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Alphabaculoviruses (Baculoviridae) are pathogenic DNA viruses of
Lepidoptera that have applications as the basis for biological insecticides and
expression vectors in biotechnological processes. These viruses have a characteristic physical structure that facilitates the transmission of groups of genomes. We
demonstrate that coinfection of a susceptible insect by two different alphabaculovirus species results in the production of mixed-virus occlusion bodies containing the parental viruses. This occurred between closely related and phylogenetically more distant alphabaculoviruses. Approximately half the virions present in
proteinaceous viral occlusion bodies produced following coinfection of insects
with a mixture of two alphabaculoviruses contained both viruses, indicating that
the viruses coinfected and replicated in a single cell and were coenveloped within the
same virion. This observation was conﬁrmed by endpoint dilution assay. Moreover, both
viruses persisted in the mixed-virus population by coinfection of insects during several
rounds of insect-to-insect transmission. Coinfection by viruses that differed in genome
size had unexpected results on the length of viral nucleocapsids, which differed from
those of both parental viruses. These results have unique implications for the development of alphabaculoviruses as biological control agents of insect pests.
ABSTRACT

IMPORTANCE Alphabaculoviruses are used as biological insecticides and expression vectors in biotechnology and medical applications. We demonstrate that in caterpillars
infected with particular mixtures of viruses, the genomes of different baculovirus species
can be enveloped together within individual virions and occluded within proteinaceous
occlusion bodies. This results in the transmission of mixed-virus populations to the caterpillar stages of moth species. Once established, mixed-virus populations persist by coinfection of insect cells during several rounds of insect-to-insect transmission. Mixed-virus
production technology opens the way to the development of custom-designed insecticides for control of different combinations of caterpillar pest species.
KEYWORDS alphabaculovirus, Baculoviridae, multinucleocapsid virions, transmission of

virus mixtures, host range, plaque puriﬁcation, qPCR, AcMNPV, SfMNPV, SeMNPV,
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I

