cultures which
were postfixed in 2% KMnO4 in phosphate buffer for
5 min, cells were postfixed in osmium tetroxide (0.5%
in Veronal buffer, pH 7.3) for 5 min, and the reaction
was stopped by dilution with Hanks basic salt solu-
tion. Cells were embedded in 2% Noble agar (Difco)
containing 0.15 M sodium chloride; agar was minced
into small "cubes." Tissue blocks were dehydrated in
graded concentrations of acetone, infiltrated with
graded concentrations of epoxy resins (Epon), and
embedded in Epon. After polymerization of the Epon,
sectioning was done with glass knives on an MT-1
Porter-Blum ultramicrotome. Sections were placed on
Formvar-carbon-coated grids, stained with lead cit-
rate, and examined in an RCA-EMU-3G electron
microscope at 50 kv. The initial micrographs were
taken at 7,500 X magnification.

RESULTS

Replication of FPV in chick embryo tissue
cultures. Experiments on kinetics of FPV multi-
plication in chick embryo tissue cultures indicate
that sialidase antibodies prevent the release of
virus (15) into the culture media (Table 1). In
addition to these quantitative assays, in the same
experiment the effect of FPV enzyme antiserum

on the morphology of the late phase of FPV
multiplication was examined by electron micros-
copy.

FPV-infected tissue cultures, which were

incubated in the presence and absence of specific
enzyme antiserum, were prepared for ultrastruc-
ture analysis at various intervals during the
multiplication cycle. Cell samples that were

infected for 0, 1, 2, 3, 4, and 5 hr postinfection
(PI) were examined in the electron microscope.
The time of the appearance of typical morpho-
logical changes (budding) on the cell surface
attributed to FPV maturation in control cells
was readily seen beginning with the 3-hr sample.
Four-hr PI budding was observed in the experi-
mental cells, that is, cells which were infected and
incubated in the presence of specific FPV enzyme
antiserum. Representative electron micrographs
of FPV-infected control cells and experimental
cells are illustrated in Fig. 1 to 3. At 5-hr PI
numerous virus particles formed extensively on
the cell surface of the control cells (Fig. 1) and of
the experimental cells (Fig. 2). However, some
of the electron micrographs of 5-hr PI experi-
mental cells showed virus particles in clusters or
aggregates (Fig. 3). This was not observed in
experimental cells infected for less than 5 hr or
in any of the control cells. The number of particles
or extent of budding appears to be similar in
control and experimental cells, and approxi-
mately 50% of the cells observed revealed bud-
ding.

In view of the depressed synthesis of cell-
associated viral components in experimental cells

TABLE 1. Kinetics ofFPV replication in chick embryo tissue cultures in the absence and presence
of enzyme antiserum AS42

HA titera PFUb Sialidase activityc
AS42 Hours PI

Cell Medium Cell Mdu el Mduassociated associated Medium Cell Medium

Absent 0 0 0 5.6 4.8 0.1 0.1
1 0 0 5.6 5.5 0.5 0.2
2 4 0 6.3 5.8 2.4 0.6
3 9 3 7.1 6.5 17.0 1.2
4 9 5 7.2 6.3 23.1 4.3
5 8 6 7.4 6.3 15.8 4.3

Present (1:750 di- 1 0 0 4.9 5.1 0.1 0.0
lution) 2 3 0 5.4 5.2 2.4 0.1

3 7 0 6.2 5.2 8.3 0.1
4 7 0 6.7 5.6 12.7 0.1
5 6 0 6.4 5.7 6.2 0.3

aExpressed as the logarithm, base 2, per milliliter.
bExpressed as the logarithm, base 10, per milliliter.
c Enzyme units X 10-' per milliliter.
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FIG. 1-3. FPV replication in tissue cultures in the absence (Fig. 1) and in the presence (Fig. 2 and 3) ofenzyme

antiserum, S hr PI. X 73,000, X 66,000, and X 81,000, respectively.
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(Table 1), the possibility remained that perhaps
viral components were not released into the tissue
culture media in the presence of enzyme anti-
serum because of insufficient synthesis of viral
components. The electron micrographs (Fig. 1
and 2) do not support this interpretation, and
the morphological evidence does not suggest that
the cell-associated virus in the experimental group
may be partially "incomplete." The ratios of
PFU and HA titer, which is an index used to
characterize "incomplete" virus, are essentially
similar in the controls (range of 4.2 to 5.6) and
experimental cells (range of 4.0 to 5.2). To con-
firm the morphological evidence (Fig. 3) in
support of the virus-release role of sialidase
demonstrated in the FPV system (Table 1) and
because of quarantine restrictions, further ex-
periments were carried out with influenza A
virus (X7 recombinant) in monolayers of con-
junctival-cell cultures and chick tissue cultures.

