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1. GENERAL INTRODUCTION AND SCOPE OF RESEARCH
The study of baculoviruses has advanced greatly in the last decades,
mainly due to the new applications and novel technical advances in this field.
Baculovirus disease has been described in the Western literature since the
16th century, but it was in the mid-1800s when characteristic baculovirus polyhedral
crystals were observed and correlated with the insect disease for the first time (1).
It was not until the mid-1900s that the crystalline nature of the occlusion body
structure and the presence of rod-shaped virions within this structure were
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demonstrated, due mostly to the advances in the electron microscopy (2). This
technique allowed the complete elucidation of the baculovirus structure (3). In the
second half of the 20th century, studies on these viruses focused on the
development of the viruses as effective control agents (4-7). Pest control programs
based in the use of baculovirus have been successfully applied in South America,
Europe and Asia (6, 8-10). However, nowadays the study of baculoviruses has
emerged as a dynamic and technologically important field with applications such as
production of human vaccines (11-13), the use as expression vectors for the safe
and large production of foreign proteins (14), the development of diagnostic tools
and potential gene therapy vectors (14-16), and the use of engineered viruses for
pest control (6).
The impulse that the study of these viruses received allowed the
description of a wide variety of virus species, revealing a great diversity within this
family (17). Furthermore, there is also a wide variation between different isolates of
the same virus or between the distinct genotypes that comprise a particular isolate
(17-18). However, it remains unclear how this heterogeneity is generated. There is
evidence of exchanges of genetic material between coinfecting baculoviruses,
between baculovirus and their hosts and even between baculoviruses and other
coinfecting agents, in addition to the genetic variation generated through mutations
that arise during replication (19-20). These changes, that can be fixed in the viral
genomes, are then submitted to the evolutionary forces that result in the
specialization of the pathogen for the host (18), but the factors that allow or even
favor these changes are unknown. Studying these factors would provide new
insights into baculovirus evolution and speciation.
The mechanisms involved in the maintenance of the diversity are also
unknown. One of the theories proposed is that mixed infections might be beneficial
to the viruses (17). It has been shown in a natural isolate of the Spodoptera
frugiperda multiple nucleopolyhedrovirus (SfMNPV) that the mixture of genotypes in
certain proportions confers a higher fitness to the virus (21-23). Furthermore,
defective genotypes in this population are maintained through the co-occlusion of
different genotypes in the same infectious particle (24). However, we do not know
the extent of this mechanism for maintaining diversity. Is it a common feature on
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baculovirus populations? Can it be used when co-infection occurs with two different
baculovirus species?
This thesis is focused in the ability of different baculovirus species to coinfect a particular host. I investigate whether the co-occlusion of different species is
allowed and if it confers some advantage to the viruses, like the generation and
maintenance of the viral heterogeneity in ecosystems where two or more virus
species are present. Furthermore, as co-infection with different species implies
sharing of host resources, we would like to explore the mechanisms (if any)
regulating co-infection. Does a virus present in a given cell produce a signal that
blocks other virus infection? Can this signal discriminate in function of the
relatedness of the genomes? The existence of a temporal window that may allow
coinfections and after which the organism becomes refractive to a second infection
was analyzed, both in vivo and in vitro. This work also studies, in depth, the factors
involved in the establishment of the block to infection by the second virus, such as
temporal influences or cellular rearrangements. In a second part, the complete
sequence of a Nicaraguan isolate of the SfMNPV is shown and compared with the
sequences of this virus that had been previously published. In order to increase our
understanding of the virus and its evolution and adaptation to its natural host, we
studied the functionality of a unique gene present only in SfMNPV (sf32), some
genes suggested to have a host-dependent function (sf68, sf95 and sf138) and a
gene undergoing positive selection (sf122).

2. BACULOVIRUS MORPHOLOGY AND TAXONOMY
There are three families of viruses infective to insects that produce
occlusion bodies: Baculoviridae, Poxviridae and Reoviridae (25). The occlusion
body is very important in the use of these pathogens as bioinsecticides, as it
increases their resistance to different environmental conditions and facilitates their
manipulation and application in field. However, both Poxviridae and Reoviridae
include genera infective to vertebrates, which poses questions related to their
biosafety for use as insecticides. The Baculoviridae however are only infective to
invertebrates and most of them have been isolated from the class Insecta of the
phylum Arthropoda.
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The Baculoviridae are double-stranded DNA viruses (3). Circular
supercoiled DNA bound to the P6.9, a protein present in all baculoviruses
sequenced (20, 26), is packaged in rod-shaped nucleocapsids (Figure 1). VP39 is
the major component of the capsid (27-28), which is the elementary genetic unit of
baculoviruses, although naked DNA is also infectious by itself. Nucleocapsids
acquire a lipoprotein membrane to form the virions, which constitute the
morphological unit responsible for infection.
Baculoviruses produce two types of virions during the infection cycle,
differing in both function and structure (Figure 1). They are named budded viruses
(BVs) and occlusion-derived virions (ODVs). BVs are specialized in cell-to-cell
infection and responsible for systemic infection, whereas ODVs are important in
midgut epithelial cells infection in the insect.

Figure 1. The two phenotypes of the baculovirus. Budded virus (BV) and occlusion derived
virions (ODV) content identical nucleocapsids, but differ in the protein and lipid composition of
their envelopes. The figure shows the two types of virions seen by transmission electron
microscopy (TEM) and a schematic diagram containing the most important proteins
conforming these structures.

Regarding their structure, there are two main differences between them,
the origin and composition of their membrane and their content. BVs are formed
14
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when nucleocapsids bud out through the cell wall acquiring part of the membrane.
At this stage, the major envelope glycoprotein in group I baculoviruses GP64 is
incorporated to the virion (Figure 1). GP64 is a class III penetrene important for BV
budding

and

entry

into

the

cells

(29-32).

However,

in

group

II

nucleopolyhedroviruses (NPVs) and granuloviruses (GVs), membrane fusion during
viral entry is triggered by the F protein (33-34) (Figure 1). Although F protein can
rescue activity in GP64-null group I NPVs, GP64 is not enough to rescue infectivity
in F-null group II viruses (35-37). In contrast, ODVs are produced in the cell
nucleus and their membrane, a lipid bilayer, is synthesized de novo (38). This
envelope contains different proteins with functions that vary from the per os
infectivity to the packaging of viral particles (39-45). Later in the infection, ODVs
become surrounded by a protein matrix to constitute the occlusion bodies (OBs),
which are responsible for the between-host transmission and the survival of the
virus in the environment. In relation to their content, BVs contain a single
nucleocapsid per virion, whereas ODVs can enclose one or more nucleocapsids,
generating two different phenotypes: single and multiple (Figure 2).
The International Committee on Taxonomy of Viruses (ICTV) has been
developing, refining and maintaining a standard virus taxonomy since 1971. Nine
reports have been published since then (46). In the 6th report, the family
Baculoviridae was classified into two genera according to the OB morphology:
Nucleopolyhedrovirus (NPV) and Granulovirus (GV) (47) (Figure 2). NPVs produce
polyhedron-shaped structures called polyhedra, with a size ranging from 0.15 to
15 µm and composed by several virions surrounded by a matrix of polyhedrin. Each
virion can also contain one or more nucleocapsids. NPVs with only one
nucleocapsid per ODV are named as single (SNPV), whereas NPV containing two
or more nucleocapsid per ODV are called multiple (MNPV) (Figure 2). In contrast,
the matrix of the granulovirus OBs is composed mainly of granulin and only one
ODV (rarely two or more) is occluded within them (Figure 2). Their size is
approximately 0.13 × 0.50 µm, smaller than the NPV, although both of them can be
seen using a light microscope. In addition, in the previously mentioned report, the
previously assigned non-occluded baculoviruses (NOB) were removed from the
family. These ones, known as Nudivirus, are also dsDNA viruses with circular
genomes that replicate in the cell nucleus but do not form OBs (48).
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Figure 2. Former classification of the family Baculoviridae (47). Baculoviruses were
differenced morphologically in two genera: Nucleopolyhedrovirus and Granulovirus.

In the last years, more than 50 baculovirus genomes have been
sequenced. In 2006, after other attempts to establish virus phylogenies (49), Jehle
et al. compared 29 baculovirus genomes and proposed a new classification based
on phylogenetic evidence, as well as on the biological and morphological
characteristics (50). In the 9th report of the ICTV published in 2011 (46), the family
Baculoviridae was subdivided in four genera, accepting the previously mentioned
proposal. These four genera are: 1) Alphabaculovirus (lepidopteran-specific
nucleopolyhedroviruses), 2) Betabaculovirus (lepidopteran-specific granuloviruses),
3)

Gammabaculovirus

(hymenopteran-specific

nucleopolyhedroviruses)

and

4) Deltabaculovirus (dipteran-specific nucleopolyhedroviruses) (46, 50) (Figure 3).
Furthermore, although it is not contemplated in the official classification, the genus
Alphabaculovirus can be subdivided into group I and group II, regarding the
phylogenetic analysis of the viral DNA (19, 49, 51). The main difference between
16
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them is the presence of a gp64-like gene in all group I NPVs genomes, which is not
present in group II NPVs or genera Betabaculovirus¸ Gammabaculovirus or
Deltabaculovirus (46, 50). Nevertheless, the virus names at the species level have
remained unchanged. Despite the fact that a virus may infect several insect
species, all baculoviruses are named after the host from which they were first
isolated.

Figure 3. Actual classification of the family Baculoviridae, according mainly to virus
phylogenies. It was published in the 9th report of the ICTV in 2011 (46). Only a small subset of
characterized species within each group is listed and the type species for each group is
shown in bold. Division of the genus Alphabaculovirus in group I and group II is not officially
recognized by the ICTV.

3. INFECTION PROCESS
3.1

Natural cycle of infection in insect larvae
The baculovirus infection cycle varies depending on the genera of the

virus (50), with the life cycle of members of the genus Alphabaculovirus being the
most studied. Viruses belonging to this genus are present in the environment (soil,
foliage, etc.) as OBs (52) (Figure 4). OBs are highly stable under environmental
conditions allowing the virions to remain infectious and are only dissolved under
17
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alkaline conditions (53). The infection cycle starts when a larva of a susceptible
species ingests them (Figure 4). Once the OBs reach the insect midgut, the high
pH solubilizes their polyhedrin matrix, releasing the ODVs and some infectionenhancing factors. Peritrophic membrane (PM) separates food from midgut tissue.
It is a socket-like structure composed by chitin fibers and glycoproteins that is
continuously regenerating and constitutes a way of protection for the insect midgut
epithelial cells (54-55). The way in which the virions pass through the PM remains
partially unknown, although viral enhancins (enzymes degradating the mucin
component of the PM) and contaminating host cell proteinases are involved (5657). Then, ODVs infect the midgut epithelial cells, which constitutes the primary
infection (Figure 4). This infection requires the presence of some envelope proteins
denominated per os infectivity factors (PIF) (Figure 1). To date, six PIF proteins
have been identified that are conserved in all sequenced baculovirus (40-41, 43-44,
58-61). However, other proteins are also implied in this process (3). ODV envelope
fuses with the midgut cell membranes, releasing the nucleocapsids into the cell
(Figure 4). Some nucleocapsids bypass replication in the midgut cells and are
directly translocated to the basolateral side of the cell, whereas others are
transported to the nucleus (62). It has been suggested that the entry into the cell
nucleus is through nuclear pores (63). There, the virus replication and transcription
starts and new nucleocapsids are synthesized and assembled in the cell nucleus. It
has been suggested that the nucleocapsids bud out of the nucleus, process in
which the GP16 protein is involved (64). After performing its function, this protein is
lost in the cytoplasm. The nucleocapsids then bud out of the cell acquiring an
envelope and forming the BVs (Figure 4). In this process, the proteins GP64, F and
their homologues are important (65-66). This process is called primary infection
and it must be performed rapidly because of the continuous regeneration of the
midgut cells. Then, the Alphabaculovirus can start the systemic infection, also
known as secondary infection.
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Figure 4. Schematic representation of the initial baculovirus infection process in insect hosts.

GP64 or an active F protein, depending on whether it is a group I or a
group II virus, is required in the BV envelope to enter other insect cells (secondary
infection). In contrast to the primary infection, BVs enter the nucleus by
endocytosis. Then, nucleocapsids are transported to the cell nucleus where the
virus establishes its machinery and starts its replication. Part of the assembled
nucleocapsids remain in the nucleus, where they acquire an envelope and the
polyhedrin matrix to form the occlusion bodies. The remaining nucleocapsids bud
out of the cell forming new BVs that will infect other insect cells.
Typical signs and symptoms of infection can be observed in a larva
infected by Alphabaculovirus. Internally, host cell metabolism and RNA synthesis
increase, whereas the hormonal titers in the larva are also affected (67-69). The
external signs appear some days after infection. Some of these include changes in
the color and luster of the integument, lost of the appetite or that the larvae become
less active. Larvae also modify their behavior in other ways. At the end of the
infection, the baculovirus induces enhanced locomotory activity and the larvae
climb to the top of the plants (70-71) (Figure 5). Dead larvae typically are hanging
by their last abdominal pseudopods. There is also a process of disintegration and
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liquefaction, called melting, and OBs are released in the environment. Some viral
encoded enzymes, like chitinase and cathepsin, are involved in this process (72).

Figure 5. Typical position of a death larvae infected by an alphabaculovirus.

3.2

Infection cycle at cell level: the important role of actin
Both group I and II BVs, regardless of having different fusogenic envelope

proteins (GP64 and F, respectively), enter insect cells through a clathrin-mediated,
low pH-dependent endocytic pathway (73) (Figure 6). Once the nucleocapsids are
released from the endosomes, the viral P78/83 induces polymerization of
preexisting actin by activating the Arp2/3 complex (74-75). Nucleocapsids then
move rapidly associated to the actin filaments, reaching the nucleus within 1 hourpost infection (hpi) (75-77). Thick actin cables can be observed in the cell
cytoplasm during the first 3 hpi (74, 78-79). This one is the first of the actin
rearrangements induced during baculovirus infection. The actin cables are only
transient and after 6 hpi they cannot be observed (74). Nucleocapsids collide
repeatedly with the nuclear membrane and actin is also important for their
translocation to the cell nucleus through nuclear pores (75, 80-81), where
nucleocapsids release the genetic material.
The second stage of actin rearrangement is the formation of ventral
aggregates between 4 and 7 hpi, which are induced by the product of the early
gene arif-1 (74, 82-83). These aggregates are also transient and visible only in 1020 % of the cells (74).
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Figure 6. Schematic diagram to represent the baculovirus infection cycle in a cell.

