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Abstract

The ease of use and versatility of the Baculovirus Expression Vector System (BEVS) has made it one
of the most widely used systems for recombinant protein production However, co-expression systems
currently in use mainly make use of the very strong very late p10 and polyhedron (polh) promoters to
drive expression of foreign genes, which does not provide much scope for tailoring expression ratios
within the cell. This work demonstrates the use of different Autographa californica multicapsid
nucleopolyhedrovirus (AcMNPV) promoters to control the timing and expression of two easily
traceable fluorescent proteins, the enhanced green fluorescent protein (eGFP), and a red fluorescent
protein (DsRed2) in a BEV co-expression system. Our results show that gene expression levels can
easily be controlled using this strategy, and also that modulating the expression level of one protein
can influence the level of expression of the other protein within the system, thus confirming the
concept of genes “competing” for limited cellular resources. Plots of “expression ratios” of the two
model genes over time were obtained, and may be used in future work to tightly control timing and
levels of foreign gene expression in an insect cell co-expression system. This article is protected by
copyright. All rights reserved

Keywords: co-expression, baculovirus expression vector system BEVS, insect cell, promoter control,
reporter protein, infection
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Introduction
The baculovirus expression vector – insect cell system is not only versatile for expressing significant
quantities of proteins requiring post-translational modifications quickly; it is gaining significant
traction as a production platform for complex biologics. Both the ability of the insect cells to receive
multiple baculoviruses carrying different transgenes and/or the ability of the baculovirus vectors to
carry multiple transgenes have made the system a darling of those studying and producing virus-like
particles or products requiring the expression of ‘helper’ proteins (Sokolenko, et al. 2012). No matter
the product requiring multiple proteins, it is unlikely that each protein needs to be expressed at the
same level. Tailoring gene expression ratios is important in cases where the levels of proteins affect
the composition of the final product (Tsao, et al. 1996), or when the expression of certain proteins has
a detrimental on the cells (Urabe, et al. 2002). Furthermore, it can be argued that producing an excess
of certain proteins is just a waste of cellular resources that could be otherwise channelled into useful
product.

While there exists a number of studies describing polycistronic baculovirus vectors (Fitzgerald,

et al. 2006; Fitzgerald, et al. 2007; Kanai, et al. 2013), controlled gene expression ratios have most
predominantly been achieved by co-infection. While co-infection offers the flexibility of manipulating
gene expression ratios by varying the multiplicity of infection (MOI) of individual baculovirus
populations, the probabilistic nature of infection (Licari and Bailey 1992) means that not all cells will
receive the same proportion of the transgenes in each cell. Co-expression systems generally make use
of the very strong very late p10 and polyhedron (polh) promoters to drive expression of foreign genes.
However, this does not provide much scope for tailoring gene product ratios within the cell. Given
what is already known about baculovirus promoters and associated genetic elements system from
studies on: the ie1 promoter (Jarvis, et al. 1996); the basic promoter (Bonning, et al. 1994; Chazenbalk
and Rapoport 1995; Higgins, et al. 2003); the gp64 promoter (Grabherr, et al. 1997); the Pcappolh, a
hybrid of the vp39 capsid and polh promoters (Thiem and Miller 1990); tandem ie1 promoters
(Kojima, et al. 2001); synthetic early promoters (Blissard, et al. 1992), truncated p10 and ie1
promoters (Urabe, et al. 2002; Urabe, et al. 2006) and constitutive insect promoters like the Hsp70
This article is protected by copyright. All rights reserved
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promoter (Lu, et al. 1996; Prikhod'ko, et al. 1998); there is a dearth in the characterization of
expression when these promoters are used in conjunction with the expression of a second gene under
the control of a different promoter. At best, there are a few studies such as one by Urabe et al. (Urabe,
et al. 2002) for the production of AAV2 vectors, and the subsequent work on that system (Aucoin, et
al. 2006; Kohlbrenner, et al. 2005; Meghrous, et al. 2005). In addition two patents have been filed on
the use of weaker baculovirus promoters to drive the expression of non-structural components for the
production of virus-like particles (Hu and Lin 2013; Oker-Blom and Summers 1992), and there has
been some work on an early baculovirus detection system utilizing an early promoter (Dalal, et al.
2005).

