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Abstract Insect cell lines and the control of infection for
obtaining the maximum amount of polyhedrin-CrylAc-
polyhedrin fusion protein from Bactrus in monolayer and
suspension culture systems were tested. Growth rates of the
Trichoplusia ni (High-Five) cell line in both culture systems
were better than the other insect cell lines, Spodoptera
Jrugiferda (S1-9, S£-21), Trichoplusia ni (TnS), and Spodoptera
exigua (Se301). The expression of the fusion protein in a
monolayer culture showed that Se301 cells were 2.3-4.8
times more productive on a per cell basis than the other cell
lines. However, in suspension culture, only High-Five cells
were productive. High-Five cells infected with Bactrus at a
multiplicity of infection (MOI) of 5 and a cell density of 3.0x
10° cells per ml were more productive than the other infection
condition in a suspension culture suitable for a large-scale
production of baculovirus. In conclusion, for the large-scale
production of Bactrus in vitro, High-Five cells showing good
growth and high productivity are suitable.

Keywords: Polyhedra, Bactrus, monolayer culture, suspension
culture, multiplicity of infection

The development of fast-killing, recombinant baculoviruses
has strikingly improved the field performance of viral
insecticides [14, 23, 24]. However, these improvements
have also resulted in a reduced productivity of the in vivo
system, which has been reported for the production of a
recombinant baculovirus expressing the LqIT gene [2].
Better crop protection provided by the recombinant
baculovirus, due to faster killing, resulted in less of that
baculovirus able to be economically produced in vivo.
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To overcome these difficulties, an in vitro production
system has been suggested. Insect cells are an attractive
host for recombinant protein expression via infection with
a genetically modified baculovirus, as this system allows
for a high level of protein production that is functionally
similar to the native protein [4, 5, 12, 15]. Larger scale
efforts have focused on suspension culture in vitro, since
most insect cell lines can be maintained in suspension,
which yields a higher productivity than that of a monolayer
culture [3, 20, 25, 26].

In in vitro production, cell growth and control of viral
infection are key parameters [6, 11, 17, 21]. If a high-level
yield is to be achieved, cells are to be held in a healthy
physiological state, free of oxygen limitation or mechanical
damage, and must have a high growth rate to reduce
culture time and contamination [1, 7, 8, 10, 13]. To control
viral infection, all viral seed stock must demonstrate genetic
stability during propagation without detectable genetic
rearrangements, loss of productivity, or loss of infectivity
[18]. In addition, optimum multiplicity of infection (MOI)
and cell density at the time of infection should be
established [19]. The effect of MOI on infectivity and yield
is as important as the condition of the cells and the time of
infection. Production of recombinant protein has been
reported at different MOIs ranging from high to low [7, 19].
The use of a high MOI rather than a low MOI has been
preferred for two main reasons: easier harvest time definition,
and the elimination of the “passage-effect” from the
recombinant baculovirus inoculum [19]. This phenomenon is
similar to that observed in wild-type baculovirus, where the
virus passaged at a high MOI generates few polyhedra (FP)
phenotypes [18]. Although the use of a high MOI will result
in an easier optimal harvest time definition, the use of a low
MOI on a large scale is preferential, since an intermediate
step of virus inoculum production is avoided [9, 27].
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In this study, the productivity of a recombinant baculovirus,
Bactrus, expressing 130 kDa of the polyhedrin-CrylAc-
polyhedrin recombinant protein and 30 kDa of an intact
polyhedrin resulting from a homologous recombination
between two polyhedrin genes [16], was compared in five
different insect cell lines with monolayer and suspension
culture systems.