nteractions among viruses are pervasive and highly diverse and have the potential to
modulate key aspects of virus phenotype, including virulence (1–3). Within-host
interactions include complementation, superinfection exclusion, and the production of
pseudotypes from different viruses replicating in a shared cell, whereas interactions
that occur during virus dispersal and transmission to a new host involve the physical
association of viruses in groups that can be considered multivirion infectious units (4).
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Examples of multivirion infectious units include aggregates of virions that are formed
following release from the host cell (5, 6), whereas in other cases, particles are released
as multivirion structures such as extracellular vesicles (7, 8) or proteinaceous occlusion
bodies (9). The production of groups of virions for dispersal and transmission is costly
but may be offset by ﬁtness advantages such as increased infectivity (through reduced
dilution and high multiplicity of infection), reduced exposure to host immune
responses, increased stability, and improved persistence outside the host (10, 11).
The genetic diversity and relatedness among coinfecting variants can inﬂuence key
aspects of virus ﬁtness, including virulence, opportunities for recombination, competition among genotypes, and the evolution of cheater variants such as defective interfering particles that survive through complementation with complete genotypes (12, 13).
Different viruses that coinfect and replicate within a shared host cell will have low
relatedness and may be expected to compete for host resources, although cooperation
may evolve if that results in higher ﬁtness for each of the viruses involved (3, 14).
Alphabaculoviruses (Baculoviridae, genus Alphabaculovirus) that infect Lepidoptera
are an unusual group of double-stranded DNA (dsDNA) viruses with a circular genome
of 80 to 180 kbp (15). Alphabaculoviruses produce two types of collective infectious
units. Individual nucleocapsids, each containing a single genome, are enveloped singly
or in groups (typically clusters of 2 to 8 nucleocapsids), to form occlusion-derived virions (ODVs). Groups of ODVs are then occluded within a matrix of polyhedrin protein
and wrapped by a polyhedron envelope protein to form resistant occlusion bodies
(OBs) that can persist in the environment for extended periods (16).
Viral OBs are released from virus-killed insects for dispersal over plant surfaces (17).
When OB-contaminated foliage is consumed by a caterpillar, the OB dissolves in the
alkaline environment of the insect midgut, releasing ODVs that infect midgut epithelial
cells and subsequently disperse to other tissues within the infected insect (18).
Alphabaculovirus infections are genetically heterogeneous (19, 20), and each cell
within a caterpillar is usually infected by several budded virions, each of which delivers
a single genome to the host cell (21). As a result, OBs contain multiple variants that
reﬂect the genetic composition of the host cell in which they were produced (22). OBs
also ensure that multiple virions are delivered simultaneously to susceptible insects,
thus increasing the likelihood of transmission, whereas multiple-nucleocapsid ODVs
increase the likelihood that individual cells are infected by multiple variants during the
initial establishment of infection in the caterpillar gut.
As natural agents of mortality in agricultural and forest insect pests, alphabaculoviruses are used as the basis for potent biological insecticides in many countries (23).
Their favorable biosecurity proﬁle and amenability to genetic manipulation have also
favored their use as expression vectors (24), in the production of vaccines (25), and as
potential gene therapy vectors (26). Our previous studies have demonstrated that the
construction of speciﬁc mixtures of genotypic variants can markedly improve the insecticidal characteristics of these pathogens, in terms of their ability to cause lethal disease in insect pests (22, 27–29) and to increase the number of OBs produced in lethally
infected insects (30, 31). The key to this technology is that the multivirion infectious
units (OBs) favor transmission of the genotypic diversity present in the inoculum.
The host range of these viruses affects their usefulness in pest control and their ecological risk proﬁle (32–34). Some alphabaculovirus species, such as Autographa californica multiple nucleopolyhedrovirus (AcMNPV), are able to infect over 30 different
species of Lepidoptera (35), whereas the majority of these viruses are highly host speciﬁc (33, 36). Similarly, insect species differ in their susceptibilities to a given virus and
are often classiﬁed as permissive, semipermissive, or nonpermissive depending on
the quantity of inoculum required to initiate a productive infection. Multiple infections by different alphabaculoviruses have been studied in vitro (37, 38), although
the implications of coinfection on virus structure and transmission are largely
unknown.
In the present study, we examined the consequences of coinfection by distinct
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alphabaculovirus species on the genomic composition of virions, virion formation, and
species persistence in a mixed-virus population. This issue was addressed from different perspectives. First, we investigated the effect of coinfection by two phylogenetically distant viruses on the composition of the virions and OBs produced in individual
host insects. Second, we studied the size of nucleocapsids enveloped in virions produced
after coinfection. Finally, we examined evidence for heterotypic cooperation between two
species of alphabaculoviruses that are closely related phylogenetically. The results offer
potential insights into the evolution and maintenance of diversity of these viruses. More
importantly, these results open the way to technologies for the development of novel bioinsecticides based on multivirion mixtures of alphabaculoviruses.
RESULTS
Production of mixed-virus occlusion bodies. The viruses used in the present study
were Autographa californica multiple nucleopolyhedrovirus (AcMNPV), Mamestra brassicae
multiple nucleopolyhedrovirus (MbMNPV), Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV), and Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV), all of
which have the multiple-nucleocapsid phenotype of occlusion-derived virions (ODVs).
Four different mixed-virus OBs were produced to achieve the different objectives of this
study: (i) AcMNPV1SfMNPV, (ii) AcMNPV1MbMNPV, (iii) SfMNPV1MbMNPV, and (iv)
SfMNPV1SeMNPV.
First, AcMNPV genotype C6 (AcC6) and a complete orally infectious genotype of
SfMNPV (SfB) were chosen because they replicate well in the Sf9 cell line and share a
permissive host, Spodoptera frugiperda. Peroral inoculation of S. frugiperda fourth-stage
caterpillars with a 1:1 mixture of OBs of AcC6 and SfB resulted in 97.2% 6 2.0% (mean 6
standard deviation [SD]) mortality of insects. SfB was the majority virus in the progeny OBs and comprised 99.95% 6 0.01% of the genomes present in the mixed-virus
preparation, as determined by quantitative PCR (qPCR) (Table 1). This result was consistent across a series of preliminary studies in which we were able to modify the proportions of each virus in progeny OBs, either by altering their ratio in the inoculum or
by altering the interval between inoculation of one virus and the other (data not
shown), thereby precluding the possibility that the low-level detection of AcC6 was
due to a contamination event.
Second, by inoculating fourth-stage S. frugiperda larvae we produced two different
mixed-virus preparations comprising viruses that differed in the lengths of their genomes.
The AcC61MbMNPV (Mb) mixed-virus preparation comprised 34.9% 6 3.6% AcC6 genomes,
whereas the SfB1Mb mixed-virus preparation comprised 53.4% 6 2.3% SfB genomes, as
determined by qPCR (Table 1).
Third, a mixture of two closely related viruses, SeMNPV and SfMNPV, was produced
in a permissive host, Spodoptera exigua. For this, fourth-stage S. exigua larvae were
injected with a suspension of ODVs comprising a 1:1 mixture of these viruses. The inoculum comprised a complete genotype of SeMNPV-US2A (SeA) and a defective genotype, SfMNPV-C (SfC), that was incapable of peroral infection because it lacked per os
infection factors (PIFs). qPCR analysis indicated that 95.1% 6 1.3% (mean 6 SD) of the
genomes in the resulting mixed-virus OBs (named passage zero [P0] OBs) were of genotype SeA (Table 1).
Coenvelopment of AcC6 and SfB OBs the same virion. The composition of OBs
produced following coinoculation of S. frugiperda larvae with a 1:1 mixture of AcC6
OBs and SfB OBs was determined. A mean (6SD) of 87.3 6 12.7 individual plaques
were analyzed in each replicate by PCR using virus-speciﬁc primers (Table 2). Across
the three replicates, the proportion of plaques that were positive for AcC6 varied from
1 to 8%, whereas 32.3 to 53.9% of plaques were positive for SfB and 43.9 to 59.7% of
plaques were positive for both viruses (Fig. 1; see also Table S1 in the supplemental
material). A procedure was performed to control for adhesion between different ODVs
or cross-contamination during the plaque puriﬁcation procedure. The control comprised ODVs released from a mixture of pure AcC6 OBs and pure SfB OBs in a ratio of
;1:1,595, similar to that detected by qPCR on AcC61SfB OBs. PCR analysis of control
February 2021 Volume 87 Issue 3 e02180-20
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TABLE 1 Composition of mixed-virus preparations determined by qPCR quantiﬁcation of
virus genomes
Composition, % (mean 6 SD)
Virus mixture
AcMNPV 1 SfMNPV
AcMNPV 1 MbMNPV
SfMNPV 1 MbMNPV
SeMNPV 1 SfMNPV

Component 1
0.05 6 0.01 AcC6
34.9 6 3.6 AcC6
53.4 6 2.3 SfB
95.1 6 1.3 SeA

Component 2
99.95 6 0.01 SfB
65.1 6 3.6 Mb
46.7 6 2.3 Mb
4.9 6 1.3 SfC

TABLE 2 Primers used for PCR and qPCR ampliﬁcation in this study
Primer
Seie0.F
Seie0.R
Sﬁe0.F
Sﬁe0.R
qSe5.F
qSe5.R
qSfCcath.F
qSfCsf36.R
Ac.F
Ac.R
Sf.F
Sf.R
AcDNApol.F
AcDNApol.R
SfDNApol.F
SfDNApol.R

Sequencea
59-CTATAGCTCGACGCTCGGTG-39
59-ATCGTCTTCGATACCGCGAG-39
59-ATGAGTATTAATCATGATTC-39
59-TCTTGGCAAATGTTACACT-39
59-AGCAGCGAGCCAATGCAGTA-39
59-CTTCTTGCAACCGCTCGTTC-39
59-ACGCCGCGTTTAGTAACAGC-39
59-TAAAACTATTTCTTGCAATC-39
59-GATTTGTTGGCCGAATAACG-39
59-TGACTCTTTCACCCATTGCAG-39
59-ACGCCGTTCAAAGACACGAG-39
59-CCGCTTTGCCTTCGACATAG-39
59-CAAATGTAGAATCTGTGTCG-39
59-CAGCCATCACAAACACGCGC-39
59-CAACGACATCAATAGAGTGC-39
59-AAATATTGCTAAGCACATCG-39