Generally, viruses are able to manipulate the host machinery to their own
ends. In this way, baculovirus early genes are transcribed by the host RNA
polymerase II before viral DNA replication (3, 84). Again, this enzyme has been
demonstrated to be stabilized and favored by the presence of nuclear actin (85-87).
Six early gene products are known to increase the nuclear content of monomeric
actin (G-actin) (88), resulting in a higher concentration of G-actin in the infected cell
nuclei than in the healthy ones and a possible stimulation of viral transcription.
Later in the infection, there is a shut down of both host and early viral genes and
DNA replication starts. It is known as the transition from early to late phase of
infection. One of the characteristics of baculovirus infection is the formation of the
virogenic stroma (Figure 6), which is related to the third stage of actin
reorganization. This structure may be involved in virus replication and in
nucleocapsid assembly (89) and some viral encoded proteins are involved in this
structure (90-91). Nuclear G-actin polymerizes surrounding the virogenic stroma at
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12 hpi and colocalizes with the capsid protein VP39 (74-75, 92). The change
between G and F nuclear actin has been suggested as the inductor of the host
gene and early virus gene silencing (79), corresponding to the transition between
early and late phase of infection. Late and very late baculovirus genes are
transcribed by a viral encoded RNA polymerase (84). Volkman (79) proposed that
the viral polymerase may have higher affinity for the actin than the host enzyme, so
low levels of G-actin in the infected nuclei may result in regulation of the viral
polymerase and silencing of the host RNA polymerase II. At the same time, newly
synthesized DNA is condensed and packaged into preassembled nucleocapsids
located in the virogenic stroma (Figure 6). Some of the nucleocapsids remain in the
nucleus whereas others are transported to the cell periphery by interaction of the
capsid proteins EXON0 and/or VP39 with kinesin-1 (58, 93). However, little is
known about this anterograde trafficking. There, nucleocapsids acquire part of the
cell membrane to constitute new BVs that will infect other cells. Nucleocapsids that
remain in the nucleus are wrapped by a newly synthesized membrane forming the
ODVs, which later will be surrounded by polyhedrin to form the OBs. There is no
relationship between the actin content in the nucleus and OB production (74). At
the end of the infection, polyhedra fill the cell nucleus, which usually covers almost
all the cell volume (Figure 6). Finally, the nuclear and the plasma membranes break
down, liberating OBs and other cellular contents to the exterior.

4. THE BACULOVIRUS GENOME
Baculoviruses have a circular double stranded genome (3). A total of 62
baculovirus genomes have been sequenced to date (NCBI database, Entrez
database on February 2014). Their size varies between 80 and 180 Kb, containing
between 89 and 183 genes. Deltabaculovirus and Gammabaculovirus have shorter
genomes. Being infective only to host midgut cells may explain the reduced
genome size in members of these genera (3). Furthermore, there is more variability
in the genome size in the Betabaculovirus (granulovirus) genomes than in the
Alphabaculovirus genus (lepidopteran-specific NPV). Within the latter genus, there
is a higher degree of diversity in group II NPVs than in group I and this is usually
concentrated around the homologous repeat regions (hrs) and baculovirus
repeated ORF (bro) genes (3, 94).
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Intergenic regions are minimal in the baculovirus genomes and the coding
sequences are equally distributed over both strands (20). A set of 33 core genes
have been identified in the family Baculoviridae (20, 94-96) (Figure 7). They are
present in all baculoviruses sequenced to date and have been classified in five
groups: 1) genes involved in RNA transcription, 2) genes involved in DNA
replication, 3) structural proteins, 4) auxiliary proteins or 5) genes with unknown
function (19). In the last year, four more genes were proposed as core genes (97)
(Figure 7). More core genes may be identified in the future, as the accumulation of
mutations throughout evolution may hamper the detection of orthologs (98).

Figure 7. Genomic organization of Autographa californica multiple nucleopolyhedrovirus
(AcMNPV). The 37 core genes are indicated in the figure.

A total of 62 common genes have been detected in all lepidopteranspecific baculoviruses (19, 50). These common and core genes may develop the
main biological functions of every baculovirus, such as infecting host midgut cells,
encoding the viral RNA polymerase or play essential roles in the structure of virions
(3, 98).
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Sequencing of different baculoviruses has facilitated the characterization
of specific genes and the development of baculoviruses as expression systems
(99). The first baculovirus to be sequenced and the most studied is Autographa
californica multiple nucleopolyhedrovirus (AcMNPV) (100) (Figure 7). Hence, most
of the baculovirus gene characterization has involved generating recombinants in
AcMNPV.

4.1

Gene expression regulation
Gene expression and DNA replication take place in the nucleus of the

infected cell. Transcription of baculovirus genes is temporally regulated and occurs
in four stages: immediate-early, delayed-early, late and very late (3, 101)
(Figure 8). Genes are not clustered depending on their function or time of
transcription and both strands are implied in coding functions (Figure 7).
Furthermore, some genes may be expressed in more than one phase of the
replication cycle. None of the components of the capsid or the structure of the virus
are necessary for the initiation of the infection, as naked baculovirus DNA in
infectious per se.

Figure 8. Schematic representation of the four phases of baculovirus gene expression.

Immediate-early and delayed early-genes are transcribed by the host RNA
polymerase II between 0 to 6 hours post-infection (hpi) in cell cultures (3, 101)
(Figure 8). The tetramer CAGT is usually present upstream from the initiation
codon (ATG) and may be linked to the initiation of transcription of early genes,
although in many cases early promoters contain no recognizable sequences (102).
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Immediate early genes can be expressed in the absence of any viral protein. In
contrast, delayed-early genes require some viral factors likely encoded by the
immediate-early genes (101). For example, the immediate early gene-1 (ie-1)
transactivate early promoters of AcMNPV (3). The products of the genes expressed
in the early phase are often involved in DNA replication, late gene expression and
host-modification processes (103).
As previously mentioned, changes in the nuclear actin have been
suggested as responsible for the transition between early and late phase of
infection (79). Late and very late baculovirus genes are transcribed by an αamanitin resistant viral encoded RNA polymerase between 6 and 24 hpi and from
18 to 72 hpi, respectively (84, 101) (Figure 8). Studies about the prediction of
baculovirus promoters revealed that the sequences ATAAG, GTAAG, or TTAAG
were usually present upstream from the initiation codon (ATG) on the predicted
promoters of baculovirus late genes (3, 104). These genes are transcribed at high
levels and their products are usually involved in viral assembly and occlusion (105).

5. BACULOVIRUS DIVERSITY
Baculoviruses have been isolated from more than 700 species (106) and
there is a high level of diversity among them. This heterogeneity is of two types:
1) Intraspecific diversity (within a single baculovirus species) and 2) Interspecific
diversity (among different baculovirus species).

5.1

Intraspecific variation
Intraspecific diversity is that observed within a particular baculovirus

species. Characterization of different geographical isolates of the same baculovirus
or the study of genotypic variants within a single isolate has revealed a great
intraspecific variation (17, 107-108). NPV isolates are usually composed of a
mixture of distinct genotypes, whether they proceed from a pool of infected larvae
or from a single infected individual (17, 109) (Figure 9). These variants can be
identified by the presence of submolar bands after restriction enzyme digestion or
detection of nucleotide polymorphisms after sequencing (107, 110). Isolation of
single variants can be performed by in vivo or in vitro cloning in a susceptible larvae
population or cell line, respectively (23, 111-113).
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Figure 9. Restriction endonuclease profiles of PstI-digested genomes of nine different
genotypes from a Nicaraguan isolate of SfMNPV (letters A-I refer to their corresponding
genotypes, SfNIC-A – SfNIC-I). Arrows indicate the presence of submolar restriction
fragments in the wild-type isolate (WT), which are characteristic of genotypic heterogeneity.
Asterisks indicate the restriction fragment length polymorphism (RFLP) bands unique to one
particular genotype. Image was adapted from Simón et al., 2004 (23).

Genotypic differences are often reflected in phenotypic differences.
Therefore, different genotypical variants isolated from the same geographical
isolate may have different biological activities (113-117). In 2010, it was
demonstrated the co-occlusion and co-envelopment of different genotypes of the
same NPV species and geographical isolate in the same OB and in the same ODV,
respectively (24). The co-occlusion of different genotypes may change completely
the viral characteristics, as the biological activity of virus mixtures may not be the
same as the one of the equivalent co-occluded samples (21, 118). It also implies a
co-infection of the same cell by distinct genotypes, which will favor interactions and
recombination between viruses with important implications in the evolution of the
virus.
Genotypic and phenotypic differences can also be observed between
different geographical isolates (Figure 10). One remarkable aspect of this
heterogeneity is the ability of a particular virus isolate to be more infective to a local
host population (107, 119-120). For instance, a SfMNPV field isolate collected in
Colombia showed improved insecticidal properties against a Colombian insect
population than to a S. frugiperda colony from Honduras, whereas the Honduran
population was more susceptible to a neighboring Nicaraguan isolate (119-120).
This may be the consequence of a host-pathogen adaptation process and
coevolution.
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Figure 10. Restriction profiles of different SfMNPV isolates (US: isolate from Louisiana; NIC:
Nicaraguan isolate; AR: Argentinean isolate) with the enzymes PstI and BglII. Differences in
the profiles are consequence of the intraspecific heterogeneity. Image adapted from
Escribano et al., 1999 (120).

The reason for the intraspecific diversity in baculoviruses remains unclear,
although it has been suggested that it could be the result of recombination
processes between different genotypes or changes in the viral genomes during the
infection cycle (mutations, duplication of genes, insertions or deletions), that results
in increased virus fitness in a host population that is itself genetically
heterogeneous (107-108).

5.2

Interspecific variation
Interspecific diversity is the variation that exists between different

baculovirus species. Formerly, a baculovirus isolate was identified according to the
range of hosts that it could infect and on its biological activity in that host. Advances
in the use of genetic tools allowed the study of other aspects, such as restriction
profiles (Figure 11). With the advent of new sequencing techniques, more
information can be acquired rapidly. In 2006, Jehle et al. (121) proposed a method
to classify two viruses as different species according to the phylogenetic distance
between them. This method is based in the model proposed by Kimura et al. (122)
and uses the Kimura 2-parameter (K2P) as a reference. According to this proposal,
two or more baculovirus strains should be considered as the same baculovirus
species if the K2P distance between single and/or concatenated polh, lef-8 and lef9 nucleotide sequences is smaller than 0.015. They belong to different baculovirus
species if this distance is larger than 0.050. For K2P distances of between 0.015
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and 0.050, more information would be needed. Nevertheless, classifying the
baculoviruses according only to their gene content and phylogeny may have its
flaws, as the properties and biological activity of these viruses are also
important (17).

Figure 11. PstI restriction endonuclease profiles of the genomic DNA of four different
baculovirus species: Autographa californica multiple nucleopolyhedrovirus (AcMNPV),
Chrysodeixis chalcites nucleopolyhedrovirus (ChchNPV), Spodoptera exigua multiple
nucleopolyhedrovirus (SeMNPV) and S. littoralis nucleopolyhedrovirus (SpliNPV). Image
adapted from Murillo et al., 2000 (123).

Therefore, the first aspect to consider regarding interspecific diversity may
be the variation in morphology between viruses. As explained before, baculoviruses
can be divided into GVs and NPVs (group I or group II). Furthermore, structural
differences have an influence in the virus infection cycle. For instance, group I BVs
entry into cells differs from the entry of group II BVs, due to the fact that they have
different fusogenic proteins on their surface.
Another important aspect is host specificity. Host range is defined as the
spectrum of hosts that are susceptible to a particular organism. Generally,
baculoviruses are characterized by having a narrow host range. Although some
baculoviruses have a broader host range as the AcMNPV (124), others such as
SfMNPV have a more limited spectrum. The nomenclature of baculoviruses
according to the host in which was first isolated underlines the importance of this
characteristic.
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The current ICTV classification includes 50 different baculovirus species:
33 species within the Alphabaculovirus genus, 14 within Betabaculovirus, 1 within
Deltabaculovirus and 2 within Gammabaculovirus. In contrast, the NCBI database
includes

another

9

species

in

the

Alphabaculovirus

genus,

one

more

Betabaculovirus, one more Gammabaculovirus and an unclassified baculovirus.
Hence, these classifications are continuously being updated. As long as more
baculoviruses are being studied and sequenced, they have to be assigned to the
different genera.

5.3

Maintenance of diversity
Although the origins of the baculovirus diversity remain unclear, several

mechanisms have been described as being potentially responsible for its
maintenance. Some of these involve trade-offs, differential selection, multiple
infections and interactions between genotypes, interspecific competition, frequency
dependent selection and host immune specificity (17, 115, 125-126).
As previously mentioned, baculoviruses are usually found in the
environment as mixtures of distinct genotypes. The host plays a key role in the
transmission of these genotypes and the maintenance of their relative abundance,
as several passage of a mixed virus isolate in different host species can change the
genotypic structure and biological activity of the virus (17, 125). Insect host is a key
factor for differential selection of a certain genotype in a wild type population. For
instance, serial passaging of a Panolis flammea nucleopolyhedrovirus (PaflNPV)
isolate through five different insect species resulted in changes in the abundance of
certain genotypes for each host species (125). The genetic variability of the host
also plays a role. Host populations comprising individuals that are not equally
susceptible to a given genotype will lead to differential selection of the virus
genotypes. Such host diversity has been found in some European populations of
the codling moth, that exhibit various levels of resistance to the CpGV strain M, but
are susceptible to other genotypes (127). Even the food ingested by the host can
influence the composition and biological activity of a specific baculovirus isolate
(128). The fact that the host is parasitized can also affect the efficacy of the
baculoviruses (129-131). Hence, there is a process of host-pathogen adaptation
that contributes to baculovirus diversity.
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Furthermore, coevolutionary processes of the host-pathogen system are
also involved. The evolution can involve positive selection for the antiviral
mechanisms of the host, but there is also selection for viral inhibitors of such
mechanisms (132). Hence, host immune system and virus counter defenses evolve
together. For instance, one of the more powerful mechanisms of defense
developed by cells is apoptosis. If a cell detects DNA damage or other infectionassociated triggers, it undergoes apoptosis or programmed cell death. It is known
that baculoviruses induce apoptosis in insect cells (133-135). Nevertheless, these
viruses have developed their own antiapoptotic products in response. In this way,
baculoviruses encode two different types of suppressors: the protein P35 and the
inhibitor of the apoptosis protein (IAP) family (3, 136). This continuous race
between the virus and the host is also a source of diversity.
The maintaining of baculovirus diversity can be summarized as an
evolutionary process. Evolution requires three factors: reproduction, variation and
competition (137). Competition between baculoviruses represents a natural
selection process in which the better suited for survival has an advantage over the
other competitors. Therefore, there is a selective pressure that allows the natural
variation in the virus genomes to persist. The identification of the individual genes
subjected to an important positive selection may be a way to select those genes
likely be key factors in the baculovirus infection cycle or in host range determination
(138).
One of the most important mechanisms of maintenance of diversity that
have been described to date is multiple occlusion within the same OB and multiple
envelopment within the same ODV of genotypes that naturally occur in virus
isolates (24). This co-envelopment can be compared to the presence of multiple
copies of chromosomes in eukaryotes. Diploidy or polyploidy, resulting on more
than one copy of each gene, allows compensation when one copy is not functional
or has a reduced activity. In a similar way, multiple genome packaging may
increase the chances of fully functional virus particles. Similarly, at least one step of
the cycle should allow remixing of individual genomes. This is the gametogenesis in
plants and animals. The equivalent is the BV on baculoviruses. Remixing of all the
individual genome copies increases the diversity.
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One of the consequences of multiple envelopment is that defective
particles can be carried out during successive cycles of replication, as the default
could be compensated. In such conditions, defective particles could be considered
as “parasites” of the virus populations, and thus reducing the global fitness. In fact,
at least in some conditions, such defective genotypes positively contribute to the
global fitness, via complex mechanisms still under study (21, 116). The extent of
this or other analogue mechanisms in nucleopolyhedrovirus populations is not
known. The fact that MNPV were able to colonize species belonging to more taxa
than GV could be related to this ability of joining efforts from more than a single
virus genome. A high rate of defective genotypes is found in some natural
populations of nucleopolyhedrovirus (116, 118); co-occlusion facilitates the
transmission of this diversity, even during periods of low pathogen density.
Furthermore, these physical associations among genotypes favor the interaction
between the component genotypes and, thereby, have implications for virus
evolution.

