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Insect cells are natural hosts for bac-
uloviruses. Following infection, nuclear
polyhedral inclusion bodies (PIBs) and
budded virus (BV) are produced. Viri-
on-rich PIBs are ingested by insect lar-
vae as food contaminants. Upon PIB di-
gestion in the insect midgut, virions
replicate in midgut cells and spread to
other tissues, leading larvae to become a
fluid-filled sac containing large amounts
of new PIBs. PIBs derived from the An-
ticarsia gemmatalis multicapsid nuclear
polyhedrosis virus (AgMNPV) have al-
ready been applied as a biopesticide
against the soybean worm Anticarsia
gemmatalis, and cell culture-derived
PIB production on an industrial scale
can be envisaged (1,4,15).

One of the most widely used tools
for the production of large amounts of
recombinant proteins is the Autographa
californica multicapsid nuclear polyhe-
drosis virus (AcMNPV), employed as
an expression vector for foreign genes.
The baculovirus expression system has
been developed and utilized to produce
foreign proteins in insect cells (3,5,8,
14,17,19). Using recombinant bac-
ulovirus vectors based on AcMNPV
and Spodoptera frugiperda (Sf9) insect
cells, it has been possible to produce
secreted proteins, transmembrane pro-
teins, and nuclear proteins. The protein
yield was greatly dependent not only
on the protein nature but also on the
virus construct and on the cells serving
as virus hosts for heterologous protein
production (17,19). Another factor that
decisively affects the protein yield is
the cell culture system (6,16,20). For
several studies, these systems are based
on technologies currently used in re-
search laboratories, such as tissue cul-
ture flasks and spinner or shaker bot-
tles. The main difficulties of these
procedures are (i) the low protein yield
in relation to the amount required for
most research studies and (ii) the lack

of scale-up possibilities. Shaker bottles
are very convenient for insect cell cul-
tures, but only a small fraction of the
whole bottle volume can be utilized for
cell cultivation because of the limita-
tions of oxygen transfer through the
medium surface (9,13,16). Total culture
volumes beyond 1 L already represent
cumbersome procedures. Bioreactor
cultures, in volumes ranging from 1 to
4000 L, may fulfill the requirements of
a large number of users, provided a
simple and practical culture procedure
is available (6).

Here, we describe a scaleable stan-
dardized procedure for the cultivation
and infection of the widely used Sf9 in-
sect cells in a 1-L bioreactor that mim-
ics the characteristics encountered with
the operation of larger volumes. Sever-
al laboratories have studied the opti-
mization of oxygen uptake rate, tem-
perature, and hydrodynamic stress in
insect cell cultures (2,7,18,21–23). The
experimental conditions described be-
low were based on these findings and
on our previous studies of virus replica-
tion in bioreactor cell cultures and then
applied to the production of proteins
derived from the baculovirus expres-
sion system (10–12). Cells adapted to
grow in serum-free medium were cul-
tured in Sf900II medium (Invitrogen,
Carlsbad, CA, USA), and the cell via-
bility was determined by the Trypan
blue exclusion method.

Cells were first grown in a New
Brunswick 4330 shaker in 1-L “Schott”
shaker bottles containing 100 mL as the
working volume. Cell cultures, which
were inoculated at a density of 5 × 105

cells/mL and attained 5.5 × 106 cells/
mL after 4 days at 28°C under agitation
(100 rpm), were then transferred to a 
1-L working volume Inceltech/SGI
bioreactor. This bioreactor culture was
started with 5 × 105 cells/mL, 98% of
dissolved oxygen, a temperature of
28ºC, and agitated at 40 rpm (Figure 1).

The dissolved oxygen level in the
culture medium decreased constantly
and attained levels below 20% after 4
days of cultivation, indicating an active
cell metabolism and oxygen consump-
tion. From this time on, the bioreactor
culture was constantly supplied with
air, and the dissolved oxygen was con-
trolled at 20%. Agitation was increased
to 60 rpm after culturing for 24 h and,
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at day 3, to 80 rpm to improve oxygen
transfer throughout the medium sur-
face. To the same end, the temperature
was decreased to 27°C at day 4. These
culture conditions prevented the cells
from suffering physical damage result-
ing from enhanced gas bubbling during
direct air sparging.