Ampliﬁcation purpose
SeA detection (PCR)
SeA detection (PCR
SfC detection (PCR)
SfC detection (PCR)
SeA DNA quantiﬁcation (qPCR)
SeA DNA quantiﬁcation (qPCR)
SfC DNA quantiﬁcation (qPCR)
SfC DNA quantiﬁcation (qPCR)
AcC6 DNA quantiﬁcation (qPCR)
AcC6 DNA quantiﬁcation (qPCR)
SfB DNA quantiﬁcation (qPCR)
SfB DNA quantiﬁcation (qPCR)
AcC6 detection in plaques (PCR)
AcC6 detection in plaques (PCR)
SfB detection in plaques (PCR)
SfB detection in plaques (PCR)

Nucleotide positions of the
primer on the target genome
131937–131959
132447–132428
129612–129630
130147–130128
6274–6293
6354–6373
18717–18736b
35185–35166b
84850–84869
84958–84938
42832–42851
42976–42957
53264–53283
53968–53949
88358–88377
89322–89303

Expected product
length (bp)
510
535
99
100
108
144
704
964

aAnnealing
bPosition

temperatures were 50°C for all PCR and 60°C for all qPCRs.
of primers on the SfB genome that is the genotypic variant that has no deletions.
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plaques indicated that just 10% of plaques (3 out of 30 plaques) were positive for both
viruses, which was signiﬁcantly lower than the prevalence of mixed-virus plaques (43.9
to 59.7%) in any of the three replicates (Fisher’s exact test, P , 0.001 in all cases) or the
sum of the three replicates (Fisher’s exact test, P = 0.000098). As the proportion of plaques comprising both viruses in the mixed-virus OBs was much larger than in the control mixture of ODVs, it is likely that mixed-virus plaques originated from mixed-virus
ODVs, in which nucleocapsids of both viruses were coenveloped in the same virion.
This was further analyzed probabilistically by endpoint dilution assay.
Probabilistic support for coenvelopment of AcC6 and SfB in the same virion.
The presence of AcC6 and SfB genomes in mixed-virus ODVs was examined probabilistically in an endpoint dilution experiment. The probability with which wells were not
inoculated with an infective dose of ODV in an endpoint dilution assay can be calculated according to the Poisson distribution (Table 3). A dilution (1/1,250) was selected
that resulted in approximately 90% uninfected wells, which reﬂects a situation in which
a single ODV will be responsible for initiating an infection in approximately 10% of the
wells and two or more ODVs will be responsible for infection in approximately 1% of
wells. All the wells that were infected at the selected dilution (10% infected wells and
90% uninfected wells) were analyzed by PCR. In all cases, the presence of both viruses
was detected by PCR (Fig. 2), indicating the presence of both viruses within the single
ODV that likely initiated the infection.
Electron microscope analysis of nucleocapsid length. Nucleocapsids in multinucleocapsid ODVs, each comprising a minimum of two nucleocapsids (total = 68), were
negatively stained and measured by transmission electron microscopy (TEM) using
image analysis software (Fig. S1). Nucleocapsid lengths differed signiﬁcantly among
the ﬁve groups of nucleocapsids examined (F = 50.01; df = 4, 63; P , 0.001) (Fig. 3). The
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FIG 1 Composition of occlusion-derived virions produced in insects with mixed-virus infections. The
composition of plaques derived from ODVs released from AcC61SfB mixed-virus occlusion bodies
(three replicates) was determined by PCR using virus-speciﬁc primers. The control consisted of ODVs
released from a mixture of pure AcC6 OBs and pure SfB OBs in a ratio of ;1:1,595 (similar to the
relative prevalence of genomes detected by qPCR on AcC61SfB mixed-virus OBs), to control for
adhesion between different ODVs or cross-contamination during the plaque puriﬁcation procedure. P
value indicates the result of Fisher’s exact test.

length of nucleocapsids reﬂected the size of the viral genome with the longest nucleocapsids (mean length 6 SD: 387 6 20 nm) in MbMNPV (153-kb genome), the shortest
nucleocapsids (315 6 9 nm) in SfMNPV variant B (;131-kb genome), and intermediate
length nucleocapsids (368 6 17 nm) in the AcMNPV C6 variant (;134-kb genome) (Fig.
3). However, nucleocapsids in multinucleocapsid ODVs obtained after mixed infection
differed in length from nucleocapsids of the parental viruses. In mixed-virus OBs comprising AcC6 and Mb, nucleocapsids were signiﬁcantly shorter than either of the parental viruses, whereas in OBs comprising SfB and Mb viruses, nucleocapsid length was intermediate between those of the parental viruses and statistically similar to the length
of nucleocapsids produced in AcC61Mb virus infections (Fig. 3).
Peroral infectivity of SeA1SfC mixed-virus occlusion bodies. To produce
SeA1SfC mixed-virus OBs, S. exigua larvae were injected with an ODV suspension comprising SeA and SfC viruses (1:1). The resulting mixed-virus OBs (P0 inoculum, comprising 95.1% SeA genomes and 4.9% SfC genomes [Table 1]) were used to inoculate S. frugiperda second-instar larvae at two concentrations (107 and 109 OBs/ml). Of the
inoculated insects, 28.0% 6 4.0% and 46.7% 6 3.2%, respectively, died of polyhedrosis
disease (Fig. 4). In contrast, pure preparations of each of the parental virus OBs were
not capable of infecting and killing S. frugiperda larvae, due to the absence of PIF-1
TABLE 3 Poisson distribution-based probabilities of infection by 0, 1, 2 or 3 ODVs in wells by
endpoint dilutiona
Value for:
Parameter
Positive wells/total wells
Probability 0 ODVs
Probability 1 ODV
Probability 2 ODVs
Probability 3 ODVs