6. VIRUS INTERACTIONS
6.1

Multiple infections in virology: coinfection, superinfection and
superinfection exclusion.
Two scenarios can be distinguished when the infection of an organism by

two or more viruses or genotypes occurs. Multiple infection is described as
coinfection when both viruses are acquired simultaneously. However, when one
virus or viral genotype infects a previously infected host some time after the first
virus has been established, the phenomenon is called superinfection. These are
known processes in virology and have been studied in numerous viruses (139141), mainly in the field of medicine. In the case of the human immunodeficiency
virus, for instance, they have great importance because of their consequences in
the patient viral load, resistance to treatment and possible recombination between
viruses (142-144). Seroconversion or the production of specific antibodies is
usually chosen as the critical point to distinguish between each type of dual
infections.
A mechanism to prevent superinfection has been described for many
viruses, such as bacteriophage, retroviruses, hepadnaviruses, arboviruses and
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plant viruses (145-151). This is named superinfection exclusion and implies two
main advantages. First of all, it protects the first virus from other competitors, even
if it is the weaker one. The second advantage is that it allows new synthesized
virions to infect healthy cells rather than the already infected ones, favoring the
spreading of infection. Therefore, it results in the maintenance of the genetic
diversity of the viruses and a faster establishment of a successful infection in the
organism. However, there is not a common mechanism for the different viruses, as
several mechanisms acting at various stages of the viral infection have been
described (149-153). These involve inhibition of receptor-mediated attachment,
penetration of the viral core into infected cells and interference with replication or
translation (149, 152, 154-156). Superinfection exclusion is usually only related to
homologous interference, which involves a specific inhibition of a second infection
with homologous viruses but not against heterologous strains (147, 149).
Sometimes the exclusion is transient (149), but in other cases the exclusion effect
is maintained. All these data indicate that this effect is independent for each virus
and must be studied separately.

6.2

Interactions between baculoviruses: in vivo and in vitro.
Species interactions have been classified into six categories: antagonism,

mutualism, commensalism, amensalism, competition and neutralism (157). In
virological terms, there is a virus-virus interaction (VVI) when there is a measurable
difference in the course of infection of one virus, in terms of pathogenicity, mortality,
etc., as a result of a simultaneous or previous infection by a different species or
strain of virus. Consequently, neutralism is not a proper VVI according to the
virological definition.
If two viruses are related at the DNA level, coinfection may result in
genomic recombination. In baculovirus infections, this effect has been observed
after infection of insect cells (Sf9) with different genotypes of Anticarsia gemmatalis
multiple nucleopolyhedrovirus (AgMNPV) at the same time (158). However, in other
occasions, interaction occurs without the necessity for recombination. For instance,
expression of one virus can be enhanced by coinfection with another virus,
sometimes at the expense of the coinfecting virus (antagonism). This kind of
interaction has been observed in several hosts using different pairs of viruses. That
is the case of AcMNPV, which is able to enhance infection by Spodoptera exigua
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MNPV (SeMNPV) and Thysanoplusia orichalcea MNPV (ThorMNPV) in Hi5 and
Sf21 cells by approximately 300 and 20-fold, respectively (159). However, AcMNPV
infection was reduced by 3.2 and 5.4-fold; a typical case of antagonism. In contrast,
the pair of viruses formed by AcMNPV and SeMNPV had a neutral interaction (or
absence of VVI) in Sf21 and in S. exigua cell lines (160).
Interactions have also been studied in vivo. Mutualistic interactions are
usually present in natural populations of baculoviruses. As mentioned before, wildtype isolates are frequently mixtures of genotypes. Both in Choristoneura
fumiferana MNPV (CfMNPV) and SfMNPV isolates, it has been demonstrated that
one genotype benefits of the presence of other genotype (21, 161). Defective
genotypes in those isolates are not per os infective, but are present in the viral
progeny when infections are performed with the defective and the complete
genotype at the same time. (21, 161). However, antagonistic interactions can also
occur. This is the case of the infection of Pseudaletia unipuncta with a granulovirus
(PuGV) and a nucleopolyhedrovirus (PuNPV), where an enhancin protein of the
PuGV favors the infection by PuNPV, whereas competition between both viruses in
the hemocoel inhibits PuGV infection (160, 162).
Hence, interactions between viruses are diverse and should be studied
individually in each susceptible host species.

7. THE

AUTOGRAPHA

CALIFORNICA

MULTIPLE

NUCLEOPOLYHEDROVIRUS (ACMNPV)
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) was first
isolated in California from the alfalfa looper A. californica in 1967 by the
entomologist P.V. Vail (163), who soon discovered that the virus was able to infect
other hosts (164-166). In the early 1970s, insect cell cultures that supported the
replication of the virus were established (167-169). The ability of AcMNPV to
replicate in the cell lines derived from S. frugiperda and Trichoplusia ni was a key
factor that led to it becoming the most studied baculovirus and the standard model
in the study of these viruses (3, 170). In the 1980s, it was possible to use AcMNPV
as an expression vector, generating recombinant viruses that produced foreign
proteins (171-172). Later, the bacmid technology was incorporated and facilitated
the manipulation of the whole genome of the virus, allowing both the incorporation
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of foreign genes and the production of knockout viruses (173-174). The techniques
developed for AcMNPV were then applied to other baculoviruses.
The cloned genotype C6 of AcMNPV was the first baculovirus completely
sequenced (100). The genome consists of 133,894 bp containing a total of 156
open reading frames (ORFs) (Figure 7). Subsequently, more than 60 baculoviruses
have been completely sequenced and comparison between them has allowed to
develop a new classification and to identify the genes present in every baculovirus,
also known as baculovirus core genes (19, 50, 121). Most of the genes of AcMNPV
have already been studied (3, 175) and are used as a reference in the study of their
homologs in other baculovirus genomes. Furthermore, AcMNPV has been used as
a model for the study of the infection cycle of baculoviruses (3, 79, 170).
The most remarkable characteristic of AcMNPV compared to other
baculoviruses is that it has a relatively broad host range. It is able to infect over
thirty insect species of Lepidoptera, including members of the genera Heliothis,
Trichoplusia and Spodoptera (176). Several attempts have been performed in order
to determine the genes affecting baculovirus host range (177-179). However, the
genetic basis for the particular host range of each baculovirus remains unclear.
The broad host range of AcMNPV attracted interest as the basis for a pest
control agent, as it could be used to control not only one species, but a complex of
pests (180). However, the greatest value of AcMNPV lies in applications such as
production of human vaccines (11-13), the development of diagnostic tools and,
most recently, potential gene therapy vectors (14-16). At the moment, the problem
of the high specificity of the baculoviruses when used as biopesticides is still
unresolved, as a virus with high activity against a range of different lepidopteran
pests has not been described yet.

8. THE

SPODOPTERA

FRUGIPERDA

MULTIPLE

NUCLEOPOLYHEDROVIRUS (SFMNPV)
Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV) receives
its name from the insect species where it was first isolated, S. frugiperda (J.E.
Smith). This pest, also known as the fall armyworm, is native to the tropical and
sub-tropical regions of the Americas (181). Moths are strong fliers and can travel
long distances annually, mainly during the summer months. The corn phenology
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and temperature are some of the factors that determine larval developmental time,
feeding rate, longevity, fecundity and egg viability (182). In optimum conditions,
S. frugiperda completes its life cycle in about 30 days (183). However, this time can
be extended until 80-90 days in winter, when temperatures are lower. Four life
stages can be distinguished in this insect: egg, larva, pupa and adult (Figure 12).
Eggs are usually spread over a single layer attached to foliage and the duration of
this stage is only 2-3 days. Neonate larvae eat the shell of the eggs and then start
feeding on the host plant (181). Larvae pass through 5 or 6 instars (184). Duration
of the larval stage varies from 14 to 30 days depending on the temperature (185).
During this period, larvae consume the host plant. Cannibalism often occurs in late
instars and larval densities are usually reduced to one or two per plant (186-187).
The pupal stage is usually formed in the soil at a depth of 2-8 cm. This period lasts
from 8-9 days with optimum temperatures to 20-30 days when the climate is cooler.
Finally, the adult moth emerges, mates and lays eggs on host plants. This
nocturnal moth lives approximately 7-21 days.

Figure 12. Stages of the life cycle of Spodoptera frugiperda: A) eggs, B) larva, C) pupa and
D) adult.

S. frugiperda is a polyphagous pest that feeds on over 80 plant species.
Despite its wide host range, it usually prefers to consume maize and sorghum
(Figure 13), although it is also able to attack forage species such as alfalfa,
vegetables like eggplant, turnip, potato or tomato, and crops of industrial use like
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cotton, peanut, soya and sugarcane (188). In fact, two different strains have been
described depending on the plant host, i.e. the corn strain and the rice strain.
Despite being morphologically similar, there are several genetic and behavioral
differences between these strains, such as host-plant preference and sex
pheromone composition (189). It has been suggested that this pest may be
currently undergoing a process of host plant mediated speciation (190).

Figure 13. Spodoptera frugiperda damage to maize plants.

The most common management approach to control this pest is the use of
synthetic insecticides (191). However, resistance to several groups of chemical
compounds, such as organochlorines, organophosphates, carbamates and
pyrethroids have been described (192-194). These problems have stimulated the
development and use of biological control agents, such as predators, parasitoids
and pathogens (195-198). One of the most important entomopathogens is
SfMNPV, which has attracted interest for the development of a bioinsecticide (6,
119, 199).
Natural populations of S. frugiperda suffer baculovirus infections
throughout the distribution area of this insect, where SfMNPV can be found at low
levels or causing natural epizootics (200). Long-term persistence of the virus in the
different ecosystems is usually achieved by reservoirs of OBs in soil or in the form
of persistent virus infections that can be vertically transmitted (52). Several isolates
have been collected from different regions throughout the Americas (119-120, 201202) and some of them have been evaluated in laboratory and field studies as
biological control agents, demonstrating the ability of the virus to control the pest
and in some cases producing similar mortalities to chemical pesticides (6, 199,
203). These results have promoted the study of SfMNPV in depth.
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The host range of SfMNPV is very limited. It is only lethal to S. frugiperda,
S. exigua and S. littoralis larvae, although heterologous hosts do not show the
typical symptoms of infection (204). However, the factors determining the high
specificity of the virus have not been identified. In 2008, two sequences of the
Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV) were published
(202, 205), revealing a genome size of approximately 130Kb and containing around
140 open reading frames (ORFs). As expected, the 62 genes common to all the
alphabaculoviruses sequenced to date were present in SfMNPV. This virus is
closely related to Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV),
Agrotis segetum nucleopolyhedrovirus (AgseNPV) and Mamestra configurata
nucleopolyhedrovirus (MacoNPV). Furthermore, the SfMNPV is phylogenetically
closed to SeMNPV and there is a high degree of colinearity between their
genomes. Unique genes have been defined as those that do not have homologs in
other baculoviruses. These genes may be a key factor in the unique characteristics
or host specificity of the virus (49, 206). In SfMNPV, Harrison et al. described 12
unique ORF in the Missouri isolate (202), whereas Wolff et al.(205) identified 11
unique ORFs in the Brazilian isolate. However, none of these has been
characterized to date.
One of the most studied SfMNPV isolates was isolated in Nicaragua and
named SfNIC (120, 199). This isolate has an estimated genome size of 129 Kb and
consists of at least of nine different genotypes (SfNIC-A to SfNIC-I) that were
identified by restriction profile analysis after isolation by plaque assay (23). The
SfNIC-B is the predominant genotype with a frequency of approximately 80% and
has the largest genome (21, 23). Deletions in the remaining genotypes are located
in a hypervariable region of the genome and affect genes such as cathepsin,
chitinase, lef-7, gp37, ptp2, egt, arif-1, pkip, pif-1 and pif-2 (23, 118) (Figure 14).
The defective and non-per os infective genotypes SfNIC-C and SfNIC-D include the
largest deletions, that affect the pif-1 and pif-2 genes that are essential for per os
infection.

37

Chapter I

Introduction

Figure 13. Linear maps (thick horizontal lines) and corresponding ORFs (arrowed bars) of
the hypervariable region of the SfNIC isolate. Image adapted from Serrano et al., 2013 (118).