MATERIALS AND METHODS

Insect Cell Lines and Virus

Spodoptera frugiferda cell lines (Sf-9, Sf-21) and the
Trichoplusia ni cell line (Tn5) were maintained continuously
in TC-100 medium (Gibco, U.S.A.) supplemented with
10% fetal bovine serum (FBS) (Gibco, U.S.A.). The
Spodoptera exigua cell line (Se301) was maintained in
IPL-41 medium (Gibco, U.S.A.) with 10% FBS, and
another 7. ni cell line (High-Five) was maintained in
Express Five serum-free medium (Gibco, U.S.A.) with
L-glutamine. All insect cell lines were maintained in T-25
tissue culture flasks (Falcon, U.S.A.) with 5 ml of culture
volume at 27°C. The recombinant baculovirus Bactrus,
[16] at passage number 3 (P3), was used for viral infection.

Cell Growth

For monolayer cultures, 2.0x10° cells were seeded in a
60-mm culture dish with 3 ml of fresh medium. The cell
number was determined every 24 h by detaching the cells
from the dish and counting the viable cells using a
hemacytometer (Brant, Germany) with 0.4% trypan blue
(Merk, Germany) in phosphate-buffered saline (PBS; 140 mM
NaCl, 27 mM KCl, 8 mM Na,HPO,, 1.5 mM KH,PO,,
pH 7.3).

For suspension cultures, insect cells were inoculated
into 25-ml spinner flasks (Bellco, U.S.A.) at 2.0x10° cells/
ml of initial cell density with a working volume of 20 ml.
The impeller was rotated at 40 rpm. Cell densities were
determined as above.

Viral Infection

For monolayer cultures, 5.0x10° cells in 6-well plates
(Bellco, U.S.A.) were inoculated with 0.5 m] of the virus at
a MOI of 10. The plates were rocked for 1-1.5 h to allow
the virus to infect. The infection medium was then removed
and the cells were refreshed with 3 ml of fresh medium.

For suspension cultures, cells were inoculated in 25-ml
spinner flasks at an initial density of 5.0x10° cells/m! with
fresh medium in a final volume of 20 ml and infected with
the virus at 5 and 10 MOls.

After 6-7 days post-infection (p.i.), infected cells were
sonicated with a membrane sonicator (ARTEK, U.S.A.) 3
times for 30 sec, and polyhedra were counted using a
hemacytometer.
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Fig. 1. Growth of insect cells in a monolayer culture.

Sf-9, $f-21, TnS5, Se301, and High-Five cells were inoculated into 60-mm
culture dishes with 3 ml of fresh media. Initial cell concentration was
2.0x10° cells/dish. The standard deviation is marked on the growth curve,

SDS-PAGE
Polyhedra were released from infected insect cells lysed
with cell lysis buffer (50 mM Tris-HCI, pH 8.0, 0.4% SDS,
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Fig. 2. Production of recombinant polyhedra (A) and expression
of the fusion protein (B) in insect cells with a monolayer culture.
5x10° cells were infected with the Bactrus (3rd passage) at a
MOI of 10.0 in a 6-well plate.

A. The number of polyhedra was counted with a hemacytometer at 7 days
post-infection. The standard deviation is marked on the bar. B. SDS-PAGE
of the recombinant polyhedra was performed using a 12% polyacrylamide
gel. The relative density value (r.d.v.) of the recombinant proteins at the
bottom of the lanes was determined by densitometry scanning of the gel.



10 mM EDTA, 5% p-mercaptoethanoi), washed with an
excess amount of phosphate-buffered saline (PBS; 140 mM
NaCl, 27 mM KCl, 8 mM Na,HPO,, 1.5 mM KH,PO,, pH
7.3), and analyzed in a 12% polyacrylamide gel.

RESULTS

Production of Recombinant Polyhedra Using Monolayer
Culture

To compare the productivity of recombinant polyhedra in
five different insect cell lines by means of monolayer
culture, the growth and recombinant polyhedra productivity
of these cells were examined.

High-Five cells showed the highest growth rate of about
1.8x10" cells/h, and reached a peak of 2.4x10° cells/ml at
120 h, followed by Sf-9 cells and Se301 cells. Overall, after
120 h, most cell lines died (Fig. 1). The largest number of
polyhedra was also produced in High-Five cells, followed
by Se301 cells (Fig. 2A). However, in the SDS-PAGE
analysis of purified polyhedra, the highest amount of fusion
protein was expressed in Se301 cells (Fig. 2B).