Beyond tailoring expression levels, there is also the ability to control the temporal nature of the

expression with these promoters. Most characterization of the promoters, when used in conjunction
with another promoter-gene element, simply look at the resulting production levels and do not
acknowledge that the ‘sequence’ of events may also play a role in the overall product formation. It is
also possible that by taking advantage of sequential gene expression, there is an advantage over trying
to express all of the different elements at once. While there is some evidence that suggests that there is
no resource limitation when expressing multiple proteins at once (Berger, et al. 2004), there is other
evidence which suggests that competition may be a real effect. It has been shown that the deletion of
the very-late p10 gene causes improved production from genes under the control of the very-late polh
promoter (Chaabihi, et al. 1993; Hitchman, et al. 2010). Further evidence of competition comes from
studies where co-expressing more than one chaperone protein actually caused a decrease in yield of
the target protein of interest (Kato, et al. 2005; Tate, et al. 1999).
This work aims to demonstrate the use of different promoters in a polycistronic baculovirus to

control the timing and expression of two easily traceable fluorescent proteins, the enhanced Green
Fluorescent Protein (eGFP herein referred to simply as GFP) and a red fluorescent protein (DsRed2
herein referred to simply as RFP). The RFP gene is placed under the control of the very-late polh
promoter, while the GFP gene was placed under the control of early (ie1), late (basic, gp64 and vcath)
and very-late (p10) promoters.
This article is protected by copyright. All rights reserved
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Materials and Methods
Cell culture and baculovirus production
Spodoptera frugiperda clonal isolate 9 (Sf-9) cells (GIBCO, Carlsbad, CA, USA) were maintained in
capped glass Erlenmeyer flasks in Sf-900III media (GIBCO, Carlsbad, CA, USA) at a temperature of
27 °C on an orbital shaker rotating at 130 rpm. Maintenance cell cultures were kept at a density
between 0.5 and 4 ×106 cells/ml.
Baculovirus construct generation
Five baculovirus constructs co-expressing GFP and RFP fluorescent proteins were generated for this
work (Table 1). The GFP and RFP genes were isolated from plasmids pcDNA3-GFP and pCALNLDsRed obtained from Addgene (Cambridge, MA, USA) using primers GFPF, GFPR, RFPF and RFPR
(Table S1) using a Phusion® High-Fidelity polymerase (Thermo Scientific, Waltham, MA, USA).
These genes were cloned into baculovirus transfer vector pAcUW51 (BD Pharmingen, San Diego,
CA, USA) using overlap extension PCR as described in other works (Bryksin and Matsumura 2010).
The resulting plasmid contained the GFP gene under control of a baculovirus p10 promoter and the
RFP gene under the control of a baculovirus polyhedrin promoter. The p10 promoter was then
replaced by four other AcMNPV promoters (ie1, basic, gp64 and vcath), using overlap extension PCR
to create the vectors used in this work. The viruses were generated from these vectors using the BD
BaculoGold™ Transfection Kit (BD Pharmingen, San Diego, CA, USA). The primers used to isolate
the promoters, and allow for the insertion of these promoters into p10-GFP-RFP are given in Table S1.
Two additional monocistronic viruses were created expressing either GFP or RFP. The genes were
isolated as before using primers listed in Table S1, and then inserted into the plasmid pFastBac1 (Life
Technologies Inc, Burlington, ON, Canada) using the EcoRI and BamHI sites in the MCS. The
primers used for these constructs are also listed in Table S1. Viruses were generated from these
constructs using the Bac-to-Bac® Baculovirus Expression System (Life Technologies Inc, Burlington,
ON, Canada).