Recently, co-occlusion and co-envelopment of different genotypes in the
same OB and ODV, respectively, in the Nicaraguan wild type isolate was
demonstrated (24). Furthermore, co-occluded mixtures of genotypes were more
active than mixtures of pure OBs containing an only genotype (116). It has been
proposed that co-occlusion is an adaptive mechanism to maintain genotypic
diversity and the presence of defective genotypes that can be beneficial for the
virus, favoring possible synergistic genotypic interactions (21, 207). Furthermore,
after only four passages of viral mixtures in different non-natural proportions in
S. frugiperda larvae, the frequency of genotypes present in the wild type isolate
was reached. This suggests that genetic structure of the SfNIC natural population is
that which assures the highest transmissibility of OBs (22).
The Nicaraguan SfMNPV isolate has been used a model for this virus
species (118-119, 202). In the last few years, the influence of some genes on the
insecticidal properties of SfMNPV has been studied (208-210). The sf29 gene was
demonstrated to determine the number of ODVs within OBs (209), whereas sf58
has been proposed as a new pif gene present only in the alphabaculoviruses (208).
Deletion of the sf27 gene had a negligible effect in the pathogenicity (50% lethal
concentration), virulence (mean time to death) and production of OBs (211).
However, deletion of the egt gene, usually found in natural deletion genotypes,
resulted in a reduction in the mean time to death and production of OBs (211).
Furthermore, pif genes and their contribution to the virus pathogenicity have been
broadly examined in SfNIC (207, 212). The characterization of the individual genes
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present in SfMNPV would provide a deeper understanding of this virus and how it
has evolved alongside its natural host, S. frugiperda.

9. AIMS OF THE THESIS
Advances in sequencing technologies have been used to determine the
complete sequence of several baculovirus, revealing the great diversity that exists
in this family of viruses. With all the information available, several attempts have
been made in order to establish baculovirus phylogenies and to study how
baculoviruses have evolved over time (17-19, 50, 98, 213). However, we lack
information about the factors that contribute to the generation and maintenance of
virus diversity and how evolution acts on a particular virus. This thesis is structured
in two different parts focused on:
1.

To determine whether two different virus species can be transmitted
in the same viral particle as a mechanism for the maintenance of
diversity and study the possible existence of a superinfection
exclusion effect in baculoviruses infections, both in vitro and in vivo.

2.

To compare the sequence of the SfMNPV Nicaraguan isolate
(SfNIC) with the other SfMNPV sequences available and study the
functionality of specific genes that may be important in virus
adaptation to the host.

The experimental work corresponding to the first part is described in
chapters II, III and IV, whereas chapters V, VI, VII and VIII provide new insights on
SfMNPV and its adaptation to its natural host.
In Chapter II, I aimed to produce mixed populations of baculovirus, in
which two different baculovirus species are co-occluded in the same OB, and to
demonstrate the co-occlusion of the viruses. First, a mixed population consisting of
SeMNPV and a non per os infective genotype of SfMNPV (SfNIC-C) was produced
by intrahemocelic injection of S. exigua larvae with a mixture of both viruses. The
mixed OB population was orally infective to S. frugiperda larvae, demonstrating that
SfNIC-C was able to take advantage of the PIF1 and PIF2 proteins produced by
SeMNPV and that both viruses were co-occluded within the same OB. Then, a
mixed population including two more distantly related viruses was constructed. With
this aim, larvae of S. frugiperda were orally infected with a mixture of SfMNPV and
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AcMNPV. Co-occlusion and co-envelopment of both viruses into the same OB and
into the same ODV, respectively, was demonstrated in the OB progeny obtained.
In Chapter III and Chapter IV, I examined the existence of a temporal
window in which coinfection with two different genotypes or even two distinct
baculoviruses is possible and, after which, superinfection exclusion is established.
In both chapters, I show that the time factor is critical in mixed infections. In
Chapter III, the superinfection phenomenon was studied in Sf9 cells, both with two
genotypes of AcMNPV and with AcMNPV + SfMNPV. It was demonstrated that
exclusion in baculovirus infections acts as homologous and heterologous
interference and that actin rearrangements in the cell during the infection are
involved in the establishment of the blockage to the second virus. In Chapter IV,
the superinfection exclusion phenomenon was investigated in vivo, performing
mixed infections of S. frugiperda larvae with AcMNPV and SfMNPV at different
times. Larval mortality, the viral proportions present in the OB progenies produced
and the presence of mixed ODVs within those OBs were analyzed. Evidence of a
superinfection exclusion effect was found, although total exclusion of the second
infection was not established. The implications that the existence of the temporal
window and the superinfection exclusion effect have in the generation and
maintenance of viral diversity are discussed in this chapter. Furthermore,
I examined whether co-occlusion provides some advantage to the viruses in terms
of biological activity and transmission.
Regarding the studies performed on SfMNPV in this thesis, in Chapter V,
the largest genotype of the Nicaraguan SfMNPV isolate (SfNIC-B) was completely
sequenced and compared to previously sequenced isolates from United States
(SfMNPV-3AP2) and Brazil (SfMNPV-19). A selection pressure analysis was
performed in order to identify genes potentially involved in virulence or in
determining population adaptations. In Chapter VI, the functionality of the unique
gene sf32 was analyzed. This gene has no homologs in other baculoviruses
sequenced to date and, therefore, may have an important role in the biological
activity of SfMNPV. The sf68, sf95 and sf138 genes, homologues to the ac145 and
ac150 genes of the AcMNPV, were also selected for study, due to their potential
importance in the oral infectivity of the virus. The role of those genes was studied in
Chapter VII. Finally, Chapter VIII examines the functionality of the sf122 gene.
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This gene was found to be undergoing selective pressure in the analysis performed
in Chapter V and, therefore, may be important in SfMNPV adaptation to its natural
host.
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CHAPTER II

Transmission of mixtures of insect pathogenic
viruses in a single virion: towards custom
designed insecticides
ABSTRACT
Insect pathogenic baculoviruses are used as biological insecticides and expression vectors in
biotechnology and medical applications. We demonstrate that in insects infected with
mixtures of alphabaculoviruses, the viral nucleocapsids each containing the genomes of
different baculovirus species can be enveloped together within individual virions and
occluded within proteinaceous bodies (OBs). This results in the transmission of mixed virus
populations to the caterpillar stages of moth species. Once established, mixed virus
populations persisted by coinfection of insect cells during several rounds of insect-to-insect
transmission. These findings provide a clear mechanism for natural recombination among
these pathogens with unique implications for virus evolution. Mixed virus production
technology also opens the way to the development of custom-designed insecticides for
control of different species of caterpillar pests on crops.

This chapter has been submitted to Proceedings of the National Academy of Sciences of the United
States of America as: Beperet I, Simón O, Williams T, López-Ferber M, Caballero P. 2014.
Transmission of mixtures of insect pathogenic viruses in a single virion: towards custom designed
insecticides.
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Transmission of mixtures of alphabaculoviruses in a single virion

INTRODUCTION
Host organisms are often infected by multiple genotypes of pathogens,

often with important consequences for the impact of the infection on the survival
and reproduction of infected hosts (1-2). Genetic diversity in the pathogen
population can also increase the probability of transmission and pathogen survival
(3-4). In some cases different species or taxa of pathogens interact to collaborate
or compete during or following host infection (5). As such, pathogen cooperation or
antagonism can have marked effects on the impact of dual or multiple infections in
plant and animal systems of agricultural, veterinary or medical importance (6-8).
Insects, particularly the caterpillar stages of moths and butterflies
(Lepidoptera), are hosts to baculoviruses (family Baculoviridae), which are doublestranded DNA viruses with a circular genome of 80-180 Kb (9). As natural agents of
mortality in agricultural and forest insect pests, baculoviruses are used as the basis
for potent biological insecticides in many countries (10). Their favorable biosecurity
profile and amenability to genetic manipulation have favored their use as
expression vectors (11), in the production of vaccines (12), in the development of
diagnostic tools and as potential gene therapy vectors (13-14).
The replication cycle of these viruses is complex. In alphabaculoviruses
(lepidopteran-specific nucleopolyhedroviruses), nucleocapsids each containing a
single genome, are enveloped singly or in groups to form occlusion derived virions
(ODVs) that are occluded in a protein matrix to form polyhedral occlusion bodies
(OBs). The OBs are released onto host plants from virus-killed caterpillars and are
transmitted when susceptible caterpillars consume contaminated foliage. OBs
degrade in the alkaline insect gut releasing ODVs that cross the protective
peritrophic matrix. Primary infection occurs when the ODV envelope fuses with the
membrane of midgut epithelial cells, delivering nucleocapsids into the cell that
migrate to the nucleus to initiate replication. Two types of virion are then produced;
nucleocapsids that bud from the cell acquire a modified component of the cell
membrane. These budded virions (BVs) disperse within the insect to produce a
systemic and lethal secondary infection, whereas nucleocapsids that remain within
the nucleus are used in the production of ODVs and occluded in OBs.
ODVs and OBs can be genotypically diverse (15). This diversity is
transmitted within the host during systemic infection because each cell is infected
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by multiple BVs that can contain different genomes (16). Cells in which multiple
genotypes replicate produce genotypically diverse ODVs that are occluded into
OBs allowing the transmission of a diverse population of genotypes to host
caterpillars (15). The mechanisms that maintain this diversity include differential
infectivity of genotypes depending on host population or host plant effects (17-18),
potentiation of OB transmissibility in genotypically diverse virus populations (19-20),
or increased production of OBs in insects infected by diverse nucleopolyhedrovirus
populations (21-22).
In the present study we analyze the consequences that multiple infection
by distinct baculovirus species has in the viral structure. The results obtained give
new insights into baculovirus evolution and maintenance of diversity. Furthermore,
have clear implications in the development of new bioinsecticides based on these
viruses.

2.

2.1

MATERIAL AND METHODS
Insects, cells and viruses:
Larvae of Spodoptera frugiperda and S. exigua were obtained from

laboratory colonies maintained on semisynthetic diet (23) at 25°C. Sf9 cells were
maintained in TC100 medium containing 10% fetal calf serum at 28°C (24). The
four viruses used in the experiments were: (i) an in vivo isolated variant of
Spodoptera exigua multiple nucleopolyhedrovirus, SeMNPV-US2A (SeA) (25); (ii) a
plaque purified variant of Spodoptera frugiperda multiple nucleopolyhedrovirus
SfMNPV-C (SfC), that lacked pif-1 and pif-2 genes (26). Occlusion bodies (OBs) of
this variant are not perorally infectious, but the virus is capable of replication and
production of OBs in cell culture or following injection of occlusion derived virions
(ODV) or budded virions (BV) into S. frugiperda larvae; (iii) a plaque purified variant
of SfMNPV named SfMNPV-B (SfB). This virus has the largest genome of all the
variants present in a SfMNPV Nicaraguan isolate and the OBs are perorally
infectious (26-27); (iv) the C6 clone (AcC6) of Autographa califonica multiple
nucleopolyhedrovirus (AcMNPV) (28). SeMNPV is only infectious to S. exigua
larvae. AcMNPV is able to replicate and kill both S. exigua and S. frugiperda larvae.
SfMNPV is lethal to S. exigua and S. frugiperda but produces an atypical infection
in S. exigua larvae without progeny OBs.
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Production of mixed-virus occlusion bodies
Two experimental viral populations were generated: i) the passage zero

(P0) inoculum of SeA:SfC OBs was produced by injection of fourth instar S. exigua
larvae with an ODV suspension released from a SeA:SfC OB mixture comprising
50 µl of 109 OB/ml of each virus in a 1:1 proportion. ii) P0 inoculum of AcC6:SfB
OBs was obtained following peroral infection (29) of fourth instar S. frugiperda
larvae with a 1:1 AcC6:SfB OB mixture and a total concentration of 108 OB/ml.

2.3

Genome proportions in SeA:SfC and AcC6:SfB mixed virus OBs
Genomic DNA was extracted from samples of 106 OBs of each virus

mixture as described previously (30). The relative proportion of the genomes of
each virus in the different progeny OBs was estimated by using qPCR based on
SYBR green fluorescence. Four sets of primers were designed for specific
amplification of characteristic sequences from each virus genome (Table 1). PCR
products were cloned into the pGEM-T easy vector (Promega). Plasmid DNA was
quantified by measuring optical absorbance (A260) and by gel electrophoresis, and
used as an internal standard for each qPCR reaction. Each virus was quantified in
independent qPCR reactions. Data acquisition and analysis were handled by
Sequence Detector Version 2.2.2. software (Applied Biosystems). Melting-curve
analysis was performed to confirm specific replicon formation. Both standards and
samples were measured in triplicate.
Table 1. Primers used in this study.
Primers
Seie0.1

Sequences
5’-CTATAGCTCGACGCTC
GGTG-3’

Seie0.2

5’-ATCGTCTTCGATACCG
CGAG-3’

Sfie0.1

5’-ATGAGTATTAATCATGA
TTC-3’

Sfie0.2

5’-TCTTGGCAAATGTTACA
CT-3’

qSe5.F

5’-AGCAGCGAGCCAATGC
AGTA-3’
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Amplification purpose
SeA detection, forward primer that
amplifies in the ie0 gene (nt 131,937131,959 in SeA genome).
SeA detection, reverse primer that
amplifies in the ie0 gene (nt 132,447132,428 in SeA genome).
SfC detection, forward primer that
amplifies in the ie0 gene (nt 129,612129,630 in SfB genome).
SfC detection, reverse primer that
amplifies in the ie0 gene (nt 130,147130,128 in SfB genome).
SeA DNA quantification (qPCR), forward
primer that amplifies in the se5 gene
(nt 6,274-6,293 in SeA genome).
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Table 1. Continued.
Primers
qSe5.R

Sequences
5’- CTTCTTGCAACCGCTC
GTTC-3’

qSfCcath.2F

5’-ACGCCGCGTTTAGTAA
CAGC-3’

qSfCsf36.2R

5’-TAAAACTATTTCTTGCA
ATC-3’

Ac.1

5’-GATTTGTTGGCCGAAT
AACG-3’

Ac.2

5’-TGACTCTTTCACCCATT
GCAG-3’

Sf.1

5’-ACGCCGTTCAAAGACA
CGAG-3’

Sf.2

5’-CCGCTTTGCCTTCGAC
ATAG-3’

AcDNApol.1

5’-CAAATGTAGAATCTGT
GTCG-3’

AcDNApol.2

5’-CAGCCATCACAAACAC
GCGC-3’

SfDNApol.3

5’-CAACGACATCAATAGA
GTGC-3’

SfDNApol.4

5’-AAATATTGCTAAGCACA
TCG-3’

2.4

Amplification purpose
SeA DNA quantification (qPCR), reverse
primer that amplifies in the se5 (nt 6,3546,373 in SeA genome).
SfC DNA quantification (qPCR), forward
primer that amplifies in the proximity of the
deletion region of SfC (nt 18,717-18,736 in
SfB genome).
SfC DNA quantification (qPCR), reverse
primer that amplifies in the proximity of the
deletion region of SfC (nt 35,150-35,169 in
SfB genome).
AcC6 DNA quantification (qPCR), forward
primer that amplifies in the unique ac97
gene (nt 84,850-84,869 in AcC6 genome).
AcC6 DNA quantification (qPCR), reverse
primer that amplifies in the unique ac97
gene (nt 84,958-84,938 in AcC6 genome
genome).
SfB DNA quantification (qPCR), forward
primer that amplifies in the unique sf43
gene (nt 42832-42851 in SfB genome).
SfB DNA quantification (qPCR), reverse
primer that amplifies in the unique sf43
gene (nt 42976-42957 in SfB genome).
AcC6 detection in individual cell culture
plaques, forward primer that amplifies in
the DNA polymerase (nt 53,264-53,283 in
AcC6 genome).
AcC6 detection in individual cell culture
plaques, reverse primer that amplifies in
the DNA polymerase (nt 53,968-53,949 in
AcC6 genome).
SfB detection in individual cell culture
plaques, reverse primer that amplifies in
the DNA polymerase (nt 88,358-88,377 in
SfB genome).
SfB detection in individual cell culture
plaques, reverse primer that amplifies in
the DNA polymerase (nt 89,322-89,303 in
SfB genome).