Production of Recombinant Polyhedra Using Suspension
Culture

To determine the optimum cell line suitable for the mass
production of recombinant polyhedra in suspension culture,
the cell growth and productivity of recombinant polyhedra
in a suspension culture system were examined.

High-Five cells showed the highest growth rate of about
6.7x10° cells/h, and reached a maximum of 8.4x10° cells/
ml at 96 h, followed by Sf-9 cells (Fig. 3). In contrast, Sf-
21 cells grew little and Se301 cells did not grow at all, but
simply retained cell viability for about 120 h. Tn5 cells
died just after inoculation.
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Fig. 3. Growth of insect cells in suspension culture.

Sf-9, Sf-21, Tn35, Se301, and High-Five cells were inoculated into 25-ml
spinner flasks at a density of 2.0x10° cells/m] with a 20 ml working
volume. The standard deviation is marked on the growth curve.
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Fig. 4. Production of recombinant polyhedra (A) and expression
of fusion protein (B) in insect cells in suspension culture. Sf-9,
Se301, and High-Five cells were inoculated into 25-ml spinner
flasks at a density of 5x10° cells/ml with a 20 ml working
volume. Insect cells were infected with the Bactrus (3rd passage)
at a MOI of 10.0.

A. The number of polyhedra was counted with a hemacytometer at 6 days
post-infection. The standard deviation is marked on the bar. B. SDS-PAGE
of the recombinant polyhedra produced in Sf-9, Se301, and High-Five
cells, which were infected at MOIs of 5.0 and 10.0, was performed using a
12% polyacrylamide gel. The relative density value (rd.v.) of the
recombinant proteins at the bottom of the lanes was determined by
densitometry scanning of the gel.

When the productivity of polyhedra was determined
using Sf-9, Se301, and High-Five cells, which showed the
highest productivity of polyhedra and fusion protein with
monolayer cultures but have generally been used for
suspension cultures, the largest number of polyhedra was
produced in High-Five cells, followed by Se301 and Sf-9
cells (Fig. 4A). In SDS-PAGE analysis of the purified
polyhedra, the largest quantity of fusion protein and the
30kDa polyhedrin were expressed in High-Five cells
(Fig. 4B).

Optimization of Recombinant Polyhedra Production
Using High-Five Cells

For the comparison of recombinant polyhedra productivity
at different MOIs with suspension cultures of High-Five
cells, 5x10° cells/ml were infected with the recombinant
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Fig. 5. Production of recombinant polyhedra (A) and expression
of fusion protein (B) in suspension cultured High-Five cells
infected with various MOIs.

A. High-Five cells were inoculated into 25-ml spinner flasks at a density
of 5x10° cells/ml. The number of polyhedra was counted using a
hemacytometer at 6 days post-infection. The standard deviation is marked
on the bar. B. SDS-PAGE of the recombinant polyhedra was performed
using a 12% polyacrylamide gel. The relative density value (r.d.v.) of the
recombinant proteins at the bottom of the lanes was determined by
densitometry scanning of the gel.

baculovirus, Bactrus, at a MOI of 1.25, 2.5, 5.0, or 10.0.
The largest number of polyhedra was produced at a MOI
of 5.0, with no further increase at a MOI of 10 (Fig. 5A).
The largest amount of fusion protein was also expressed at
a MOI of 5.0 (Fig. 5B).

To compare the productivity of recombinant polyhedra
at different cell densities on the time of infection, High-
Five cells at densities of 1, 3, 5, 7, and 9x10° cells/ml were
infected with the Bactrus at a MOI of 5.0. The largest
number of polyhedra was produced when the cell density
at the time of infection was 3x10° cells/ml (Fig. 6). There
was little or no production of polyhedra when the cell
density at the time of infection was too low or too high.

DISCUSSION

In order to select a suitable insect cell line for the in vitro
mass production of recombinant polyhedra of the recombinant
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Fig. 6. Production of recombinant polyhedra in suspension
cultured High-Five cells with different cell densities at the time
of infection.