Baculovirus Amplification

This article is protected by copyright. All rights reserved
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Cultures were seeded at 0.5 ×106 cells/ml, allowed to grow to ~3x106 cells/ml to reach a midexponential phase, diluted to 1x106 cells/ml in fresh media and infected with various viruses. The
cultures were allowed to proceed until the viability dropped to 70–80%, after which the culture
medium was harvested and centrifuged at 1000 × g for 10 min in order to spin down cells and cell
debris. The supernatant was removed and used as baculovirus stock for experiments.
Baculovirus Quantification
Virus samples were quantified by four different methods: end point dilution assay (Reed and Muench
1938, King and Possee 1992), real time PCR (George et al, 2012), flow cytometry (Shen, et al. 2002),
and a growth cessation assay (see Supplementary information for more detail) . The titres obtained
from the end point dilution assay were used to determine the quantity of virus to add to the cultures.
Co-expression experimental design
35 ml cell cultures at a density of 1 x 106 cells/ml were infected with P2 stocks of the various viruses

at MOIs of 5 or 25, in triplicate. Sampling was conducted at 0, 4, 8, 12, 16, 24, 36, 48, 72 and 96 hours
post-infection (hpi), to capture both early and late events in the course of infection. Cell counts were
conducted at each of these time points using a hemacytometer to determine cell density and viability.
Samples were centrifuged at 300g for 7 minutes, after which the cell pellets were resuspended in a 2%
solution of formaldehyde (Thermo Scientific, Rockford, IL, USA) in PBS and kept at 4ºC for one hour
before analysis by flow cytometry. Controls included uninfected cultures, and cultures infected with
monocistronic baculovirus vectors containing either GFP or RFP under the control of the polh
promoter.

Flow cytometry analysis
Flow cytometry was conducted on a BD FACS Calibur (BD Biosciences, San Jose, CA, USA). The
results were analyzed using FlowJo (Tree Star, Ashland, OR, USA).The threshold was based on FSC
and was set at a value of 52, and served to remove small low scatter events. Green fluorescence was
detected by the FL1 detector (emission 530, bandpass 30nm) and red fluorescence by the FL3 detector
(emission 670 nm, longpass). All samples were analysed using a high flow rate (60 + 3 µl/min).
Compensation was conducted to remove signal overflow from GFP fluorescence into the FL3 channel
This article is protected by copyright. All rights reserved
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and was set at 11.5% of the FL2 signal based on the level of fluorescence detected when cells were
infected with a monocistronic vector containing the GFP gene.

Results

Virus stocks, progression of infection and effect on cells
Infection of the cultures with an MOI of 5 (and 25) resulted in synchronous infections as seen

by growth cessation (Figure 1A and 1B). The rate of decrease of viability in different cultures between
24 and 96 hours post infection (hpi) was different for the different baculovirus vectors tested.
Polycistronic vectors that led to the production of high levels of RFP were achieved (Figure 5) had
higher rates of viability decrease (Figure 1C) compared to those where the production of RFP was
compromised (ie1 and basic vectors). In the case of the basic vector, the appearance of RFP
production also occurred later than for infection with the other vectors (Table III). It is possible that
the viability of the cells may be, in part, affected by the accumulation of RFP within the cell.
To probe this further to ensure that the vectors were not compromised by using the alternative

promoters to drive GFP, we followed the progression of the virus infection (MOI of 5 and 25) by
monitoring the levels of baculovirus in the supernatant using real time PCR (Figure 2). No significant
differences were observed in the replication of different constructs at MOI 5 or 25 (Figure 2A and 2B).
In addition, no differences in replication-capable progeny were observed by the end-point dilution
assay (Figure 2C). Taken together, these results are reassuring for two reasons: 1) the amount of virus
taken up did indeed allow for synchronous infection in all cases based on the immediate cessation in
growth; and, 2) ~ five times as much virus was taken up for a five-fold increase in MOI (Table II).
GFP/RFP Production
The main objective of this work was to observe the expression patterns resulting from infection

with baculoviruses having foreign genes controlled by non-conventional promoters. While the cells
seemed to be mostly in a single population for the first 36–48 hours of infection, the formation of a
secondary population can be seen starting at 48, becoming more apparent at 72 and increasing further