Replicate 1
12/80
0.8500
0.1381
0.0112
0.0006

Replicate 2
11/90
0.8778
0.1144
0.0075
0.0003

Replicate 3
4/86
0.9535
0.0454
0.0011
0.0000

aPositive

wells were those that contained at least one cell with pathological signs of virus infection (OBs present
in the nucleus). Probability 0 is the calculated probability of a well without any signs of infection. Probability 1
to probability 3 refer to the Poisson distribution probability of the cells in a particular well being infected by
one, two, or three ODVs, respectively.
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FIG 2 Frequency of single- and mixed-virus ODVs estimated by endpoint dilution. Shown are the
results of PCR analysis of the presence of each or both viruses (AcC6 and SfB viruses) in Sf9 cells from
virus-infected wells inoculated with a 1/1,250 dilution of ODV suspension. In all cases, infection of
wells was likely to have originated from a single ODV (Table 2). Three independent replicate assays
were performed. The ﬁnal two lanes indicate positive controls for AcC6 and SfB genomic DNA. Upper
lanes indicate ampliﬁcations using SfB-speciﬁc primers; lower lanes indicate ampliﬁcations using
AcC6-speciﬁc primers (Table S1). Hyperladder I indicates molecular size marker (Bioline).

and PIF-2 in the ODV envelope in the case of SfC virus, or due to high host speciﬁcity
in the case of SeA virus (Fig. 4). PCR analysis and restriction endonuclease (PstI)
analysis of the OBs produced in SeA1SfC mixed-virus treated insects revealed
that only SfC virus was present and SeA virus was not present (Fig. 5; Fig. S2). The
P1 OBs were not infectious to S. frugiperda second instars, none of which died following peroral inoculation with 109 OBs/ml. None of the mock-infected control
insects died from polyhedrosis disease.

FIG 3 Mean length of nucleocapsids from multinucleocapsid ODVs released from individual and
mixed-virus OBs. Nucleocapsids were visualized by negative staining. Vertical bars indicate SDs.
Values above columns indicate mean values. Means followed by identical letters did not differ
signiﬁcantly (ANOVA, Tukey’s test, P . 0.05).
February 2021 Volume 87 Issue 3 e02180-20
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FIG 4 Virus-induced mortality in second-instar Spodoptera frugiperda larvae inoculated with 109
occlusion bodies (OBs)/ml of SeMNPV (SeA) or SfMNPV defective C genotype (SfC) virus and 107 or
109 OBs/ml of SeA1SfC mixed-virus inoculum. SeA does not replicate in S. frugiperda, and SfC cannot
infect larvae per os due to an absence of the pif-1 and pif-2 genes (resulting in 0% mortality in both
cases), but the coinfection of S. exigua larvae with both viruses allowed SfC to use PIFs produced by
SeA in coinfected cells for successful peroral infection of S. frugiperda larvae, resulting in lethal
polyhedrosis disease in a fraction of inoculated larvae. Vertical bars indicate SDs (n = 3). Values above
columns indicate mean percentage of mortality.

These results demonstrate that the SfC genotype was capable of utilizing the PIF-1
and PIF-2 proteins produced by SeA virus to initiate primary infection in the midgut
cells of perorally inoculated S. frugiperda larvae treated with P0 OBs. For this, both
viruses must have replicated simultaneously in coinfected cells in the ODV-injected S.
exigua larvae. In contrast, P1 OBs produced in S. frugiperda and comprising the SfC genotype alone lacked peroral infectivity, precluding a hypothetical recombination event
in which a SfC genotype had acquired pif-1 and pif-2 genes from SeA virus.
Persistence of SfC virus in SeA1SfC mixed-virus population during serial
passage. A peroral serial passage experiment was performed in S. exigua larvae using
SeA1SfC P0 OBs as the initial inoculum. The percentage of SfC genomic DNA extracted
from OBs collected from insects that died at passages 1 to 6 (P1 to P6) was quantiﬁed
by qPCR and declined progressively, with mean (6SD) values of 1.17% 6 0.45% at P1 to

FIG 5 PCR ampliﬁcation of SfC and SeA genomic DNA from initial inocula and mixed-virus OBs. Lanes
1 to 6 on the left indicate results of ampliﬁcation using SfC-speciﬁc primers, whereas lanes 1 to 6 on
the right indicate the results of ampliﬁcation using SeA-speciﬁc primers (Table 2). The ampliﬁcation
products of SeA (lane 1) and SfC (lane 2) viruses are shown, as are the ampliﬁcation products (lanes 3
and 5) of DNAs from OBs (P0) produced in S. exigua larvae coinoculated with a mixture of SeA and
SfC ODVs. Also shown are ampliﬁcation products (lanes 4 and 6) of DNAs extracted from OBs (P1)
produced following inoculation of S. frugiperda larvae with P0 OBs that had been produced in S.
exigua. Lanes 3 and 4 correspond to replicate 1, whereas lanes 5 and 6 correspond to replicate 2 of
this experiment. Speciﬁc ampliﬁcation of SfC DNA (535 bp) was observed in all samples except for
SeA genomic DNA. Speciﬁc ampliﬁcation of SeA DNA (510 bp) was observed only for SeA genomic
DNA (control, lane 1) and OBs from coinfected S. exigua larvae (lanes 3 and 5), indicating that this
virus was eliminated following infection in S. frugiperda larvae. Lane M indicates the molecular size
marker (MWD1; Nippon Genetics).
February 2021 Volume 87 Issue 3 e02180-20
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FIG 6 Persistence of defective virus (SfC) in mixtures with a homologous virus (SeA) during serial
passage (P0 to P6) of mixed-virus OBs in Spodoptera exigua larvae. The presence of SfC was quantiﬁed
by qPCR. The P0 initial inoculum was generated by injection of ODVs released from mixtures of SeA
and SfC OBs (1:1 ratio) into S exigua larvae that subsequently died from virus disease. Error bars
indicate SDs (n = 3).