Peroral inoculation of S. frugiperda with SeA:SfC OBs
To determine whether SeA:SfC P0 OBs were perorally infective to

S. frugiperda, and consequently to test whether SfC was able to use PIF proteins
produced by expression of SeA pif-1/pif-2 genes in coinfected cells, second instar
larvae were inoculated with high concentrations of OBs (107 and 109 OBs/ml) using
the droplet feeding method (29). Larvae that drank OB suspension within 10 mins
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were reared individually and virus mortality was recorded until larvae had died or
pupated. OBs collected from virus-killed insects were pooled and purified (30).
Restriction endonuclease analysis with PstI, PCR and qPCR were performed to
determine the presence and estimate the relative abundance of virus genomes in
these OBs OBs were used subsequently to infect orally second instar S. frugiperda
to test if they were still orally infective and, therefore, if recombination between
viruses had occurred and SfC had acquired the pif-1/pif-2 genes from SeA. The
experiment was performed in triplicate.

2.5

Serial passage of SeA:SfC mixed virus OBs in S. exigua
Six serial passages were performed in fourth instar S. exigua larvae

inoculated with P0 SeA:SfC OBs as the starting inoculum. At each passage larvae
were orally infected with a suspension of 1 x 106 OBs/ml and individually reared
until death. OBs were recovered from virus-killed corpses, pooled and purified by
centrifugation and used to orally inoculate larvae for the next 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. The
relative abundance of genomes of each virus in each passage was quantified by
qPCR. The experiment was performed in triplicate.

2.6

Determination of ODV composition of AcC6:SfB by plaque assay
Co-envelopment of both viruses in the same ODV was studied in Sf9 cells

that are permissive to AcMNPV and SfMNPV. A plaque assay was performed after
alkaline release of ODVs from samples of 5 x 107 OBs as previously described
(15). Plates were incubated at 28ºC for 5-6 days. Only wells containing 30 or fewer
plaques were subjected to analysis. Individual plaques were picked and suspended
in 500 µl of TC100. The identity of each plaque was studied by PCR amplification of
a viral-specific product using virus-specific primers (Table 1). The presence of both
viruses in the same plaque indicates that nucleocapsids of both viruses had been
enveloped in the same ODV. The experiment was performed in triplicate.

2.7

Confirmation of AcC6:SfB co-envelopment in the same ODV by end

point dilution
The end point dilution technique (24) from an ODV suspension was used
as an alternative method to the plaque assay to obtain BVs resulting of infection by
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one ODV. ODVs were released by alkaline treatment from samples of 5 x 108 OBs.
Sf9 cells (1 × 104 cells/well) were inoculated with serial dilutions of the ODV
suspension in 96-well plates (one plate per dilution). Dishes were incubated at 28ºC
for 7 days and then examined for signs of infection. The assay was performed in
triplicate. Infected dishes resulting from plates with less than 15% of infected wells
(viral dilution 1/1250) were selected. The identity of viruses in each well was
determined by PCR using specific primers (Table 1) as described previously.

3.

3.1

RESULTS
Production of mixed virus OBs
Fourth-stage Spodoptera exigua caterpillars were injected with an ODV

suspension comprising an equal mixture of complete genotype SeMNPV-US2A
(SeA ODVs) and a defective genotype SfMNPV-C (SfC ODVs) that is not infectious
per os but can replicate when injected into a suitable host. Progeny OBs were
collected from virus killed insects and analyzed by qPCR. SeMNPV was the
predominant virus in ODVs released from these OBs, accounting for 95.1 ± 1.3%
(mean ± standard error [SE]) of the genomes in OBs (Figure 1). The characteristic
restriction endonuclease profile of SeMNPV was observed following PstI treatment
of genomic DNA purified from OBs (Figure 2A). However, both SeA and SfC were
detected by PCR (Figure 2B). These OBs were named passage zero (P0) OBs
comprising both species of viruses (SfA:SfC).

Figure 1. Persistence of SfC quantified by qPCR in progeny occlusion bodies during serial
passage (P0 - P6) in Spodoptera exigua caterpillars. The P0 initial inoculum was generated by
co-inoculation of occlusion derived virions (ODVs) released from 1:1 ratio mixtures of SeA
and SfC occlusion bodies and injected into Spodoptera exigua caterpillars that subsequently
died from virus disease. Error bars indicate standard deviation (N= 3).
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Figure 2. A) Restriction endonuclease profiles of PstI digested genomic DNAs from OBs.
Parental viruses, SeA (lanes 1) and SfC (lane 2) were compared to profiles from OBs
produced during coinfection of S. exigua larvae with SeA and SfC ODVs (lanes 3 and 5) that
were similar to that of the SeA virus. Following inoculation of S. frugiperda larvae with OBs
produced during coinfection of S. exigua larvae, OB progeny were recovered from
S. frugiperda and the restriction profile of SfC alone was observed (lanes 4 and 6). Rep 1 and
Rep 2 represent each of two repetitions. Lane M represents the molecular weight marker
(Hyperladder I, Bioline). B) PCR amplification of SfC and SeA genomic DNA using specific
primers. 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 obtained from S. exigua
larvae co-infected with SeA and SfC ODVs (P0). Amplification products (lanes 4 and 6) of
DNAs extracted from OBs produced following inoculation of S. frugiperda larvae with P0 OBs
that had been produced in S. exigua. Lanes 3 and 4 correspond to repetition 1, whereas
lanes 5 and 6 correspond to repetition 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 only observed in SeA genomic DNA (control, lane 1) and OBs from
coinfected insects (lanes 3 and 5), indicating that this virus was eliminated following infection
in S. frugiperda larvae. Lane M indicates the molecular weight marker (Hyperladder I,
Bioline).
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Peroral inoculation of Spodoptera frugiperda fourth-stage caterpillars with
a 1:1 mixture of OBs of genotype AcMNPV-C6 (AcC6 OBs) and a complete orally
infectious genotype SfMNPV-B (SfB OBs) resulted in 97.2 ± 0.23% mortality of
inoculated insects. Analysis of progeny OBs by qPCR revealed that SfB was the
dominant virus in progeny OBs and was 1595-fold more abundant than AcC6
genomes. These passage zero OBs were named P0 AcC6:SfB.

3.2

Mixed virus OBs are orally infectious to S. frugiperda larvae
The SeMNPV virus is not pathogenic to S. frugiperda. Nonetheless, virus

induced mortalities of 28.0±4.0% and 46.7±3.2% were observed in second stage
caterpillars of S. frugiperda that fed on P0 SeA:SfC OBs at concentrations of 107
and 109 OBs/mL, respectively. PCR and restriction endonuclease (PstI) analyses of
DNA from the first passage (P1) OBs collected from virus-killed caterpillars were
consistent with the presence of the SfC genotype alone (Figure 2A and B); no SeAspecific amplification products were detected by qPCR, indicating that SeA did not
replicate in S. frugiperda, which resulted in the elimination of the SeA variant from
the progeny (P1) OBs. The defective SfC variant alone is not able to infect migut
cells because it lacks of the pif-1 and pif-2 genes that encode for essential peroral
infection factors. These results demonstrate that the SfC genotype had employed
the PIF1 and PIF2 proteins produced by SeA to produce the ODVs that initiated
primary infection in the midgut cells of perorally inoculated S. frugiperda larvae.
This is only possible if both SfC and SeA had replicated in cells simultaneously
infected by both viruses.
An alternative hypothesis involving recombination of the pif-1/pif-2 region
between the genomes of each virus was rejected because P 1 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/pif-2 acquired from SeA.

3.3

The defective virus variant persists during passage of mixed virus

population
A peroral serial passage experiment was performed in fourth-stage
S. exigua caterpillars using P0 OBs as the initial inoculum. The progeny OBs were
collected from virus –killed insects at each of six passages, pooled and used as the
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inoculum for the following round of peroral infection. The percentage of SfC
genomic DNA extracted from OBs collected from caterpillars that died at passages
1-6 (P1 - P6) was quantified by qPCR and declined progressively with values of
1.17 ± 0.45% (P1), 0.23 ± 0.04% (P2), 0.10 ± 0.06 (P3), 0.09 ± 0.04% (P4),
0.03 ± 0.01% (P5), and 0.010 ± 0.004% (P6) (Figure 1). The persistence of SfC at
low prevalence in OB progeny across passages demonstrates that SfC was able to
survive in the mixed species population via coinfection with the perorally infective
virus, SeA. As recombination between viruses did not occur and SfC is only able to
infect epithelial cells if co-occluded with SeA (i.e., if SfC replicated in a cell
coinfected by SeA that expressed pif-1 and pif-2 genes), the progressive decline in
the frequency of SfC genomes in mixed species OBs during serial passage is likely
due to a combination of two factors: first that SfMNPV replicates poorly in S. exigua
(31) and second, that in each passage host cells that are infected exclusively by
SfC produce OBs that are not perorally infectious and that will not be transmitted in
the following passage step.

3.4

Co-envelopment of AcC6 and SfB in virions
Peroral inoculation of S. frugiperda caterpillars with a 1:1 mixture of OBs of

AcC6 and SfB resulted in P0 OBs comprising a 1595-fold greater proportion of SfB
genomes than AcC6 genomes. To demonstrate that both viruses were present in
ODVs of P0 OBs, ODVs were released from OBs and subjected to plaque assay
(24). In each repetition, an average of 87.3 ± 12.7 individual plaques, produced
following the infection of a single cell by a single ODV, were analyzed by PCR
using virus-specific primers (Table 1). Overall, 3.8  2.7% (meanstandard
deviation [SD]) of plaques comprised AcC6 alone, whereas 48.1  8.9% of plaques
comprised SfB alone and the remaining 48.16.5% of plaques comprised a mixture
of both viruses (Table 2, Figure 3). The presence of two phylogenetically distant
alphabaculoviruses in the same ODV demonstrated that both viruses had
replicated simultaneously in the same cell, had been co-enveloped in the same
ODV and were therefore co-occluded in the same OB.
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Table 2. Composition of plaques derived from occlusion derived virions (ODVs) released
from AcC6:SfC occlusion bodies determined by PCR using virus-specific primers.
Virus
AcMNPV alone
SfMNPV alone
Co-enveloped

Repetition 1
% (n)
8.06 (5)
32.2 (20)
59.6 (37)

Repetition 2
% (n)
0.98 (1)
53.9 (55)
45.1 (46)

Repetition 3
% (n)
4.08 (4)
52.0 (51)
43.9 (43)

Average
± S.D.
3.8 ± 2.7
48.1 ± 8.9
48.1 ± 6.5

Percentage values indicate the percentage of plaques that were classified in each of the
three categories according to their genomic composition.
n indicates the number of plaques analyzed by PCR in each of three repetitions.
S.D. indicates the standard deviation.

Figure 3. Diagrammatic example of mixed virus occlusion derived virions (ODVs) occluded in
occlusion bodies (OBs) produced following co-infection of Spodoptera frugiperda caterpillars
with SfC and AcC6 viruses. The rectangles and circles represent ODVs in longditudinal or
transverse view, respectively. The horizontal lines inside the rectangles or the dots inside the
circles represent nucleocapsids, the green ones belonging to one species and the pale ones
belonging to another species.

3.5

Additional support for co-envelopment of AcC6 and SfB in virions
The finding on the presence of both viruses in individual ODVs was then

examined probabilistically. An end point dilution assay was performed using ODVs
released from P0 AcC6:SfB OBs. Infection of wells containing a layer of insect cells
by a single ODV was achieved following inoculation with a series of ODV
suspensions at low concentrations. The probabilities with which wells were not
inoculated with an infective dose of ODV can be calculated according to the
Poisson distribution (Table 3). A dilution was selected that resulted in
65

Chapter II

Transmission of mixtures of alphabaculoviruses in a single virion

approximately 90% of uninfected wells, which reflects a situation in which a single
ODV will be responsible for initiating an infection in approximately 10% of wells and
two or more ODVs will be responsible for infection in less than 1% of wells
(Table 3).
Table 3. Probabilities of infection by 0, 1, 2 or 3 occlusion derived virions in wells following
end point dilution assay.

Positive/Total
Prob.(0)
Prob.(1)
Prob.(2)
Prob.(3)

Repetition 1
12/80
0.8500
0.1381
0.0112
0.0006

Repetition 2
11/90
0.8778
0.1144
0.0075
0.0003

Repetition 3
4/86
0.9535
0.0454
0.0011
<0.0001

Positive wells were those that contained at least one cell with pathological signs of
baculovirus infection (OBs in the nucleus). Prob. (0) is the calculated probability in each
repetition of having a well without any signs of infection. Prob. (1-3) refer to the Poisson
distribution probability of the cells in a particular well being infected by one, two or three
ODVs, respectively.

All the wells that were infected at the selected dilution (90% of uninfected
wells) were analyzed by PCR as described above. In all cases the presence of both
viruses was confirmed by PCR (Figure 4), a situation in which probabilistic theory
requires that both viruses were present in each of the individual ODVs that initiated
these infections.