This article is protected by copyright. All rights reserved
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at 96 hours post-infection (two examples of which are seen in Figure 3). The number of events in the
higher fluorescence population was found to correlate well with the overall viability of the culture
(supplementary information). In addition, when the cultures were imaged by an ImageStreamX Mark II
imaging flow cytometer (Amnis Corporation, Seattle, WA, USA ), the lower fluorescence population
was found to be misshapen cells that seemed to be dying or dead (data not shown). The fluorescence
of the high fluorescence population was used for subsequent analysis.
Figure 4 shows the relative overall levels of green and red fluorescence observed for MOI 5

and 25 infected cells over time. The start of GFP production varied depending on the promoter in front
of the gene, with the earliest signals at an MOI of 5 emerging after 4 hours under ie1; 8-12 hours under
basic, and gp64 control; 12-16 hours for p10; and 16-24 hours for vcath (Table III). Increasing the
MOI to 25 caused the GFP signals from the basic and gp64 constructs to emerge at 4 hours, while the
time of emergence in the other constructs was not affected. Of the constructs, the highest levels of
GFP, as well as the fastest increase in GFP expression level was seen when the gene was placed under
the control of the basic promoter. The heavily delayed emergence of any fluorescence signal when
using the vcath vector could be due to the very weak strength of the vcath promoter, and not
necessarily an indication of the start of vcath expression. GFP expression in the GFP single construct
emerged only at 16–24 hours post infection.
The choice of the promoter in front of the GFP gene also influenced the appearance of the

signal from RFP, which was under the control of the polh promoter. At MOI 5, most constructs,
including the RFP single construct showed an RFP signal starting at 16-24 hours post-infection.
However, the signal in the low GFP expressing vcath construct appeared much earlier (12–16 hours),
while the high GFP expressing basic construct only showed an RFP signal at 36 hours post-infection,
which could be due to the very high levels of GFP that were produced in this system early in the
infection. Increasing the MOI to 25 had an almost universal effect of causing RFP signals to emerge
earlier except for the p10 vector where RFP was detected later. The earlier emergence of signals with
higher MOI was likely due to the increased number of viruses providing increased numbers of

This article is protected by copyright. All rights reserved
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templates for protein production. Alternatively, the increased numbers of viruses may have caused
increase early gene expression, thereby accelerating the progression of viral infection. The delay in
RFP for the p10 construct may be the direct result of overexpression of the GFP gene.
GFP production showed minimal increases after 48 hpi in most cases, while RFP production

generally increased till 96 hpi. It should be noted that at 36 hours, for many of the systems tested, there
is a decrease in the GFP fluorescence – a dip of sorts – that may be indicative of a dual regulation of

protein production or may be related to the onset of RFP production. Differences in RFP production
from the different vectors were evident with the low GFP producing systems producing much higher
levels of RFP (Figure 5), except for the ie1 construct. High levels of GFP production earlier in the
infection cycle (basic construct) caused a significant reduction in the amount of RFP produced. Single
constructs, with GFP or RFP under the control of the polh promoter, produced the highest levels of
fluorescence in all cases.
Ultimately, this study has allowed the creation of protein production ratio profiles (Figure 6).

The figure shows that GFP and RFP production ratios vary widely between constructs. In general,
GFP was always produced at a lower level than RFP, except in cells infected with the basic promoter,
where GFP was present at a level greater than that of RFP till 36 hours post infection, following which
GFP was present at roughly half the level of RFP. The vcath and gp64 constructs produced far more
RFP than GFP.

Discussion

Vector Alteration: Changing Promoter Sequences and Effect on Vectors
For over twenty years researchers have alluded to the benefits of offsetting expression levels through
promoter control (Tate, et al. 1999), yet nobody has gone ahead and done a study to show how this
should be done. Our belief is also that promoters can help stage an appropriate sequence of events that
can lead to the efficient production of complex multi-protein molecules such as VLPs. This is in part
based on evidence from natural systems such as influenza virus replication, where the rates of
synthesis of different proteins differ over the course of the infection, with the Matrix (M) protein being
This article is protected by copyright. All rights reserved
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produced at the highest levels after the other genes have reached their peak production (Meier-Ewert
and Compans, 1974). This could be due to the fact that the M protein which forms the inner layer of
the influenza particle shell is only needed at later times during the virus replication cycle. The
baculovirus system has an even more complex temporally separated protein production scheme with
various transcription initiators being produced first, followed by structural proteins, with the outer
protective proteinacious coats being produced only at the end (Rohrmann 2011).
This work aimed to demonstrate the utility of promoter control in a very simple two protein co-