0.010% 6 0.004% at P6 (Fig. 6). The persistence of SfC virus at low prevalence in OB
progeny across passages would be possible only if nucleocapsids containing a genome
of SfC were transmitted in ODVs that had PIF-1 and PIF-2 proteins produced by SeA virus in coinfected cells. The consistent decrease in the prevalence of SfC virus in the
mixed-virus population likely reﬂects the higher efﬁciency with which SeA virus replicates in S. exigua than that of SfC virus.
DISCUSSION
We demonstrated that under speciﬁc experimental conditions, the genetic diversity
in ODVs and OBs can extend beyond genotypic diversity to include interspeciﬁc diversity across closely related and more distantly related species of alphabaculoviruses.
Although the evolutionary implications of coenvelopment and cotransmission of different alphabaculovirus species remain uncertain, this phenomenon provides a potential opportunity for the development of novel biological insecticides targeted at speciﬁc combinations of caterpillar pest species attacking particular crops.
To acquire evidence for coenvelopment of mixtures of viruses within ODVs, the plaque puriﬁcation technique was applied, which has been universally adopted as a
standard method for the isolation of individual infective units in a complex viral population (39, 40). A genotype of AcMNPV (AcC6) (41) and a complete orally infectious genotype of SfMNPV (SfB) (42) were selected for this experiment, as both viruses lethally
infect S. frugiperda cells and larvae. Following coinfection of S. frugiperda larvae, the
presence of both viruses within the same ODV in the progeny OBs was demonstrated
by plaque puriﬁcation. The presence of two phylogenetically distant alphabaculoviruses in the same ODV demonstrated that both viruses had replicated simultaneously
in the same cell and their nucleocapsids had been coenveloped in the same ODV.
Given their proximity in the cell nucleus, mixed-virus ODVs would inevitably be cooccluded in the same OB. Previous studies performed with these virus species in Sf9
cells indicated that both viruses were able to coinfect the same cell, but SfMNPVinfected cells were more prevalent when both viruses were coinoculated simultaneously in equal multiplicities of infection (MOIs) and in high concentrations (37). The
results of cell culture-based studies largely depend on the susceptibility of a given cell line
to each type of virus. We observed a high prevalence of plaques containing AcMNPV compared with the prevalence of this virus in the initial inoculum. This contrasts with our ﬁndings in a previous study (37) and was likely due to (i) the higher infectivity of BV inoculum
used in the previous study compared to ODVs in the present study, as BVs are markedly
more infectious than ODVs in cell culture (40), (ii) the high MOI used in the previous study,
and (iii) the high infectivity and rapid replication of AcMNPV in S. frugiperda cells compared
to those of SfMNPV, which tends to replicate more slowly and reach lower titers than
AcMNPV in cell culture systems (43, 44). Nonetheless, although it was not possible to quantify the prevalence of coenveloped viruses in ODVs or the proportion of ODVs that comprised both viruses in the P0 population, the presence of both viruses in individual plaques
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leads us to conclude that both viruses were present in a signiﬁcant fraction of the multinucleocapsid ODVs.
An alternative explanation would be that SfMNPV-only and AcMNPV-only ODVs
may adhere to one another at a very high prevalence and act as a single infectious
unit. We performed a control assay in which the proportion of plaques involving both
viruses was 10.0%, much lower than the 43.9 to 59.7% mixed plaques obtained with
mixed-virus OBs. Furthermore, we considered that a high prevalence of ODV-ODV adhesion was highly unlikely, as all plaque puriﬁcation procedures performed to date
using baculoviruses would be invalidated by frequent adhesion between ODVs.
Due to the high impact of the results, we corroborated the coenvelopment of
viruses by adopting a statistical approach to the results of endpoint dilution assays in
Sf9 cells (44). Both viruses were found to be present in wells in which the probability of
being infected by a single ODV was approximately 10% and the probability of being
infected by two or more ODVs was approximately 1%, a situation in which probabilistic
theory (based on the Poisson distribution) requires that both viruses were present in
each of the individual ODVs that initiated these infections.
It had been suggested that the length of capsids may be linked to genome size
(45). When we produced mixed-virus OBs including MbMNPV, which has a larger genome than AcMNPV and SfMNPV, we expected to ﬁnd nucleocapsids of different sizes
within virions released from mixed-virus OBs. Surprisingly, the size of these nucleocapsids was quite uniform and different from that of the parental virus. The reason for this
result remains unclear, but studies involving assembly of nucleocapsids in coinfected
cells might provide novel insights into the complex baculovirus nucleocapsid assembly
process (46).
Finally, we examined the consequences of coenvelopment and co-occlusion for interspeciﬁc complementation and transmission. The nucleopolyhedroviruses of Spodoptera exigua
(SeMNPV) and S. frugiperda (SfMNPV) belong to the same phylogenetic group of nucleopolyhedroviruses (15) and are genetically similar (78% similarity) (36). However, these viruses differ in their host ranges. SeMNPV can infect only S. exigua, whereas SfMNPV is lethal to both
species, although in S. exigua inoculation of SfMNPV OBs results in an atypical infection with
almost no production of progeny OBs (36). In the present study, both viruses were transmitted to the viral progeny (SeA1SfC, P0) following intrahemocoelic coinjection of S. exigua larvae with a complete SeMNPV genotype (SeA) and a defective SfMNPV genotype (SfC), which
lacked the pif-1 and pif-2 genes, which are essential for per os infection (47–49). The passage
zero (SeA1SfC) OB inoculum, which had presence of both viruses, was orally infective to S.
frugiperda larvae; the death of these insects was attributed exclusively to SfC virus, as it was
the only virus present in the resulting viral progeny (P1). As described previously, SeMNPV
infection in S. frugiperda larvae is blocked at the stage in which budded virions (that each
comprise a single nucleocapsid and genome) leave the site of primary infection in midgut
cells and disperse in the hemocoel and along the trachea. This block cannot be overcome
by coinfection with SfMNPV (36). We obtained similar results in our experiment when the