Under these conditions, we were
able to easily obtain a cell density as
high as 9 × 106 cells/mL at day 6 of cul-
ture, when a plateau was attained and
both agitation and temperature were
progressively adjusted back to the initial
values (40 rpm and 28°C) (Figure 1A).

These cultures were infected with
different baculovirus constructs (5,14)
during the late exponential cell growth
phase (day 4) at a high multiplicity of
infection (MOI) for the production of
recombinant or viral proteins (Figure
1B for PARP protein) or at low MOI for
the production of budded viral (BV)
stocks (Figure 1C). Growth of infected
cell cultures was shown to be inversely
dependent on the MOI: the higher the
MOI, the lower the growth rate. After
infection, the DO was adjusted to 30%
in view of a higher oxygen requirement
displayed by infected cells (2,7,18). As
shown in Figure 1, B and C, in cultures
infected at high MOI, the cell density
reached 5.7 × 106 cells/mL at day 5; in
cultures infected at low MOI, the cell
density reached 6 × 106 cells/mL at day
6, reflecting the extent of virus replica-
tion in the cells. Agitation was adjusted
back to the initial values (40 rpm) after
the culture attained the highest cell den-
sity, namely at days 5 and 6 for high and
low MOI infected cultures, respectively,
to avoid hydrodynamic stress and de-
creased productivity by the cells. The
cultivation temperature was adjusted
back to the initial value (28°C) after 8
days of culture, when the cell concen-
tration had already fallen. For recombi-
nant protein production, cells or culture
supernatants containing the product
were collected after 72 h of infection
(Table 1). For PIB production or BV
stock preparation, the PIB-containing
cells or the BV-containing supernatants
were collected after 7 days of infection
(Table 1). The ideal incubation period
before harvesting cells or culture super-
natant for recombinant protein, PIBs, or
BV production was determined in pre-
vious optimization studies (5,9,13,14).
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Figure 1. Parameters of an uninfected Sf9 cell culture (A) and of Sf9 cultures infected (arrow) with
recombinant baculovirus construct expressing PARP at an MOI of 2 (B) or an MOI of 0.01 (C),
maintained in a 1-L bioreactor. Cultures were initiated with 5 × 105 cells/mL and cell concentration (in
cells/mL × 105) was monitored throughout the culture period by counting viable cells in daily collected
samples, as indicated in the Y1 axis. The values for rotation (rpm), dissolved oxygen (DO), and temper-
ature (T°C) are indicated in the Y2 axis.



By using different rAcMNPV, we
were able to produce 8–80 mg/L of the
nuclear located poly (ADP-ribose)
polymerase (PARP) (5), which repre-
sented 2–20 µg/106 cells, after 72 h of
infection at an MOI of 2. This yield, re-
covered from bioreactor cell cultures,
agrees with those previously obtained
in shaker bottles (13). By using a re-
combinant human prolactin (hPRL)
AcMNPV, we were able to produce 172
mg/L of this secreted protein (14) or 43
µg/106 cells, 72 h after infection, at an
MOI of 10. When we used the wild-
type AgMNPV (kindly supplied by C.
Medugno, EMBRAPA, Brazil), we ob-
tained 8 × 1010 PIBs/L, representing 20
PIBs/cell, 7 days after infection, at an
MOI of 5 (Table 1).

The cell culture procedure described
here enabled us to reach BV yields
ranging from 3 to 80 × 107 pfu/mL, 6–7
days after infection, at an MOI of
0.01–0.5, depending on the baculovirus
used (Table 1).

In a previous study performed in
shaker cell cultures (9), depending on
the recombinant construct of rAcMN-
PV, we obtained protein levels ranging
from 0.4 to 0.56 mg/L for the trans-
membrane µ opioid receptor (hMOR),
which represented 5–8 nmol/L or
0.1–0.14 µg/106 cells or 2.7–5.4 × 106

receptors/cell, after 36–64 h of infec-
tion, at an MOI of 2. Preliminary exper-
iments using the cell culture/infection

procedure described here for 1-L biore-
actors reproduced the data obtained in
shaker bottles (data not shown).