expression system where the proteins are not secreted and not believed to interact. The enhanced
Green Fluorescent Protein (GFP) and DsRed 2 Red Fluorescent Protein (RFP) were further chosen
because of their green and red fluorescence emissions, which enabled easy and accurate tracking of
their production levels in infected cell cultures. Five different co-expressing virus constructs were
generated for this experiment. In each of these, the RFP gene was placed under the control of a polh
promoter, which activates at high levels during the very late phase of infection, at about 27 hpi
(Bonning, et al. 1994). The promoter controlling expression of the GFP gene is varied between the five
constructs: the p10 promoter, which activates during the very late phase of infection, at about 19 hpi
(Bonning, et al. 1994); the basic promoter, which is active from about 13 hpi (Bonning, et al. 1994;
Hill-Perkins and Possee 1990); the gp64 promoter, which activates in both the early phase (from 6 hpi)
at low levels and during the late phase at much higher levels (from before 24 hpi) (Garrity, et al.
1997); and the vcath promoter, which activates during the late phase at around 22 hpi (Hodgson, et al.
2007; Hom, et al. 2002; Slack, et al. 1995). Our results agree with these findings for the most part,
however, GFP was observed earlier when controlled with the p10 and basic promoters, likely due to
the sensitivity detection used in this study.
It is known that MOI can play a role in overall gene expression levels as well as onset of

protein expression and so, extreme care was taken to have ‘equivalent’ MOIs for experiments
comparing different baculovirus constructs at MOIs of 5 and 25. Although titers via the different
methods differed as expected (Figure S1), together the methods were a good indication of: the
composition of the stocks; and the minimal interference to baculovirus replication that may have been
This article is protected by copyright. All rights reserved
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caused by using promoters that also drive essential genes. Given the fluctuations in seeding (Figure 2)
it is expected that an MOI of 5 actually ranged from 4.3 to 8.8 and an MOI of 25 actually ranged from
27 to 50.

The effects of ‘re-using’ promoters that control the expression of native genes is not

extensively documented. Virus replication is an important aspect of BEVS that could be affected by
changing native expression patterns with the ‘re-use’ of native promoters. To examine this,
baculovirus concentration in the media were measured by real-time PCR over the course of infections
(Figure 2A and 2B). A further experiment was also conducted analysing replicative baculovirus titres
at 48 hours post infection (Figure 2C). Both methods revealed that baculovirus replication did not vary
between constructs. It still remains to be seen if any of the constructs are more prone to the production
of defective interfering particles upon repeated passaging.
Effect of Promoters and MOI on the Detection of Green and Red Fluorescent Protein
It was hoped and expected that GFP levels would vary given that its expression is being driven by
different promoters. However, it was also found that the emergence of RFP also varied between
constructs. For the most part, the times of RFP emergence was around 16 – 24 hours post infection,
including for the single construct. However, the basic construct, which showed high levels of early
GFP expression, showed an RFP signal very late post infection (36 hours). The late emergence of the
RFP signal is thought to be directly related to the amount of resources committed by the cell to
producing GFP. The increase in MOI from 5 to 25 caused earlier emergence of RFP production, with
production in the cultures infected with the basic, vcath and gp64 constructs showing signals up to 12
hours earlier. Of interest is the RFP fluorescence emanating from the vcath and gp64 virus infecting
cultures, which can be seen at low levels as early as 12 hours post-infection. This further reinforces
work by others, including Hu and Bentley (2001), which accounted for how increasing MOI can
significantly accelerate the progression of infection in their models.
Effect of Promoter on GFP and RFP levels: Competing for Resources
Although there was no evidence of interference in terms of baculovirus replication, the idea

that we might be creating or alleviating ‘competitive’ environments with the use of these different

This article is protected by copyright. All rights reserved
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promoters remained. The vcath and gp64 viruses produced the least amount of GFP, and the highest
levels of RFP, while the basic construct, which expressed GFP at very high levels early during
infection, produced far lower amounts of RFP than the p10 construct. These conclusions are further
supported by data from the single constructs producing only GFP or RFP, which show greater levels of
gene expression than any of the dual constructs (Figure 6A and C). In addition, co-infecting the two
single constructs (overall MOI of 10) decreased the production of fluorescence molecules compared to
cells infected with only the single foreign gene vectors, or cells infected with the p10 construct. The
ie1 construct was an exception to the above observations, as it drove low levels of both GFP and RFP.
It is thought that this may be related to some type of interference with the production of early
transcriptional factors. Otherwise, this could be because of some form of regulation of the polh
promoter by the spatially close ie1 promoter within the construct.
Effect of MOI on GFP and RFP levels: Competing for Resources