SeA1SfC P0 inoculum was administered to S. frugiperda larvae. As the defective SfC was not
able to enter gut epithelial cells alone, due to the lack of the pif-1 and pif-2 genes (27), this
result demonstrates that SfC ODVs had acquired PIF-1 and PIF-2 proteins produced by
expression of the corresponding genes in the SeA genome. This occurred in cells simultaneously infected by both viruses in the parental host S. exigua used to produce the P0 OBs.
This is a clear example of interspeciﬁc complementation.
Only in this manner would peroral transmission of the defective SfC variant have
been possible, given its inability to produce PIF-1 and PIF-2 proteins, which are essential for peroral transmission (22, 48). An alternative hypothesis involving recombination
of the pif-1–pif-2 region between the genomes of each virus was rejected because P1
OBs comprising the SfC genotype alone were devoid of peroral infectivity, indicating
that the infective capacity of P0 OBs had not been produced by a recombinant SfC genotype expressing pif-1 and pif-2 from SeA virus. We can also preclude the possibility
that the SfC genotype was able to acquire pif genes from a putative covert infection
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present in the insect colony because inoculation by intrahemocoelic injection of the
SfC genotype alone in colony insects invariably resulted in accurate replication of the
pure SfC genotype that remained noninfectious per os (data not shown).
In contrast to the results observed for S. frugiperda, serial passage of mixed-virus
OBs in S. exigua demonstrated the persistence of SfC virus in OBs comprising SeA and
SfC viruses. As recombination between viruses did not occur and SfC virus is only able
to infect midgut epithelial cells if co-occluded with SeA virus (i.e., if SfC virus replicated
in a cell coinfected by SeA virus that expressed pif-1 and pif-2 genes), the progressive
decline in the frequency of SfC genomes in mixed-species OBs during serial passage
was likely due to a combination of two factors. First, SfMNPV replicates poorly in S. exigua (36), so SeA virus had a marked replication advantage in the homologous host.
Second, in each passage, host cells that were infected exclusively by SfC BVs would
have produced OBs that were not perorally infectious and that will not be transmitted
in the following passage step.
Although the presence of diverse genotypes of an alphabaculovirus in an individual
ODV has been demonstrated (22), interspeciﬁc co-occlusion and coenvelopment of
alphabaculoviruses provide a new tool for the study of virus-cell interactions and host
speciﬁcity during replication and virion assembly. Our ﬁndings also suggest that the
envelopment process is nonselective during ODV assembly. A physical association
between different viruses has also been suggested after observing structures resembling iﬂavirus particles within SeMNPV OBs produced in iﬂavirus-infected insects (50),
resulting in the transmission and persistence of both viruses (51). Exploitation of common host resources by two virus species and, more importantly, the envelopment of
different species’ genomes within transmissible virions appear paradoxical given that
no clear advantages were detected in replication or transmission metrics for either of
the interacting viruses, except in the special case of transmission achieved by the noninfective SfC virus via complementation with SeA virus. Despite the phylogenetic distances among alphabaculoviruses, the majority of proteins produced by these viruses
in a coinfected cell are expected to be compatible and likely interchangeable for some
of the highly conserved proteins (52), thus resulting in the production of viable and
transmissible virions. The ability of such mixed-species virions to infect hosts in situations where one or other of the viruses is not easily transmitted will likely determine
the transient persistence of mixed species virus populations in situations where two or
more susceptible insect species are present on a particular crop or host plant.
Simultaneous infections by different virus species within the same host have been
documented but are usually considered infrequent in natural insect populations (53,
54), although coinfection of baculoviruses and small RNA viruses may be common in
natural populations of some species of Lepidoptera (55). Indeed, Roy et al. (56) have
pointed out that inapparent infections in low-density nonpest insects may provide a
largely unrecognized reservoir of insect-virus and potentially virus-virus interactions, of
which almost nothing is known. There is, however, clear phylogenetic evidence for horizontal gene transfer between different alphabaculovirus species (57). If conﬁrmed to
occur in natural insect populations, the replication of distinct baculoviruses provides a
mechanism for genomic interactions between virus species that have implications for
baculovirus evolution. The exchange of genetic material by recombination, or through the
action of transposable elements, between different baculoviruses is likely to generate
novel genotypes and potentially novel traits in each of the viruses involved (58, 59). The
transmission of SfC virus by complementation with SeA virus observed in the present
study represents a clear example of heterotypic complementation (3), although the ability
of SfC virus to survive in mixtures with other SfMNPV genotypes (homotypic complementation), mediated by the production of mixed-genotype ODVs and OBs (22), was well
established in our previous studies (60, 61).
One of the most important applications of these viruses is their use as biological
insecticides (62). Therefore, co-occlusion and coenvelopment of different virus species
constitute a novel technology by which virus-based insecticides could be designed to
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control two or more species of caterpillar pests present on a particular crop following a
single application of formulated mixed-species OBs (63). The narrow host range of
these viruses has previously been recognized as a factor limiting their attractiveness
to farmers that need to control complexes of lepidopterous pests (64), such as
Pseudoplusia includens and Helicoverpa armigera on soybean and cotton in Brazil (65)
and armyworms such as Mythimna unipuncta and S. frugiperda on maize in North
America (66, 67). Consequently, novel virus insecticides with an expanded host range
are likely to be more commercially viable if they can control multiple pests (34, 64).
There are many other potential combinations of alphabaculoviruses that could be
coenveloped to produce mixed-virus insecticides, provided that virulent viruses can