Figure 4. Presence of AcC6 and SfB in samples of Sf9 cells derived from the infection of an
individual occlusion derived virion (ODV) following end point dilution assay. Electrophoresis
of PCR products amplified from DNA extracted from three independent assays (Rep 1, 2 and
3). 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. M indicates molecular size marker (Hyperladder I, Bioline).
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DISCUSSION
In this study we demonstrate that 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. We use the term
“virus species” here to emphasize the interspecific nature of these interactions,
rather than in the strict sense of a polythetic class in current taxonomic use (32).
Infection of an insect by different species of nucleopolyhedroviruses is likely to
provide a mechanism for the transfer of genetic material between viruses in
coinfected cells, leading to natural recombinant virus progeny with unique
phenotypes, that represents a previously unrecognized mechanism for virus
evolution. In addition to the evolutionary implications of co-envelopment and cotransmission of different virus species, this phenomenon provides a unique
opportunity for the development of novel biological insecticides targeted at specific
combinations of caterpillar pest species attacking particular crops.
The

alphabaculoviruses

of

Spodoptera

exigua

(SeMNPV)

and

S. frugiperda (SfMNPV) belong to the same phylogenetic group (33) and are
genetically similar (78% similarity) (34). However, these viruses differ in their host
range (31). SeMNPV can only infect S. exigua, whereas SfMNPV is lethal to both
species although in S. exigua inoculation of SfMNPV OBs results in atypical
infection and no progeny OBs are produced (31). Both viruses were present in the
viral progeny (P0) following injection of S. exigua larvae with a complete SeMNPV
genotype (SeA) (25) and a defective SfMNPV genotype (SfC) that is not perorally
infectious (26) due to the lack of the pif-1 and pif-2 genes (19, 35-36). The P0
inoculum was orally infective to S. frugiperda caterpillars that died from SfC
infection, as this was the only virus present in the OB progeny (P1).
In contrast to the results observed in S. frugiperda, serial passage in
S. exigua demonstrated the persistence of SfC in mixed species OBs comprising
SeA and SfC. This demonstrates that the intimate association between SeA and
SfC persisted during at least six rounds of insect-to-insect transmission, although
the prevalence of the non-infectious SfC variant was reduced at each passage,
probably due to poor replication by this virus in a suboptimal host and the fact that
cells infected by SfC alone produced OBs that had no oral infectivity and would be
totally eliminated from the virus population in the following inoculation step.
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subsequent

study

using

more

distantly

related

species

of

nucleopolyhedroviruses was performed. The presence of both AcC6 and SfB within
the same ODV in the progeny obtained following coinfection of S. frugiperda larvae
was demonstrated by detection of mixed virus ODVs by plaque assay and by endpoint dilution.
Although the presence of diverse genotypes of an alphabaculovirus in an
individual ODV has been demonstrated (15), interspecific co-occlusion and coenvelopment of baculoviruses opens the way to the formulation of new paradigms
in the study of virus-cell interactions and host specificity during baculovirus
replication and virion assembly. Exploitation of common host resources by two
virus species and, more importantly, the encapsidation of different species’
genomes within transmissible virions appears paradoxical given that no advantages
were detected in replication or transmission metrics for either of the interacting
viruses. However given 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
(9), thereby resulting in the production of viable and transmissible virions. The
ability of such mixed species virions to efficiently 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 potential host species are present on shared, or nearby, host plants.
The insect pathology literature indicates that simultaneous infections by
different virus species have been documented, but are usually infrequent in natural
insect populations (37-39). Nonetheless, the replication of distinct baculoviruses
provides a previously unrecognized mechanism for genomic interactions between
virus species that has remarkable implications for baculovirus evolution. The
exchange of genetic material by recombination between different baculoviruses is
clearly likely to generate novel genotypes and potentially novel traits in each of the
viruses involved (33, 40-41).
One of the most important applications of these viruses is their use as
biological insecticides (10). As such, co-occlusion and co-envelopment of different
virus species offers a novel technology by which virus-based insecticides could be
designed to control two or more species of caterpillar pests present on a particular
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crop following a single application of formulated mixed-species OBs. This should
assist in mitigating the marked host specificity of many baculovirus-based
insecticides, and 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 occlusion of mixed baculovirus virions containing the
genomes of each of the parental viruses offers a new window to study the evolution
of these pathogens, in addition to the potential production of custom-designed
biological insecticides, with low environmental impact, to control specific complexes
of pests on agricultural crops or forests.
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CHAPTER III

Superinfection exclusion in alphabaculovirus
infections is concomitant with actin
reorganization
ABSTRACT
Superinfection exclusion is the ability of an established virus to interfere with a second virus
infection. This effect was studied in vitro during lepidopteran-specific nucleopolyhedrovirus
(genus: Alphabaculovirus, family Baculoviridae) infection. Homologous interference was
detected in Sf9 cells sequentially infected with two genotypes of Autographa californica
multiple nucleopolyhedrovirus (AcMNPV), each one expressing a different fluorescent
protein. This was a progressive process in which a sharp decrease in the signs of infection
caused by the second virus was observed, affecting not only the number of coinfected cells
observed, but also the level of protein expression due to the second virus infection.
Superinfection exclusion was concurrent with reorganization of cytoplasmic actin to F-actin in
the nucleus followed by budded virus production (16 - 20 hours post infection). Disruption of
actin filaments by cell treatment with cytochalasin D resulted in a successful second infection.
Protection against heterologous nucleopolyhedrovirus infection was also demonstrated as
productive infection of Sf9 cells by Spodoptera frugiperda nucleopolyhedrovirus (SfMNPV)
was inhibited by prior infection with AcMNPV, and vice versa. Finally, coinfected cells were
observed following inoculation with mixtures of these two phylogenetically distant
nucleopolyhedroviruses: AcMNPV and SfMNPV, but at a frequency lower than predicted,
suggesting interspecific virus interference during infection or replication. The temporal
window of infection is likely necessary to maintain genotypic diversity that favors virus
survival, but also permits dual infection by heterospecific alphabaculoviruses.

This chapter has been accepted in Journal of Virology as: Beperet I, Irons SL, Simón O, King L,
Williams T, Possee R, López-Ferber M, Caballero P. 2014. Superinfection exclusion in
alphabaculovirus infections is concomitant with actin reorganization.
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INTRODUCTION
Superinfection exclusion is a mechanism by which a virus that establishes

an infection in a host excludes subsequent infection by another virus (1-3). This
effect has generally been examined using homologous interference in which the
mechanism of exclusion acts against the same or a closely related virus (4-5).
Superinfection exclusion prevents competition by protecting the first infecting virus
from competitors even if the first-infecting virus is the weaker competitor overall.
This allows the first virus to maximize the production of progeny virus particles once
the cell has been infected. Although superinfection exclusion is a recognized effect
for different virus species, several mechanisms for this phenomenon have been
described (2-3, 6-8). However, total exclusion brings potential disadvantages for
the virus, as it reduces or abolishes the possibility for generation of recombinants,
in situations in which the generation of genetic diversity is advantageous for virus
survival.
Superinfection exclusion has previously been described in the family
Baculoviridae (9-11), although the mechanism underlying the process remains
unclear. Members of this family of occluded, double-stranded DNA viruses have
proved remarkably valuable as pest control agents (12), as protein expression
systems (13-16), for vaccine production (17-18), and potential therapeutic gene
delivery vectors (19). Members of the genus Alphabaculovirus infect lepidopteran
insects through host consumption of plant material contaminated by viruscontaining occlusion bodies (OBs). The OB breaks down in the insect midgut
releasing occlusion derived virions (ODV) that infect midgut cells by fusion with the
epithelial cell membrane, a process that involves a number of peroral infection
factors (20-21). Following an initial infection cycle, budded virions (BV) are
produced that bud through the basal membrane of the cell. These progeny initiate
secondary infections that disseminate the virus throughout the host insect. The
secondary infection process starts when a budded virion enters a susceptible cell
by endocytosis (22), a process that is mediated by a specific virion protein GP64.
Budded virus nucleocapsids are then released from endosomes and move rapidly
to the cell nucleus, where virus replication begins (23-24). New synthesised viral
DNA is assembled into nucleocapsids, with two virion phenotypes produced during
the course of infection: initially nucleocapsids are transported to the cell periphery
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and bud out of cells as budded virions, whereas later in infection nucleocapsids are
retained in the nucleus and acquire a membrane synthesized de novo, forming
ODVs that are subsequently occluded in a polyhedrin protein matrix to form OBs
(24). A functional cytoskeleton is required for virus entry and egress during the
infection cycle (23, 25-26). Actin has been suggested to be of key importance
during viral transportation to the nucleus, gene expression and viral progeny
production (23, 27-28). For example, treatment of baculovirus infected cells with
cytochalasin D (CD), a drug that inhibits actin polymerization, results in a lack of
localization of F-actin and newly synthesized nucleocapsids and this inhibits the
production of virus progeny (29-30). In contrast, microtubules have been
demonstrated to be important in anterograde trafficking of nucleocapsids from the
nucleus to the membrane for the production of budded virions (25).
In the present study we characterized superinfection exclusion in
alphabaculoviruses using two recombinant genotypes of Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) that differed in the expression of
fluorescent proteins as a tool to study homologous interference and the role of actin
in the superinfection exclusion process. We went on to characterize superinfection
exclusion in a heterologous virus system involving AcMNPV and a phylogenetically
distant alphabaculovirus, Spodoptera frugiperda MNPV (SfMNPV) (31). The results
obtained in this study give new insights into alphabaculovirus infection process and
the existence of competition between viruses.

2.

2.1

MATERIAL AND METHODS
Cell line and viruses
Sf9 cell line, a clonal isolate of Spodoptera frugiperda Sf21 cells, was

maintained at 28ºC in TC100 medium supplemented with 10% (v/v) foetal calf
serum (32). AcEGFP-PH+ and AcdsRed-PH+ were kindly provided by Dr. Caroline
Griffiths, Oxford Brookes University. Both recombinant viruses have the respective
fluorescent protein encoding gene (EGFP or dsRed) inserted into the polyhedrin
locus under the control of the polyhedrin promoter and the polyhedrin gene inserted
into the p10 locus under the control of the p10 promoter in the AcMNPV-C6
genome, resulting in an occlusion positive virus (33). AcEGFP-PH- virus was kindly
provided by Dr. John O. Danquah, Oxford Brookes University. The egfp gene is
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inserted into the polyhedrin locus under the control of the polyhedrin promoter in
this virus, resulting in an occlusion negative virus. The SfMNPV used in this study
was a plaque purified variant (genotype B) of a Nicaraguan isolate of SfMNPV (34).
All viruses were propagated in Sf9 cells at 28ºC using standard methods (32).

2.2

Analysis of superinfection exclusion against a homologous virus.
Sequential infections of Sf9 cells were performed at different time intervals

using budded virions of AcEGFP-PH+ and AcdsRed-PH+. For this, 1x106 cells were
seeded onto sterile glass coverslips in 35 mm dishes and were allowed to settle at
room temperature for 2 h. Infections were performed by removing the medium and
adding 100 µl of 108 pfu/ml of the first virus, at a multiplicity of infection (MOI=10)
that ensured synchronous infection. Virions were allowed to adsorb for 1 hour at
room temperature, inoculum was then replaced by fresh medium and cells were
incubated at 28ºC. A total of six infection treatments were performed (see
schematic experimental plan, Figure 1A-F) : (A) mock infected cells; (B) cells
infected with AcEGFP-PH+ alone; (C) cells infected with AcdsRed-PH+ alone;
(D) simultaneous inoculation with both viruses (MOI=10 + 10); (E) sequential
inoculation with AcEGFP-PH+ as the first virus and AcdsRed-PH+ as the second
virus; (F) cells inoculated with AcdsRed-PH+ at the same time as second
inoculations were performed in treatment (E). Superinfection exclusion effects were
detected by comparing each virus signal in sequentially inoculated samples
(Figure1E) to that of the respective controls (Figure 1B and 1F). AcdsRed-PH+infections in superinfection samples (Figure 1E) and superinfection controls were
performed at 3, 6.5, 9.5, 13, 16, 24, 27, 30.5, 38, 43 and 48 h after the first infection
(hpi) following the same method as described for the first infection. Time point zero
for the whole experiment was considered as the moment at which the first virus
inoculum was added to the set of cells of treatments B, C, D, E (Figure 1). At 72 h,
cells were fixed with freshly prepared 4% paraformaldehyde (PFA) in PBS for
20 minutes at room temperature. Cells on the coverslip were then washed twice
with PBS and mounted in Vectashield fluorescent microscopy aqueous mounting
medium (Vector Laboratories). Confocal images were acquired with a Zeiss LSM
510 microscope and processed with LSM Image Browser (Zeiss). At least two
images were taken for each sample and each infection was performed in duplicate.
Imaging acquisition settings were identical for all images.
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Figure 1. Schematic representation of the first superinfection exclusion experiment in which
Sf9 cells were (A) mock infected controls, (B) inoculated once with AcEGFP -PH+, (C)
inoculated once with AcdsRed-PH+, (D) inoculated simultaneously with both viruses, (E)
inoculated initially with AcEGFP-PH+ and subsequently with AcdsRed-PH+, or (F) inoculated
initially with AcdsRed-PH+ and subsequently with AcEGFP-PH+. In all cases cells were
incubated at 28 °C for 72 h following the first inoculation in treatments B, C, D and E (time
point zero). In the complementary experiment, the order of virus inoculation was inverted.

Red

coloured

cells

(AcdsRed-PH+-infected),

green

coloured

cells

+

(AcEGFP-PH -infected) and cells with presence of both colours (dually infected
cells) were counted for each image. Expression of the red fluorescent protein was
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also estimated by quantifying the fluorescence intensity of 10 randomly-selected
cells per image following the subtraction of the background level in both
superinfection and superinfection control samples using Scion Image software
(Scion Corporation). Fluorescence intensity measurements were averaged for each
replicate and were compared at each time point by t-test using SPSS v.15 (SPSS
Inc., Chicago, IL).

2.3

Budded virus production
The titre of budded virus in the medium was studied to determine the

temporal relationship between the exit of virions from infected cells and the
development of the exclusion process. For this, batches of 10 6 Sf9 cells were
seeded and infected with 10 MOI of AcEGFP-PH+ virus, as previously described.
The medium was collected at different times (0, 1, 3, 6.5, 9.5, 13, 16, 20, 24, 27,
30, 38, 48 and 72 hpi) and centrifuged at 2000×g to pellet cells. DNA extraction
was then performed on each supernatant fraction using the MasterPure Complete
DNA Purification kit (Epicentre Biotechnologies). Viral genomic DNA was quantified
using qPCR based on SYBR green fluorescence in an ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems). Specific primers were used to
amplify in the unique gene ac97 of AcMNPV (Ac.1: GATTTGTTGGCCGAATAACG,
Ac.2: TGACTCTTTCACCCATTGCAG). The resulting PCR product was cloned into
the pGEM-T easy vector (Promega). Known dilutions of plasmid DNA were used as
internal standards for qPCR. The reaction mixture (20 µL) contained 10 µL SYBR
Premix Ex Taq (2x), 0.4 µL of ROX Reference Dye (50x), 0.2 µL of each primer (10
pmol/µL) and 1 µL of DNA template. qPCR was performed under the following
conditions: 95ºC for 30 s, followed by 45 amplification cycles of 95ºC for 5 s and
60ºC for 30 s and finally a dissociation stage of 95ºC for 15 s, 60ºC for 15 s and
95ºC for 15 s. All reactions were performed in triplicate. Data acquisition and
analysis were handled by Sequence Detector Version 2.2.2. software (Applied
Biosystems). Melting-curve analysis was performed to confirm specific replicon
formation during qPCR. The entire experiment was performed in triplicate.