Many examples of ‘production saturation’ exist in literature. Excessive multiplicity of infections
(MOI) have indeed lowered of the amount of recombinant protein produced in some systems as far
back as a study done on the production of β-galactosidase where infection of a culture at an MOI of 50
resulted in a poorer performance compared with infections at MOIs of 0.05, 0.5 and 5 (Bedard, et al.
1994). In our system, it was thought that the increase in MOI from 5 to 25 would increase the
competition phenomenon, especially for those constructs with promoters driving late gene expression.
For most of the constructs, there was very little improvement in the levels of GFP and RFP observed
when increasing the MOI; however, despite the minimal increase in protein production, the results
showed that there is a form of competition that arises from the expression of a secondary foreign
protein. This was seen from the differing levels of RFP produced, despite always being under the
control of the polh promoter. In the cases where there was infection with the vcath and gp64
constructs, significant increases in RFP levels with infection at the higher MOIs were observed, giving
rise to the notion that the cell has a total protein capacity that can be utilized in many different ways
depending on the promoter combinations used to drive gene expression and protein production.
Further Implications
This article is protected by copyright. All rights reserved
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This research also has implications for new high capacity multiprotein production systems

such as the MultiBac system (Fitzgerald, et al. 2006; Fitzgerald, et al. 2007), where nutrient limitations
may be important when producing proteins at high levels. In these systems, multiple genes are
expressed at very high levels under the control of very strong promoters, thereby competing for
limited resources. The utility of these systems lies in their ability to express complex protein structures
such as virus-like particles with several virus components, and enzyme complexes to perform complex
reactions. However, overexpression of some components could lead to sub-optimal protein ratios in
the final product, and cause reduced expression of correctly assembled product containing appropriate
ratios of component proteins. In addition, high expression of genes that are not needed in large
quantities can lead to a “waste” of cellular resources that could be used for the production of other
proteins. It is possible that in some cases, inappropriate protein ratios and wasted cell resources make
it impossible to use this system for the production of complex proteins. This paper demonstrates the
use of different promoters to control the timing and expression of genes within BEVS, which we
believe is the next step in improving the system for the production of complex proteins. In addition to
the large number of promoters available within the baculovirus genome, foreign protein production
can be further modulated by the use of baculoviral and other regulatory elements such as homologous
regions (HRs) (Guarino, et al. 1986; Ishiyama and Ikeda 2010), as well as non-baculoviral, and
truncated (Urabe, et al. 2002; Urabe, et al. 2006), hybrid (Thiem and Miller 1990) or tandem (Kojima,
et al. 2001) promoters that extend the duration of protein production, or change expression levels of
native promoters. Artificial promoters (Blissard, et al. 1992; Rankin, et al. 1988) may also be used for
modulating expression levels.

Conclusions
A detailed profile of expression levels over the entirety of the infection period by different

vectors has been created and lends itself to serving as a template for “designing” expression systems in
which the timing and expression level of different proteins can help in the optimization of product
formation. Furthermore, this work shows that the expression of a gene under the control of one
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promoter can influence the production of protein whose gene was controlled by another. Only one
construct did not adhere to this theory: the ie1 construct. The latter resulted in low levels of both GFP
and RFP, a result attributed in part by the fact that the ie1 promoter is recognized by a different
polymerase, namely DNA polymerase II. In addition, this work should serve to stimulate further
research into the use of other baculovirus promoters, enhancer regions, and non-native promoters and
other control elements within the baculovirus insect cell system, which can be characterized to
enhance the ability to rationally design the ‘expression’ system.
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Figure Captions
Figure 1: Cell density of cultures infected at MOIs of A) 5 and B) 25 obtained from hemacytometer
counts. 35 ml cultures were either infected with the p10, ie1, basic, gp64 or vcath vectors. Control
cultures remained uninfected. C) Rate of viability decrease between 24 and 96 hours post infection in
the cultures infected with the p10, ie1, basic, gp64 or vcath vectors. All conditions were done in
triplicate. Error bars represent 1 standard deviation above and below means.
Figure 2: Virus counts in cell culture supernatant as determined using real-time PCR to determine
genome counts or end point dilution assay for infectious virus. A) Time-course tracking of baculovirus
by real-time PCR for cultures infected at MOI 5. B) Time-course tracking of baculovirus by real-time
PCR for cultures infected at MOI 25. Inset figures show genome counts at early time points post-