be identiﬁed for each pest and both viruses can replicate in a shared host species for
production purposes. The need for such innovative pest control tools is becoming
increasingly urgent given the recent range expansion of many lepidopteran pests
(68).
Viral species present in co-occluded virions are expected to share the battery of
proteins responsible for the host range, so co-occlusion may facilitate the entry or replication of some viruses in some hosts that otherwise would be nonpermissive, such as
the case of SfMNPV and SpliNPV, which facilitated the replication of SeMNPV in S. frugiperda and Spodoptera littoralis larvae, respectively (36), or the observations in which
replication of SeMNPV in S. frugiperda cells was improved in the presence of coinfection by AcMNPV, possibly through complementation of transcripts produced by
AcMNPV (69). This interspeciﬁc association should assist in mitigating the marked host
speciﬁcity of many baculovirus-based insecticides, and it may improve the commercial
prospects for the uptake of these products by growers concerned with the levels of
synthetic pesticide residues in their produce.
We conclude that the production of mixed-alphabaculovirus virions containing the
genomes of each of the parental viruses offers a new window to study the evolution of
these pathogens, in addition to providing a unique mechanism for the production of
custom-designed biological insecticides, with low environmental impact, to control
speciﬁc complexes of pests on agricultural crops or in forests.
MATERIALS AND METHODS
Insects, cells, and viruses. Larvae of Spodoptera frugiperda and S. exigua were obtained from laboratory colonies maintained on a semisynthetic diet (70) at 25°C. Sf9 cells (Thermo Fisher Scientiﬁc,
Waltham, MA) were maintained in TC100 medium (Lonza Bioscience, Cologne, Germany) containing
10% fetal calf serum (Lonza Bioscience) at 28°C (44). The ﬁve viruses used in the experiments were as follows: (i) the C6 clone (AcC6) of AcMNPV (41); a (ii) a plaque-puriﬁed variant of SfMNPV named SfMNPV-B
(SfB), (iii) a plaque-puriﬁed variant, SfMNPV-C (SfC), that lacked the pif-1 and pif-2 genes (47, 48); (iv) an
in vivo-isolated variant of SeMNPV-US2A, named SeA (71); and (v) a strain of MbMNPV (Mb) isolated
from the microbial insecticide Mamestrin (NPP, Nogueres, France) (72). SfB has the largest genome of all
the variants present in a Nicaraguan isolate of SfMNPV, and the OBs are perorally infectious (42).
SeMNPV is infectious only to S. exigua larvae. AcMNPV and MbMNPV are able to cause productive lethal
infections in both S. exigua and S. frugiperda larvae. SfMNPV is lethal to S. exigua and S. frugiperda but
produces an atypical infection in S. exigua, in which larvae produce almost no OBs and do not undergo
postmortem liquefaction (36). Occlusion bodies (OBs) of SfC are not perorally infectious, but the virus is
capable of replication and production of OBs in cell culture or following intrahemocoelic injection of
occlusion-derived virions (ODVs) or budded virions (BVs) into S. frugiperda larvae.
Production of mixed-virus occlusion bodies. Four experimental mixed-virus preparations were
generated. (i) AcC61SfB OBs were obtained following peroral inoculation (73) of fourth-instar S. frugiperda larvae with a 1:1 mixture of AcC6 and SfB OBs at a total concentration of 108 OBs/ml. (ii)
AcC61Mb OBs were obtained following peroral infection of fourth-instar S. frugiperda larvae with a 1:10
mixture of AcC6 and Mb OBs at a total concentration of 108 OBs/ml. (iii) SfB1Mb OBs were obtained by
perorally inoculating fourth-instar S. frugiperda larvae with MbMNPV OBs at a concentration of 109 OBs/
ml. At 24 h post-ﬁrst inoculation, larvae were inoculated with SfB OBs at 108 OBs/ml. This two-step procedure was necessary because preliminary experiments indicated that these viruses differed in their efﬁciencies of replication in S. frugiperda (74). (iv) The passage zero (P0) inoculum of SeA1SfC OBs was produced by intrahemocoelic injection of fourth-instar S. exigua larvae with 10 m l of a mixed-virus ODV
suspension released from a 1:1 mixture of SeA and SfC OBs (5  107 OBs of each virus in a volume of
50 m l). In all cases, inoculated larvae were reared individually on diet at 25 6 1°C until death.
The ODVs obtained from mixed-virus OBs were studied in three ways. First, the coenvelopment of
two different alphabaculovirus species within the same ODV was examined by plaque assay or the endpoint dilution of ODVs released from AcC61SfB mixed-virus OBs. Second, mixed-virus OBs in which
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MbMNPV was present were designed to examine the effects of the mixed infection on the length of nucleocapsids enveloped within mixed-virus ODVs. MbMNPV was selected because it has a much larger genome (;153 kb) than AcMNPV (;134 kb) or SfMNPV (;131 kb) and was expected to assemble in longer
nucleocapsids. Third, SeA1SfC mixed OBs were used to study the coenvelopment of these viral species
in vivo, as SfC is not perorally infective and coenvelopment with a helper virus (SeA) that provides PIF-1
and PIF-2 through complementation is required for per os transmission.
Genome proportions in mixed-virus occlusion bodies. Genomic DNA was extracted from samples
of 106 OBs of each mixed-virus OB preparation as described previously (74, 75). DNA was subjected to
restriction endonuclease analysis with PstI (New England BioLabs [NEB], Hitchin, UK). The relative proportion of the genomes of each virus in the different progeny OBs was estimated by using qPCR. Four
sets of primers were designed for speciﬁc ampliﬁcation of characteristic sequences from each virus genome (Table 2). PCR products were cloned into the pGEM-T Easy vector (Promega, Madison, WI). Plasmid
DNA was quantiﬁed by measuring optical absorbance (A260) and by gel electrophoresis and used as an
internal standard for each qPCR. The qPCR assays were performed in a volume of 10 m l, containing 5 m l
of iQ SYBR green supermix (Bio-Rad Laboratories, Hercules, CA), 0.2 m l of each forward and reverse
primer (10 m M), and 1 m l of DNA template. The ampliﬁcation reaction comprised a polymerase activation
and DNA denaturation step at 95°C for 150 s, followed by 45 ampliﬁcation cycles at 95°C for 15 s and
60°C for 30 s. Finally, a melting-curve analysis, involving a dissociation stage of 60°C for 15 s and 95°C for
5 s, was performed to conﬁrm the presence of a single peak of the target product. Each virus was quantiﬁed in independent qPCRs. Data acquisition and analysis were handled by Sequence Detector version
2.2.2 software (Applied Biosystems, Foster City, CA). All standards and samples were measured in triplicate. The proportions of the viruses in each sample were calculated independently, and the relative proportion of each virus in each replicate (mean 6 SD) was then calculated from these results.