2.4

Effect of blocking actin polymerization on superinfection exclusion
To examine the effect of CD treatment on superinfection exclusion,

batches of 106 Sf9 cells were seeded and infected with the AcEGFP-PH+ virus as
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previously described. Virus was then replaced by medium containing 5 µg/ml of CD
in 0.1% DMSO. At 24 hpi, a second infection with AcdsRed-PH+ was performed. At
that moment, virus inoculum was replaced by medium in half of the samples,
whereas in the other half it was replaced by CD-containing medium. Mock infected
cells were set up as controls, as described in the section on superinfection
exclusion, as well as AcdsRed-PH+ alone and AcEGFP-PH+ alone treatments
(Figure1A, B, C and F), each with and without CD treatment. Also, two batches of
106 cells were inoculated with AcEGFP-PH+ and reinoculated 24 h later with
AcdsRed-PH+ in the absence of CD treatment, as an exclusion control (Figure 1E).
Control cultures without CD were treated with 0.1% DMSO. Time point zero for the
whole experiment was considered as the moment at which the first virus inoculum
was added to the samples that would subsequently be subjected to superinfection
at intervals thereafter. At 48 h, the drug and the medium containing DMSO were
removed, cells were rinsed twice with medium and fresh medium was added. At
24 h later, cells were fixed as previously described. The experiment was performed
in triplicate. Confocal images were acquired with a Nikon D-Eclipse C1 microscope
and processed with EZ-C1 software (Nikon).

2.5

Exclusion against heterologous viruses
Batches of 4 × 105 cells/well were seeded onto sterile glass coverslips in

12-well plates and were allowed to settle at room temperature for 2 h. Cells were
then inoculated with 80 µl of a 5×107 pfu/ml concentration of virus (MOI=10) to
ensure a synchronous infection. To determine exclusion against a heterologous
virus, cells were first inoculated with the polyhedrin negative virus AcEGFP-PH-.
This virus was allowed to adsorb for 1 hour at room temperature. Virus inoculum
was then replaced with fresh medium and cells were incubated at 28ºC for 24 h.
These cells were then inoculated with SfMNPV budded virions (MOI=10), as
previously described. Cells were incubated for another 48 h at 28ºC (a total of 72 h
following the first inoculation). Overall, four different treatments were performed:
i) inoculation of cells with AcEGFP-PH- followed 24 h later by inoculation with
SfMNPV; ii) a simultaneous infection in which both viruses were present in the
same inoculum (MOI=10 + 10); iii) an AcEGFP-PH- treatment in which cells were
inoculated with this virus alone at time point zero; and iv) an SfMNPV treatment, in
which cells were inoculated with SfMNPV alone 24 h after the start of the
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experiment. Time point zero for the whole experiment was considered as the
moment at which the first virus inoculum was added to the cells of treatment i).
At 72 h later, cells were fixed and images were acquired with the confocal
microscope. Cells infected with AcEGFP-PH- were identified by the presence of
green fluorescence, whereas cells infected by SfMNPV were identified by the
presence of OBs. The presence of green fluorescence and OBs in the same cell
was used as an indicator of dual infection by both viruses. Furthermore, the ability
of SfMNPV to establish superinfection exclusion was also tested by performing an
identical set of treatments in which SfMNPV was inoculated first, followed 24 h later
by inoculation with AcEGFP-PH-, as previously described.
Finally, 10 batches of cells were infected simultaneously with mixtures of
AcEGFP-PH- and SfMNPV, (MOI 10 + 10) as previously described, to test for the
presence of interactions between these viruses during the early stages of the
infection process. At 72 hpi, cells were fixed and confocal images were acquired.
Cells infected by each virus alone, dually infected cells and the total number of cells
were counted in each image.

2.6

Statistical analysis
The probabilities of infection were calculated according to the Poisson

distribution, with mean () of 10 (i.e., the MOI). The probability of a cell being dually
infected by at least one virion of each virus was calculated as: 1–pAB–pA–pB, where
pAB is the probability of escaping infection by either virus [2.06 x 10 -9], pA is the
probability of infection with virus A alone [4.54 x 10 -4], and pB is the probability of
infection with virus B alone [4.54 x 10-4]). For an MOI value of 10 for each virus this
calculation indicates that >99.9% of cells would be dually infected assuming that all
cells were equally susceptible to infection at the moment of inoculation and that all
virions were equally infectious.
The prevalence of dual infection was estimated as the product of the
proportion of SfMNPV-infected cells and the proportion of AcEGFP-PH- infected
cells. This product was taken as the expected prevalence of dual infection
assuming that viruses do not interfere with one another during the early stages of
infection, prior to the appearance of OBs or fluorophore protein. The proportions of
observed and expected dually-infected cells were compared by paired t-test after
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fitting a generalized linear model in GLIM with a binomial error structure specified
(35).

3.

3.1

RESULTS
Superinfection exclusion based on homologous interference depends

on the lag of time between infections.
To investigate the temporal aspects of superinfection exclusion an initial
infection of AcMNPV expressing EGFP was followed at different time points with a
second infection challenge from AcMNPV bearing dsRed. The process of infection
and exclusion was quantified by measurement of fluorescence intensity in infected
cells. No significant differences were observed in the numbers of cells infected with
AcEGFP-PH+ or AcdsRed-PH+ viruses following simultaneous inoculation of cells
with both viruses. Overall, 4.4±1.2% of cells expressed only the red marker and
3.5±2.1% of cells expressed only the green fluorescent marker. Overall 95.4±3.5%
of infected cells showed expression of both markers, with respect to the frequency
of AcEGFP-PH+ infected cells (Figure 2). The frequency of dual infections
decreased with increasing intervals between each virus inoculation (F9,51=65.94,
p<0.001) (Figure 2). During the 9.5 h interval between inoculations, increased
variability in the frequency of dual infection between replicates was observed and
quantified by capturing 13 images at each time point that were analyzed to estimate
dual infection. During the 13 and 16 h intervals between inoculations less than 20%
of dually infected cells were observed. During the 20 and 24 h intervals between
inoculations the frequency of dual infection by visual examination of treated cells
was <0.5%. Thereafter, no coinfected cells were detected whereas dsRed emission
was clear in the cells that had been treated only with AcdsRed-PH+ at all time
points. The complementary experiment was also performed, with AcdsRed-PH+ as
the first virus and AcEGFP-PH+ as the second virus, and near identical results were
observed (Figure 3).
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Figure 2. Degree of superinfection was directly affected by time interval between initial and
second infection. Confocal images of samples of superinfections at different times and their
respective controls. EGFP channel and dsRed channel show AcEGFP-PH+ infected cells and
AcdsRed-PH+ infected cells in the superinfection samples (Figure 1E), respectively. The
merged image of the EGFP and dsRed channels (merge) shows co-infected cells in varying
shades yellow depending on relative expression of GFP and dsRed. Superinfection control
images represent AcdsRed-PH+ only infected cells (Figure 1F), as a control for the second
virus infection. The numbers in bold correspond to the time interval between inoculations
(hpi) and the numerical values indicate the percentages (±SD) of coinfected cells with respect
to AcEGFP-PH+-infected cells.
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Figure 3. Complementary experiment performed with AcdsRed-PH+ as the first virus and
AcEGFP-PH+ as the second inoculum. The scheme is similar to that shown in Figure 2. The
dsRed channel and EGFP channel show AcdsRed-PH+ infected cells and AcEGFP-PH+
infected cells in the superinfection samples, respectively. The merged image of the dsRed
and EGFP channels (merge) shows co-infected cells in varying shades depending on relative
expression of GFP and dsRed. Superinfection control images represent AcEGFP-PH+ only
infected cells, as a control for the second virus infection. The numbers in bold correspond to
the time interval (hpi) between inoculations.

Resistance to a second virus infection was analyzed by quantification of
the fluorescent protein encoded in the second virus genome. Mean fluorescence
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intensity measurements of red cells estimated with Scion Image software differed
significantly between images taken from superinfection samples and superinfection
controls in every time point except from time point zero (Figure 4).

Figure 4. Expression levels of the challenging virus were suppressed in superinfected cells.
Comparison of DsRed expression in terms of mean relative fluorescence intensity of
AcdsRed-PH+-infected cells. Both superinfection samples and superinfection controls were
seeded, inoculated using AcdsRed-PH+, incubated, and fixed simultaneously. The only
difference was the AcEGFP-PH+ treatment performed in superinfection samples at time zero.
Images were taken after fixation at 72 hpi. Black squares indicate mean relative intensity of
red cells in images from superinfection controls (Figure 1F) and white circles are mean
relative intensity of red fluorescence in cells in images from superinfection samples (Figure
1E). Values in control and superinfection samples differed significantly at every time point
after time zero. Error bars represent standard deviation.

When cells were coinfected, the intensity of AcdsRed-PH+ dsRed
fluorescence in superinfection samples was similar to that of the dsRed control
samples (t=0.359, df=3, p=0.743). At the remaining time points, dsRed expression
level decreased in both types of samples, but fluorescence decreased more
markedly and was consistently lower in superinfection samples than in the controls
treated with single viruses (t-test following logarithmic normalization: t=2.638,
df=31, p=0.013). Decreased expression of dsRed in the control samples was likely
because the interval between second infection and fixation was half that of the
earlier infection, i.e. AcdsRed-PH+ infection performed 24 h after inoculation with
AcEGFP-PH+ in the superinfection treatment, left the dsRed gene just 48 h for
replication and expression prior to fixation. As the fluorescent genes are under the
control of a late promoter, this period was not sufficient to achieve high levels of
dsRed expression.
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The release of budded virus begins close to the time at which

superinfection exclusion occurs
Budded virus release was estimated by quantifying copies of the unique
gene ac97 in cellular supernatants by qPCR (97% efficiency, r2=0.9960). An
important increase in budded virus production was observed at 16 hpi with an
average of 11.0×105 ± 0.7×105 viral copies/ml (Figure 5). At later times, the total
amounts of budded virus present in the supernatant continued to increase steadily,
and reached 7.20×107 ± 0.85×107 copies/ml at 37 hpi (Figure 5). The percentage of
dual infections was dramatically reduced when budded viruses began to egress
from infected cells and was undetectable soon after.

Figure 5. Suppression of superinfection was concurrent with budded virus egress from
infected cells. The prevalence of dual infection in cells and BV production varied over time.
Percentages of coinfected cells with respect to AcEGFP-PH+ infected cells following
superinfection are represented as black squares on the primary vertical axis. BV production
(×105 viral copies/ml) is represented as circles on the secondary vertical axis. Error bars
indicate standard deviation.

3.3

Disruption

of

the

actin

cytoskeleton

impedes

superinfection

exclusion.
To explore potential mechanisms of exclusion, the role of the actin
cytoskeleton, which is known to be involved in nucleocapsids entry (23), was
investigated through disruption by cytochalasin D (CD). Treatment with CD resulted
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in a loss of the characteristic rounded shape of Sf9 cells, both in uninfected and
AcEGFP-PH+ infected cells (Figure 6A). After removing the drug, cells recovered
their normal shape, indicating that normal polymerization of actin filaments had
been restored. Normal levels of red or green fluorescence signals were observed in
cells infected by AcdsRed-PH+ and AcEGFP-PH+, with or without CD treatment
(Figure 6Ba and b). No dsRed signal was observed in the exclusion control, in
which cells were inoculated with AcEGFP-PH+ and reinoculated 24 h later with
AcdsRed-PH+ in the absence of CD treatment (Fig 6Bc). However, dsRed signal
was present in superinfected cells treated with CD, both when the drug had been
rinsed out at 24 hpi (Figure 6Bd) and when it had been present during the entire
48 hpi period (Figure 6Be). These observations indicate that superinfection
exclusion was overcome in the presence of the CD treatment.

Figure 6. Superinfection exclusion was impeded by actin reorganization. A) Comparisons
between cells treated with cytochalasin D (CD) and untreated cells in both uninfected and
AcEGFP-PH+ infected cells. Images were taken at 48 hpi. B) Confocal images of
superinfection samples treated with CD and untreated cells. Cells of treatments c, d and e
were initally inoculated with AcEGFP-PH+ and subsequently with AcdsRed-PH+. EGFP
channel and dsRed channel show AcEGFP-PH+- infected cells and AcdsRed-PH+- infected
cells, respectively. Arrows in the name of each treatment (a-e) represent the 24 h period
elapsed between inoculations. CD was removed at 48 hpi, except for Fig. 5Bd, in which CD
was removed before the second inoculation. Images were taken at 72 hpi.
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Figure 6. Continued.

3.4

Superinfection exclusion is also established against a heterologous

alphabaculovirus and is not exclusive to AcMNPV.
Having demonstrated superinfection exclusion occurs between two
variants of the same virus, we progressed to study whether similar responses
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would occur when different virus species attempted to infect the same cells. When
cells were simultaneously inoculated with AcEGFP-PH- and SfMNPV, both OBs and
green fluorescence were simultaneously observed in many of the cells; a clear
demonstration of dual infection (Figure 7A). SfMNPV was not able to establish a
productive infection in cells that had been infected 24 h previously with AcEGFPPH- (Figure 7B). Similarly, when the converse experiment was performed using
SfMNPV as the first virus followed 24 h later by AcEGFP-PH- inoculation, only OBs
were observed in the cell nucleus in the absence of cell fluorescence (Figure 7C).
Hence, SfMNPV was able to block subsequent productive infection by AcMNPV.
An average (±SE) of 132.4 ± 49.2 cells were examined in each replicate,
of which 80.8 ± 4.6% showed signs of infection. Overall, 85.8% (range of SE: 84.8
– 86.8) of virus-infected cells were infected by SfMNPV, 14.2% (range of SE: 13.2
– 15.1) were infected by AcEGFP-PH- and 3.8% (range of SE: 3.3 – 4.4) were
infected by both viruses. The expected mean percentage of dual infection across
replicates was calculated at 12.2%, which was significantly higher than the
observed mean prevalence (3.8%) of dual infection (paired t-test, t = 4.60, d.f. = 4,
P = 0.01).

4.