infection. C) Titres of replication competent baculovirus at 48 hours post-infection for the various
cultures infected at an MOI of 5.
Figure 3: Representative flow cytometer scatterplots showing population distributions in cultures
infected with basic and gp64 constructs over time. The plots compare values of red (FL3) and green
(FL1) fluorescence over time post infection. Hollow arrows indicate movement of populations as
infection progresses.
Figure 4: Relative GFP and RFP fluorescent levels in cells. GFP levels in cells infected at A) MOI of
5; and B) MOI of 25. RFP levels in cells infected at C) MOI of 5, and D) MOI of 25. The plotted
values are obtained from triplicate flasks, and represent the geometric means of high fluorescence cell
populations in cell cultures. Error bars represent 1 standard deviation above and below the mean.
Figure 5: Maximum levels of A) green and B) red fluorescence in cell cultures infected at MOIs 5
and 25 with the p10, ie1, basic, gp64 or vcath polycistronic vectors, or the polh-GFP and polh-RFP
monocistronic constructs.

The plotted values are the averages of fluorescence means of cell
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populations, multiplied by the total number of events to give the “culture fluorescence” from triplicate
flasks. Error bars represent 1 standard deviation above and below means.
Figure 6: GFP/RFP production ratio profiles over the course of cell culture infection with the p10, ie1,
basic, gp64 and vcath vectors at A) MOI of 5, and B) MOI of 25.
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Table I: Baculovirus constructs used in the experiments shown in this paper. All baculoviruses have
been generated from pAcUW51. These constructs are referred to in the paper by the names given in
the brackets ().
Construct Name

p10-GFP-RFP (p10)
ie1-GFP-RFP (ie1)
basic-GFP-RFP (basic)
gp64-GFP-RFP (gp64)
vcath-GFP-RFP (vcath)
polh GFP
polh RFP

Promoter 1
p10
ie1
basic
gp64
vcath
polh
polh

Description
Gene 1
Promoter 2
GFP
Polh
GFP
Polh
GFP
Polh
GFP
Polh
GFP
Polh
GFP
RFP
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RFP
RFP
RFP
RFP
RFP
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Table II: Average percent of vector taken up in co-expression experiments at MOIs of 5 and 25.
Values were calculated by comparing vector genome titers in the supernatant at 0 and 4 hours post
infection by real-time PCR (see supplementary information for details on methodology).
Vector
p10
ie1
basic
gp64
vcath

% Vector/Number of Vector Particles Taken Up By Cells
MOI = 5
MOI = 5
MOI = 25
MOI = 25
6
25%*
1.76x10
58%
2.13x107
62%
8.43x106
55%
4.47x107
6
54%
4.86x10
62%
4.28x107
43%
4.95x106
53%
3.39x107
6
47%
7.77x10
54%
6.15x107

*note: this value was obtained from triplicate cultures. A value this low has not been reproduced since.
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Table III: Times of detectable fluorescent protein detection.

Vector

Polh GFP*
p10
ie1
basic
gp64
vcath
Polh RFP*

Time at which protein production is detected (hpi)
GFP
RFP (polh)
MOI = 5
MOI = 25
MOI = 5
MOI = 25
NA
NA
16-24
NA
12-16
12-16
16-24
24-36
4-8
4-8
16-24
16-24
8-12
4-8
36-48
24-36
8-12
4-8
16-24
12-16
16-24
16-24
16-24
12-16
16-24
NA
NA
NA

*note: these are monocistronic baculovirus vectors with either GFP or RFP under the control of the polh promoter.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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