Replication of X7 virus in clone 1-5C-4 con-
junctival cells and chick embryo tissue cultures.
In the next series of experiments, the replica-
tion of X7 recombinant (6) virus (possessing
surface antigens of A2 virus enzyme and of AO
virus HA) in conjunctival cell monolayers was
followed in the presence and absence of X7
virus-specific enzyme antiserum. An abbreviated
kinetics experiment representative of X7 virus
in conjunctival cells is presented in Table 2. The
growth cycle was purposely allowed to proceed
for 12 hr PI in an attempt to enhance the effect
of sialidase antiserum on the morphology of
virus-infected cells. The results of HA titers
give an indication of active biosynthesis of viral
components, but the EID50 results suggest a
low level of infectious X7 virus replication.
Morphological analysis (Fig. 4-9) of X7 virus-

infected cell cultures revealed very little budding
on the cell surface characteristic of influenza
virus formation (Fig. 6). On the other hand, in
X7 virus-infected cell cultures in the presence of
specific enzyme antiserum, filamentous particles
were readily evident in aggregates or clusters
(Fig. 7 and 8). Approximately 5 to 10% of X7
virus-infected cells showed evidence of virus
maturation.
At zero-time infection, no virus particles could

be seen attached to host cells (Fig. 5). For com-
parative purpose, an uninfected control cell is
shown in Fig. 4. In an experiment in which cells
were incubated for 4, 8, 10, and 12 hr PI, fila-
mentous virus particles were observed beginning
at 8 hr. The effect of antibody concentration was
tested, and, at serum dilutions of 1:240, and
1:2400, the extent of aggregation of filamentous
forms was observed to be a function of antibody
titer. Furthermore, X7 virus enzyme antiserum
added only during the virus adsorption period
(Table 2) induced an effect as shown in the elec-
tron micrograph of X7 virus in Fig. 9. When en-
zyme antiserum was added during the adsorption
and during the growth periods, an array of fila-
mentous virus particles was observed similar to
that shown in Fig. 9.

Additional antisera containing A2 virus en-
zyme antibodies were examined to confirm that
the effect of enzyme antiserum was specific for
A2 enzyme. A2 Singapore highly specific enzyme
antiserum (AS27) and nonspecific A2 Japan virus
antiserum (AS54) likewise influenced the forma-
tion of filamentous particles similar to that illus-
trated in Fig. 7 and 8.

Experiments were also carried out with X7
virus in chick embryo tissue cultures. The results
of a representative experiment are presented in

TABLE 2. Replicationz of X7 virus in conjunctival cell cultures in the absentce anid presence
of enzyme antiserum AS53

HA titera EIDssb Sialidase activityc

AS53 Hours PI
Cell MIedium Cell associated Medium Cell Mediumassociated

Absent 0 0 0 5.50 i 0.40 5.85 ± 0.45 0.2 0.2
6 5 2 4.38 + 0.30 6.30 ± 0.40 1.2 2.7

12 8 2 5.17 + 0.04 4.83 i 0.39 7.0 2.4

Present (1:750 6 2 0 3.48 + 0.34 4.83 i 0.39 0.6 0.1
dilution) 12 6 0 3.00 i 0.43 4.38 ± 0.32 I 2.6 0.1

12d 8 4 5.57 ± 0.40 5.37 0.40 6.0 2.4

a Expressed as in Table 1.
bExpressed as the logarithm, base 10, i standard error per milliliter.
c Enzyme units X 10-3 per milliliter.
d Enzyme antiserum (1:80 dilution) present during adsorption period only.
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FIG. 4. Uninfected conjunctival cell culture. X 54,000.
FIG. 5-6. X7 virus infected cell cultures at 0 hr PI (Fig. 5) and 12 hr P1 (Fig. 6). X 69,000 and X 62,000.
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Table 3. Virus assays of the media (EID50)
suggest an infectious cycle of virus replication,
whereas that of cell-associated virus indicates a

decrease in infectious virus synthesis. Perhaps
this may be attributed to technical problems (17),
since, in other experiments, the EID5o and PFU
assayed with conjunctival cells were similar in
0- and 18-hr PI preparations of cell-associated
virus. Electron micrographs of 18 hr PI cells do
indeed illustrate maturation of X7 virus (Fig.
10). Predominately spherical virions were pro-

duced in the control cells (Fig. 10); however, in
the experimental cells an accumulation of virus
particles was observed in the extracellular space
(Fig. 11). This was attributed to the inhibition of
the release of virion by enzyme antiserum into
the tissue culture media (15). In this same experi-
ment (Table 3), enzyme antiserum present ex-

clusively during the adsorption period induced
the formation of filamentous virus particles (Fig.
12) and is essentially akin to that of X7 virus
illustrated in Fig. 9 in conjunctival cell cultures.