High-Five cells were inoculated into 25-m! spinner flasks at a density of 1,
3,5, 7, or 9x10° cells/ml with a 20 ml working volume. Cells were infected
with the Bactrus at a MO of 5.0. The number of polyhedra was counted
with a hemacytometer at 6 days post-infection. The standard deviation is
marked on the production curve.

baculovirus Bactrus, the productivities of recombinant
polyhedra in five different cell lines were compared in
monolayer and suspension cultures of these cells. With
monolayer cultures, the expression of the fusion protein in
Se301 cells was larger than that in High-Five cells, which
showed the largest productivity of recombinant polyhedra.
The difference of fusion protein expression might originate
from the difference in the number of viral replication times
between Se301 cells and High-Five cells. Relatively fewer
replication times might occur in Se301 cells, which caused
the Bactrus to express more fusion protein by prohibiting
the passage-effect. Moreover, although five kinds of insect
cells were infected with the Bactrus at the same MOI, the
real MOI in High-Five cells during viral infection was
relatively smaller than that in Se301 cells because of the
higher growth rate of High-Five cells compared with
Se301 cells. _

Despite the fact that the largest expression of fusion
protein was produced in Se301 cells in a monolayer culture,
there was little expression of fusion protein in this cell line
with a suspension culture. The major reason for this might
be due to the different growth rates of Se301 cells in the two
culture systems - that is, Se301 cells grew very well in a
monolayer culture but could not grow well in a suspension
culture. Furthermore, it might be caused by the difference in
polyhedral maturation. The size of polyhedra produced in
Se301 cells was bigger than that produced in the other four
cells with monolayer cultures. However, this was not the
case with suspension cultures. Therefore, in terms of mass
production of fusion protein, healthy cell growth could be
essential for larger expression of the fusion protein.



Although the expression of the fusion protein in Se301
cells was larger than that in High-Five cells with a monolayer
culture, both polyhedra productivity and fusion protein
expression were the highest in High-Five cells with a
suspension culture. These results suggested that the High-
Five cells could be useful because scaled-up suspension
cultures rather than monolayer culture might be preferred
for the mass production of recombinant polyhedra.

Establishment of a suitable MOI is important for the
production of recombinant protein on a large scale.
Infection of the virus at a lower MOI might have several
advantages for the large-scale production of recombinant
proteins: 1) Very little amount of high-quality virus stock
is required, avoiding the need for separate virus stock
scale-up procedures; 2) the risk of defective interfering
virus particles (D.I. particle) being produced through a
reduction in the number of passages of the virus stock is
reduced. However, infection with a lower MOI resulted in
lower productivity of the fusion protein. This result could
be caused by the fact that recombinant viruses experience
more passages at a lower MOI than at a higher MOI, which
causes more recombinant virus to return to wild-type, as
previously reported {16].

In the case of infection with a higher MOI, the efficiency
of recombinant virus infection and the productivity of
recombinant polyhedra were higher and the passage-effect
of recombinant virus could be eliminated; however, this
method requires a larger volume of virus stock, which could
be an obstacle to mass production of recombinant baculovirus
[22,27]. In this study, the largest amount of recombinant
polyhedra and fusion protein was produced when the
High-Five cells were infected at a MOI of 5.0. There was
no significant difference between a MOI of 5.0 and 10.0.

Another important factor for the mass production of
recombinant polyhedra is the cell density at the time of
infection. When cells with too low a density were infected with
recombinant virus, the productivity was also low. In contrast,
when cells with too a high density were infected, the
productivity was also significantly low because the cells were
dying [7, 19]. For a much higher productivity, the High-Five
cells have to be viable for at least about 48 h post-infection.

In conclusion, our approach has shown that the High-Five
cell line is optimal for the large-scale production of the
recombinant baculovirus Bactrus, and that the productivity
might be maximized in the above-mentioned infection
conditions. These results would provide useful information

on the development of recombinant baculovirus insecticides, .

especially for the mass production of viral ingredients.
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