Comparison of the expression levels
among these different virus systems
was not our purpose, since this would
be difficult because of the inherent ge-
netic properties of each system and also
because protein production has been
carried out for different time periods,
by different operators, and in different
laboratories. The same applies to BV
yields because different titration proce-
dures introduce further variability in vi-
ral particle quantification.

The methodology described here is
a practical and potentially scaleable
procedure that should be of wide inter-
est because it fulfills the requirements
of most laboratories and provides a use-
ful guide for the improvement of ex-
pression levels and yields of several
baculovirus-derived proteins.
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Product Time of Infection/ BVs Time of Infection/
System Protein Yield MOI Yield (pfu/mL) MOI

rAcMNPV PARP 2–20 µg/106 cells 72 h/MOI of 2 3(0.8) × 107 6 days /MOI of 0.01
8–80 mg/L

rAcMNPV hPRL 43 µg/106 cells 72 h/MOI of 10 8(0.7) × 108 7 days /MOI of 0.1
172 mg/L

wild-type AgMNPV PIB 20 PIBs/cell 7 days/MOI of 5 7(0.5) × 108 7 days/MOI of 5
8 × 1010 PIBs/L

This table summarizes productivity data obtained when different baculovirus constructs were used to infect Sf9 cell cultures in
1-L bioreactors following the conditions indicated in Figure 1. Data were derived from 2–5 reproducible batches of each bac-
ulovirus construct culture. For baculovirus constructs expressing PARP, the product yield is expressed in µg/106 cells or mg/L,
as deduced from gel electrophoresis experiments (4,11). For the baculovirus construct expressing hPRL (12), the product
yield is expressed in µg/106 cells or mg/L, as deduced from immunochemiluminescence and radioimmunoassay experiments.
For the PIBs produced upon infection with wild-type baculovirus, the product yield is expressed as the number of PIBs/cell or
liter of culture (PIBs/L), as determined by light and electron microscopy counting.The BV titer is expressed in pfu/mL (15).

Table 1. Productivity of Different Baculovirus-Derived Proteins in Sf9 Cell Cultures in a 1-L Bioreactor
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Parthenogenesis is often associated
with polyploidy. A single population
may contain several ploidy levels (7).
To estimate the distribution of ploidy
levels allozymes or microsatellites can
be used, but homozygosity and null al-
leles can lead to underestimates (6).
These estimates can be more or less ac-
curate, but the ploidy level of single in-
dividuals can rarely be determined.

In most cases, it is desirable that the
estimate of ploidy level is accurate or
that the ploidy level of every individual
is known. Flow cytometry has previ-
ously been used for this purpose (3,5).
This method has the disadvantage of re-
quiring expensive equipment. Direct
counting of the chromosomes from
every individual is accurate but has the
disadvantage of being extremely time
consuming.

Here, I present an inexpensive and
easy method to determine the ploidy lev-
el of a single individual if the different
chromosome numbers within the spe-
cies have been previously established.
Chromosome numbers can be deter-
mined by paraffin sectioning of oocytes
or by staining chromosomes in mitosis.
The method described below relies on
the fact that nuclei with different number
of chromosomes are of different size (2).
In most species in which sexual forms
exist, males can be used as a diploid nu-
clear size standard if the chromosome
number has not been established. A sim-
ilar approach has been used previously
in vertebrates where the erythrocyte size
is correlated with ploidy level (1).

Weevils (Otiorhynchus scaber)
frozen at -70°C were placed in 1× Cit-
rate-PBS (120 mM NaCl, 2.7 mM KCl,
10 mM NaPO4, pH 7.2, 20 mM sodium
citrate). Malpighian tubules were dis-
sected and placed in Citrate-PBS con-
taining 1/8 volume of propidium iodide
staining solution [0.05 mg/mL propidi-
um iodide, 0.1% sodium citrate, 0.03%
Nonidet® P-40 (4)]. The Malpighian
tubules were stained for 30 min at room
temperature. The nuclei were then pho-
tographed with a digital camera at 200×
magnification. To avoid drying and flat-
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