DISCUSSION
Morphological evidence obtained by electron

microscopy is presented in support of previous
studies with FPV and its specific enzyme anti-
serum, with which the role of sialidase was

demonstrated (15). In this study, the electron
micrographs provide further evidence suggesting
that the function of sialidase involves the final
stages of the influenza virus cycle in vertebrate
cells, a stage involving the release mechanism of
the virion from the host.

Kinetics experiments with FPV and abridged
experiments with X7 virus, carried out in the
presence of their respective specific sialidase
antisera, illustrate a morphological effect of
enzyme antiserum on the late phase of virus
multiplication cycle. The effect was particularly

striking with X7 virus in conjunctival cell cultures
(Fig. 7 and 8) and also in chick embryo tissue
cultures (Fig. 11). Aggregates of filamentous
particles (Fig. 7 and 8) and an accumulation of
particles (Fig. 11) were observed in systems of
the two cultures, respectively. Since enzyme

antiserum inhibits the release of virus from in-
fected host cells (see Tables 1-3), cell-associated
titers of viral components of experimental cells

should be greater than that of virus controls.
Although the synthesis of viral components is
actually reduced as discussed below, the morpho-
logical evidence illustrated in Fig. 7, 8, and 11 is
suggestive of the above supposition.
One consistent effect of enzyme antiserum on

the synthesis of viral components in kinetics
experiments was the reduction in synthesis of
cell-associated HA, enzyme, and PFU or EID50
(Tables 1-3; 15). Thus, it may be possible that a

sufficient amount of virus was not synthesized to
facilitate the release of measurable virus com-
ponents into the tissue culture medium. The
extent of budding observed in FPV and X7 virus
experimental infected cells does not lend sup-
port to this possible interpretation (Fig. 3, 7, 8,
and 11). Alternatively, it is conceivable that an

aggregate of virions (Fig. 3, 7, and 11) might be
assayed as 1 infectious unit (17), which would
serve to explain the reduction in infectivity assays
of cell-associated virus materials of experimental
cells (Tables 1-3). Another possibility is that, in
X7 virus infections, the EID50 to HA ratios which
are suggestive of "incomplete" virus or an abor-
tive infection may represent abnormal maturation
of virus. An electron micrograph showing a cross
section of the filamentous particles which ap-
parently lack electron-dense cores (2) is illus-
trated in Fig. 8. Further work is in progress in an

attempt to resolve this problem by biochemical
analysis.

TABLE 3. Replicationi of X7 virus in chick embryo tissuie cultures in the absenzce and presence
of enzyme antiserum AS53

IIA titerG EIDsob Sialidase activity6

AS53 Hours PI
Cell Medium Cell associated Medium Cell Mediumassociated

Absent 0 0 0 2.38 ± 0.30 4.63 i 0.32 0.2 0.3
18 6 5 <1.0 6.00 + 0.43 3.6 2.7

Present (1:240 18 4 0 <1.0 4.32 ± 0.40 1.8 0.1
dilution) 18d 8 5 < 1.0 4.83 ± 0.39 7.0 2.6

Expressed as in Tables 1 and 2.
b Expressed as in Table 2.
c Enzyme units X 10-s per milliliter.
d Enzyme antiserum (1:80 dilution) present during adsorption period only.
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FIG. 10-12. X7 virus replication in chick embryo tissue cultures in the absence (Fig. 10) and in the presence
(Fig. 11) ofenzyme antiserum and with antiserum present during adsorption period (Fig. 12), 18 hr PI. X 68,000.
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The extensive filamentous X7 virus formationi
in cells which were infected and with enzyme
antiserum present solely during the adsorption
period (Fig. 9 and 12) is also suggestive that
perhaps a factor(s) other than virus release may
be attributed to the function of sialidase, since
(i) filamentous structures were much more

numerous than in their respective virus control
cells; (ii) the particles were orientated in a radial
fashion (Fig. 9 and 12) unlike that observed in
the experimental cells (Fig. 7 and 11); (iii) viral
components were released into the tissue culture
media (Tables 2, 3). The lack of neutralization by
the enzyme antiserum is additional evidence
against the possible role of viral sialidase in the
early phase of the virus multiplication cycle.

It has been reported previously that formation
of filamentous virion is under the control of viral
genome (7) and filamentous particles can be
produced by cells treated with surface-active
agents (3). The formation of filamentous X7
virus in the presence of enzyme antiserum in
conjunctival cells and in chick tissue cultures is an
example of another factor which influences virus
morphology.