Plaque puriﬁcation of virions from mixed-virus occlusion bodies. Coenvelopment of viruses in
the same ODV was studied in Sf9 cells, which are permissive to both AcMNPV and SfMNPV. Plaque puriﬁcation was performed after release of ODVs from samples of 5  107 AcC61SfB OBs following a 30-min
treatment with 0.1 M sodium carbonate. This suspension was ﬁltered through a 0.45-m m ﬁlter and serially diluted (1/5) in TC100 medium. Six-well tissue culture plates were seeded with 106 cells/well and
were inoculated with 200 m l of each dilution. The plates were incubated for 1 h at room temperature on
an orbital shaker to allow ODVs to adsorb to the cells. Virus inoculum was then removed and 2 ml of 2%
SeaPlaque agarose (Lonza, Rockland, ME) was added to the wells. Inoculated cell culture plates were
incubated at 28°C for 5 to 6 days. Only wells containing 30 or fewer plaques were subjected to analysis.
Individual plaques were picked and suspended in 500 m l of TC100. The identity of each plaque was
determined by PCR ampliﬁcation of virus-speciﬁc products using virus-speciﬁc primers for each of the
target viruses (Table 2). The presence of both viruses in the same plaque indicated that nucleocapsids of
both viruses had been enveloped in a shared ODV that produced the plaque. SfMNPV-only and
AcMNPV-only BVs were used as controls in order to monitor nonspeciﬁc ampliﬁcation or false positives
in PCRs. The experiment was performed in triplicate. A control experiment was performed in which
ODVs were released from a mixture of 3.13  104 AcC6 OBs and 4.99  107 SfB OBs, i.e., the ratio
(;1:1,595) in which genomes were present in AcC61SfB mixed-virus OBs as determined by qPCR (Table
1). The resulting ODVs were mixed and subjected to plaque assay to control for potential adhesion or
clumping of AcC6 and SfB ODVs, which could have generated an erroneous result in the plaque assay of
mixed-virus OBs.
Conﬁrmation of mixed-virus virion composition by endpoint dilution. Endpoint dilution (44) was
applied to ODV suspension from AcC61SfB mixed-virus OBs in order to conﬁrm the results of the previous plaque puriﬁcation experiment. For this, ODVs were released from samples of 5  108 mixed-virus
OBs and were subjected to 5-fold serial dilution (1/50, 1/250, 1/1,250, and 1/6,250). Sf9 cells (1  104
cells/well) in 96-well plates were inoculated with one dilution of the ODV suspension. Plates were incubated at 28 6 1°C for 7 days and then examined for signs of infection. The assay was performed in triplicate. Plates inoculated with the ODV dilution of 1/1,250 presented ;10% of wells with virus infection.
Infected wells in these plates were counted and individually subjected to PCR using speciﬁc primers
(Table 2) to determine the identities of viruses in each infected well.
Electron microscope analysis of nucleocapsid length. The length of individual nucleocapsids
enveloped within multinucleocapsid ODVs was determined by transmission electron microscopy (TEM)
and image analysis. ODVs were released from OBs by treatment with an alkaline solution (0.1 M Na2CO3,
166 mM NaCl, 10 mM EDTA [pH 10.5]) for 10 min at 4°C. The ODV membrane was then removed by mild
treatment with 0.5% Triton X-100. Particles were negatively stained with uranyl acetate. Nucleocapsids
in groups (i.e., those derived from multinucleocapsid ODVs), in which both ends of the nucleocapsids
were clearly deﬁned, were measured from between 22 and 51 microphotographs per sample using
ImageJ software (76). A total of 12 to 14 nucleocapsids per treatment were measured. Results were subjected to analysis of variance (ANOVA) and Tukey’s test using the R-based package Jamovi (77).
Peroral inoculation of S. frugiperda with mixed-virus occlusion bodies. To determine whether
mixed-virus OBs comprising SeA virus and the nonperorally infectious variant SfC virus were perorally infective to S. frugiperda, the following experiment was performed. SeA virus is not infectious to S. frugiperda but expresses the pif-1 and pif-2 genes, which might facilitate peroral infection by SfC virus if these
proteins were present in the ODV envelope of ODVs produced in cells coinfected by both viruses. To
test this, groups of 24 second-instar S. frugiperda larvae were inoculated with one of two concentrations
—1  107 and 1  109 OBs/ml—of SeA1SfC mixed-virus OBs, designated passage zero OBs (P0), using
the droplet feeding method (73). Other groups of larvae were inoculated with each of the parental
viruses, SeA and SfC viruses, at a concentration of 109 OBs/ml. Larvae that drank OB suspension within
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10 min were reared individually, and virus mortality was recorded daily until larvae had died or pupated.
Control larvae consumed sucrose and food dye solution without OBs. OBs collected from virus-killed
insects (designated passage one [P1] OBs) were pooled and puriﬁed, and DNA was extracted as
described previously (74, 75). Restriction endonuclease analysis using PstI and qPCR (Table 2) were performed to determine the presence and estimate the relative abundance of virus genomes in OB samples.
The P1 OBs were then used for the oral inoculation of S. frugiperda second instars at a concentration of
1  109 OBs/ml. Inoculated larvae were monitored daily until death or pupation to determine whether
P1 OBs retained peroral infectivity and preclude a possible recombination event by which SfC had
acquired the pif-1 and pif-2 genes from SeA virus. The experiment was performed in triplicate.
Persistence of SfC virus in SeA1SfC mixed-virus population during serial passage. Following
positive results in the previous experiment, six serial passages were performed in fourth-instar S. exigua
larvae inoculated with P0 SeA1SfC OBs as the starting inoculum. At each passage, groups of 24 larvae
were orally inoculated with 1  106 OBs/ml by the droplet feeding method and individually reared at
25 6 1°C until death. Control larvae were treated identically but did not consume OBs. OBs were recovered from virus-killed insects, pooled, puriﬁed by centrifugation, and used to orally inoculate groups of
larvae for the following passage. Genomic DNA was extracted from OBs taken at each passage and subjected to restriction proﬁle (PstI) examination and PCR analysis using virus-speciﬁc primers (Table 2). The
relative abundance of viral genomes in OBs in each passage was quantiﬁed by qPCR as described in the
section on quantiﬁcation of genome proportions in mixed-virus OBs. The experiment was performed in
triplicate.
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