ACKNOWLEDGMENTS

This investigation was supported in part by contract ONR
Nonr 3723(00) between the office of Naval Research, Department
of the Navy, and California State College, Los Angeles.
We thank E. Kilboume, Mount Sinai School of Medicine

of New York, for supplying X7 virus and clone 1-5C-4 cell
line, A. Wong and K. Bergen for excellent technical assistance,
and Adohr Milk Farms, Los Angeles, for generous supplies of
bovine colostrum, the source of BSL. We are also grateful to R.
Rott and R. Drzeniek, Institute for Virology, University of Gies-
sen, Germany, for making it possible to carry out the studies with
FPV

LITERATURE CITED

1. Aminoff, D. 1961. Methods for the quantitative estimation of
N-acetylneuraminic acid and their application to hydroly-
sates of sialomucoids. Biochem. J. 81:384-392.

2. Birch-Andersen, A., and K. Paucker. 1959. Studies on the
structure of influenza virus. II. Ultrathin sections of in-
fectious and noninfectious particles. Virology 8:21-40.

3. Blough, H. A. 1964. Role of the surface state in the develop-
ment of myxoviruses, p. 120-143. Ciba Found. Symp. Cel-

lular Biol. Myxovirus Infections. Little, Brown, & Co.,
Boston.

4. Drzeniek, R., J. T. Seto, and R. Rott. 1966. Characterization
of neuraminidases from myxoviruses. Biochim. Biophys.
Acta 128:547-558.

5. Kilbourne, E. D., W. G. Laver, J. L. Schulman, and R. G.
Webster. 1968. Antiviral activity of antiserum specific for an
influenza virus neuraminidase. J. Virol. 2:281-288.

6. Kilbourne, E. D., F. S. Lief, J. L. Schulman, R. I. Jahiel, and
W. G. Laver. 1967. Antigenic hybrids of influenza viruses
and their implications, p. 87-106. In M. Pollard (ed.),
Perspectives in virology, vol. 5. Academic Press, Inc., New
York.

7. Kilbourne, E. D., and J. S. Murphy. 1960. Genetic studies of
influenza virus. I. Viral morphology and growth capacity
as exchangeable genetic traits. Rapid in ovo adaptation of
early passage Asian strain isolates by combination with
PR8. J. Exp. Med. 111:387-406.

8. Kraus, W., and W. Schafer. 1963. Apparatur zur Herstellung
von primniren Kulturen animaler Zellen. Zentralbl. Veteri-
naermed. 10:394-399.

9. Rott, R. 1965. Untersuchungen liber die Feinstruktur des in-
fektiosen Partikels der Newcastle Disease und Uber die
neben ihm auftretenden, nichtinfectiosen, virusspezifischen
Einheiten. Zentralbl. Veterinaermed. Rheihe B 12:74-116.

10. Sch-afer, W., T. Zimmermann, and H. Schuster. 1959. Inak-
tivierung verschiedener menschen- und tierpathogener
Virusarten sowie des Tabak-Mosaik-Virus durch salpetrige
Saure. Z. Naturforsch. 14b:632-641.

11. Scholtissek, C., and R. Rott. 1964. Behavior of virus specific-
activities in tissue cultures infected with myxoviruses after
chemical changes of the viral ribonucleic acid. Virology
22:169-176.

12. Seto, J. T., R. Drzeniek, and R. Rott. 1966. Isolation of a low
molecular weight sialidase (neuraminidase) from influenza
virus. Biochim. Biophys. Acta 113:402-404.

13. Seto, J. T., B. J. Hickey, and A. F. Rasmussen, Jr. 1959. Si-
alidase activity and related properties of influenza A2 vi-
ruses. Virology 9:598-611.

14. Seto, J. T., and Y. Hokama. 1964. Disc electrophoresis anal-
ysis of sialidase from influenza virus. Ann. N.Y. Acad. Sci.
121:640-650.

15. Seto, J. T., and R. Rott. 1966. Functional significance of
sialidase during influenza virus multiplication. Virology
30:731-737.

16. Sugiura, A., and E. Kilbourne. 1965. Genetic studies of in-
fluenza viruses. II. Plaque formation by influenza viruses
in a clone of a variant human heteroploid cell line. Virology
26:478-488.

17. Wallis, C., and J. L. Melnick. 1967. Virus aggregation as the
cause of the nonneutralizable persistent fraction. J. Virol.
1:478-488.

18. Webster, R. G., and W. G. Laver. 1967. Preparation and
properties of antibody directed specifically against the
neuraminidase in influenza virus. J. Immunol. 99:49-55.

66 J. VIROL.