DISCUSSION
Superinfection exclusion against a homologous alphabaculovirus was

detected by sequentially infecting Sf9 cells with two different genotypes of
AcMNPV. The exclusion effect was studied using genotypes carrying different
fluorescent protein genes under the control of very late promoters. Therefore the
presence of the fluorescent signals could be directly related to a complete and
successful infection of the respective virus(es). The interval between infections that
resulted in a very low frequency (≤1%) of dual infections was 20 h or more. A
similar temporal window to superinfection was previously reported using occlusion
negative viruses in Sf21 or Sf9 cells using fluorescence microscopy (9, 11).
The block to infection with a second virus was quantified by visual counts
on the percentage of dually infected cells, and confirmed by analysis of the
fluorescence intensity due to fluorophore expression by the second virus, that was
consistently lower in the superinfecting virus than in the corresponding single
infection control treatments.
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Figure 7. Heterologous interference between different viruses. Sf9 cells were infected with
EGFP expressing AcMNPV and then challenged immediately (a), or with a 24 h delay with
SfMNPV (b) or vice versa (c). EGFP channel shows AcEGFP-PH-- infected cells. SfMNPVinfected cells containing OBs can be visualized on trans channel. Merge channel presents
images following the merger of both channels. Close up of cells within circles revealed the
presence/absence of OBs and green fluorescence inside the cells. The second virus infection
control column shows images of cells infected with SfMNPV alone or AcEGFP-PH- at the
same time as inoculation of the second virus (superinfection) was performed. Arrows in the
name of the treatments (a-c) indicate cells that were inoculated at an interval of 24 h by both
viruses.
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High multiplicities of infection (MOI) have been linked to decreased cell
viability in cell culture systems (36), although we observed no noticeable change in
cell death kinetics in our study involving MOI of 10, or up to 20 in dually inoculated
cells. Also, cells exposed to high MOIs do not appear to experience saturation of
cellular receptors (37-40), even when inocula comprise high titers of defective
particles (11). In contrast, MOI values in insect larvae infected by a baculovirus
have been estimated at 4 - 5 genomes/cell (41). At this MOI, almost all susceptible
cells of the larva will become infected (Poisson estimated probability of not being
infected P = 0.018 – 0.007), thus maximizing the exploitation of host cellular
resources for the replication of these pathogens. In addition, from ecological and
evolutionary perspectives maintaining a temporal window of susceptibility to
superinfection is a mechanism by which genotypically diverse virions can co-infect
a single cell resulting in the production of genotypically heterogeneous OBs (42)
that can be more transmissible than genotypically uniform OBs, thereby increasing
the probability of survival of the baculovirus population (43-44).
The co-occurrence of superinfection exclusion with the start of the exit of
budded virions from infected cells revealed a temporal link between these two
events. Hence, exclusion may be associated with cellular changes associated with
the egress of budded virions, which occurs at the beginning of the late stage of
infection (28). The possibility that lack of dsRed fluorescent signal may have been
due to cell death following the first infection was discounted, as cells were just
beginning full production of budded virions when they become totally refractive to a
second infection, which was long before any cytopathic effects were observed (4-5
days); apoptosis was also not observed in AcdsRed-PH+ treated cells. Actin
filaments have a key role in this transition phase. In the early stages of infection,
viral transcription is carried out by the host RNA polymerase II, whereas late and
very late viral gene expression is mediated by a viral encoded RNA polymerase
(24, 45-46). The baculovirus polymerase is actin-sensitive (29) and it has been
hypothesized that a shift in the nucleus from G-actin to F-actin, which is part of the
virogenic stroma and stabilizes the formation of nucleocapsids, is responsible for
silencing the host RNA polymerase II (28). Therefore, actin polymerization in the
nucleus is likely to be involved in silencing of both host and early viral gene
transcription.
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Nucleocapsid trafficking to the nucleus is mediated by thick actin filaments
in the cytoplasm that interact with the viral P78/83 capsid protein (23). This
conformation changes in the following hours (4-7 hpi), the cytoplasmic cables
disappear and G-actin concentration increases in the nucleus (28, 47). These
processes are mediated by a number of viral genes, including arif-1 (23, 48-49).
Nuclear actin polymerizes later in infection (~12 hpi), concurrent with the beginning
of assembly of progeny nucleocapsids (28, 47). This may be the reason why
superinfection from 6 hpi onwards resulted in lower expression of the second virus
in dually infected cells, as during this period cytoplasmic F-actin is less available to
assist transport of infecting nucleocapsids towards the nucleus and nuclear actin is
also in a suboptimal configuration to facilitate host RNA polymerase in early viral
gene expression.
As the lag between the first and second infections increases, the degree of
virus-induced actin reorganization from the cytoplasm and within the nucleus,
specifically the reduced availability of G-actin, becomes increasingly incompatible
with gene expression of the second virus at later times post-infection. In addition,
the presence of early gene expression inhibitors from the first-infecting virus in the
nuclear environment is likely to severely hinder the expression of the early gene set
of the second infecting virus. At 16 - 20 hpi, the cell becomes fully refractive to
superinfection, and is geared up to budded virus production. At this moment, the
second virus was unable to generate a productive infection. Whether the second
virus was able to enter the cell and travel to the nucleus or initiate transcription
remains unclear and should be examined in future studies.
The effect that the disruption of actin filaments may have on superinfection
exclusion was investigated by the use of cytochalasin D (CD). CD treatment of cells
resulted in suppression of replication of the first-infecting virus due to the marked
delay in early gene silencing and nucleocapsid assembly in the absence of nuclear
F-actin in CD-treated cells (30). Furthermore, infecting nucleocapsids are able to
reach the nucleus in the absence of cytoplasmic actin although the efficiency of this
process is greatly reduced (28). When CD was removed and the second virus
inoculated, both viruses proceeded to replicate normally. This confirms the key role
of nuclear actin in the replication of baculoviruses; indeed, these are the only
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viruses that are capable of redistributing cellular actin to the nucleus to facilitate
gene expression and nucleocapsid formation (28).
Our results also show that superinfection exclusion involves not only
homologous interference but also exclusion of other lepidopteran-specific
alphabaculoviruses, as every member of this genus follows the same general
infection process (24). The fact that both AcMNPV and SfMNPV, two
phylogenetically distant nucleopolyhedroviruses, are able to exclude superinfecting
viruses suggests that this process is common to every alphabaculovirus and is
likely to be mediated by one or more of the 62 open reading frames (ORF) that
have homologs in all lepidopteran-specific baculoviruses (50).
Inoculation of Sf9 cells with SfMNPV was markedly more efficient than
inoculation with AcMNPV during coinfection studies. When infecting simultaneously
with both viruses, a lower than expected frequency of dual infections was observed
(3.8% instead of 12.2% dual infections). The overall prevalence of infection was
also lower than expected given an MOI of 10, suggesting that a fraction of the cells
were not susceptible to infection at the moment of inoculation, despite our efforts to
synchronize the cell cycle phase. Although our methodology determined the
success of the virus cycle rather than specific phases of infection and replication in
the dually infected cell, it was clear that the viruses interfered with one another,
resulting in a lower than expected incidence of co-infection. It is not clear at present
which aspects of the virus-cell relationship are involved in this interaction. However,
our

results

clearly

demonstrate

that

productive

co-infection

with

two

phylogenetically distant nucleopolyhedroviruses can occur.
In conclusion, the results presented here suggest that superinfection
exclusion is likely to be common in alphabaculovirus infected cells. Furthermore,
disruption of actin filaments in the cells by treatment with cytochalasin D inhibited
the exclusion process. The closing of the temporal window of superinfection
coincided with the reorganization of cytoplasmic actin to F-actin in the nucleus that
in turn coincided with the end of the early phase of infection (12-15 hpi.). The
temporal window of susceptibility to subsequent virus infection, during which
multiple budded virions can infect cells, is likely necessary to promote genotypic
diversity that favors the transmission and survival of alphabaculoviruses, but
incidently allows defective genotypes (44, 51) and heterologous alphabaculoviruses
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to coinfect these cells. These findings also point to a possible mechanism that
facilitates recombination between homologous and heterologous baculoviruses
within dually infected insects. This mechanisms’ potential to generate novel
genotypes that comprise mosaics of genes from phylogenetically distant origins is
an intriguing one that merits consideration during studies on baculovirus evolution
and the phylogenetic relationships within this family of viruses.
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CHAPTER IV

Time interval between infections modulates
interspecific baculovirus coinfection dynamics
in vivo
ABSTRACT
Superinfection exclusion is the ability of an established virus to exclude subsequent infection
by another virus. This phenomenon was studied in vivo in larvae of Spodoptera frugiperda,
using Autographa californica multiple nucleopolyhedrovirus (AcMNPV) as the first virus and
Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV) as the second virus, and vice
versa. Total exclusion to a second infection was not observed in either of the experiments.
However, evidence of superinfection exclusion was detected mainly when infections were
performed with AcMNPV as the first virus, as larval mortality, the presence of SfMNPV
genomes in the progeny OBs and the prevalence of ODVs containing only the secondinfecting virus were consistently reduced when the superinfecting virus was SfMNPV.
Furthermore, superinfection exclusion was established in the early stages of infection, within
12 hours of inoculation of the first virus. Finally, biological activity assays indicated no
significant differences in terms of OB pathogenicity (50% lethal concentration) or viral
progeny production in S. frugiperda or S. exigua second instar larvae, when co-occluded OBs
comprising AcMNPV+SfMNPV were compared with an equal mixture of OBs of each virus.
Positive or negative interactions between AcMNPV and SfMNPV were not detected following
inoculation with these viruses in co-occluded OBs or OB mixtures. We conclude that each
virus infects host larvae in an independent manner irrespective of their physical association in
co-enveloped ODVs within co-occluded OBs or in mixtures of OBs of each virus.

This chapter will be submitted to Applied and Environmental Microbiology as: Beperet I, Simón O,
Williams T, López-Ferber M, Caballero P. Time interval between infections modulates interspecific
baculovirus coinfection dynamics in vivo.
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INTRODUCTION
Mixed infections or coinfections occur when two or more viruses or virus

genotypes infect a host at a particular moment. In contrast, superinfections are
sequential infections in which different genotypes or viruses infect a previously
infected cell after the first virus has established an infection. These processes have
been studied in numerous viruses (1-3), and mechanisms to prevent superinfection
have been described in many of them (4-8), although most of these studies have
been performed in vitro.
Superinfection exclusion has been described in the Baculoviridae (9-11), a
family composed of double stranded DNA viruses that infect arthropods, particularly
Lepidoptera. In this family, superinfection exclusion was associated with a change
in the conformation of the cellular actin filaments in response to infection by the first
virus in a cell culture system (9). Superinfection exclusion at the organismal level
has not been studied.
An important characteristic of baculoviruses is their ability to form
occlusion

bodies

(OBs).

Lepidopteran

nucleopolyhedroviruses

(genus

Alphabaculovirus) are occluded in a polyhedrin protein matrix and can be classified
into two groups based on morphology of the occlusion derived virion (ODV). The
ODVs of multiple type viruses (MNPV) comprise one, two or more nucleocapsids,
each containing a copy of the viral genome, enveloped by a lipid membrane to form
the ODV. In contrast, single type viruses (SNPV) invariably contain only one
nucleocapsid in each ODV (12). This characteristic of the MNPVs means that an
ODV can contain the genomes of different genotypes, or even in exceptional cases,
two or more baculovirus species (13) resulting in the production of mixed genotype
or mixed species ODVs and mixed OBs. Mixed genotype ODVs are common in
natural populations of some MNPV isolates (14) whereas mixed species ODVs
have not been reported in nature to date.
Mixed species ODVs were produced for the first time following
simultaneous coinfection of a susceptible host larva by two MNPVs (13). The effect
of time interval between infections is rarely considered in the study of baculovirus
interactions in vivo or in vitro (15). However, in natural conditions a plant-feeding
caterpillar may encounter and consume OBs of different baculoviruses during the
course of its development, leading to possible sequential infection by different virus
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species at different points in time. Furthermore, the time interval between the first
and subsequent infections is likely to have a profound influence on the identity of
the viral progeny produced in each insect (9). Analyzing the effect of temporal
changes in the dynamics of infection can provide insights into the evolution and
ecology of baculoviruses and have important implications in the generation and
maintenance of viral diversity (16-17).
In the present study, the interaction of Autographa californica MNPV
(AcMNPV) and Spodoptera frugiperda MNPV (SfMNPV) in S. frugiperda larvae was
employed to study baculovirus superinfection in vivo. AcMNPV has a broad host
range (18), whereas SfMNPV has a narrow host range and only produces
characteristic lethal infections in its homologous host and produces anomalous
infections in S. exigua and S. littoralis larvae (19). This system has been used for
the study of superinfection exclusion in vitro (9). Here, we examined the effect of
the time interval between virus challenges on the identity and production of virus
progeny as evidence of superinfection exclusion in vivo. Particular attention was
paid to the distribution of virus genomes among progeny ODVs. Finally, the effects
of co-occlusion and co-envelopment of the viruses on the biological activity of
progeny OBs were examined.

2.

2.1

MATERIALS AND METHODS
Insects, cells and viruses
Larvae of S. frugiperda and S. exigua were obtained from laboratory

colonies maintained at 25ºC, 75% relative humidity (RH) and 16h light: 8h dark
photoperiod on a wheat germ-based semisynthetic diet at 25ºC (20). S. frugiperda
Sf9 cells were maintained in TC100 medium containing 10% fetal calf serum at
28°C (21). Two different virus inocula were used. The first inoculum was a plaque
purified variant of SfMNPV (22), which is the largest variant of a SfMNPV
Nicaraguan isolate and is named SfMNPV-B (23). The second inoculum was the
clone AcMNPV-C6 (24).

2.2

Superinfections at different time intervals
Fourth instar S. frugiperda larvae were inoculated per os following the

droplet feeding method (25) with AcMNPV-C6 OBs at a concentration of
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5×107OB/ml. These larvae were then inoculated at different time intervals (12, 24,
48 and 72 hours post-infection [hpi]) following the same method with 5×107OB/ml of
SfMNPV-B as the second virus challenge. The inverse experiment was also
performed with SfMNPV-B OBs as the initial inoculum and AcMNPV-C6 OBs as the
challenging virus. This concentration (total concentration: 5×10 7 OB/ml + 5×107
OB/ml) was selected to result in a high percentage of mortality due to SfMNPV
infection (26). The experimental control treatments were: non-infected larvae,
SfMNPV-B infected larvae, AcMNPV-C6 infected larvae, and larvae infected with a
mixture of AcMNPV-C6 and SfMNPV-B in a 1:1 proportion (Ac+Sf) with a total
concentration of 108 OB/ml (5×107 OB/ml + 5×107 OB/ml). Larvae were reared
individually at 25ºC and virus mortalities were recorded until larvae had died or
pupated. The experiment was performed using groups of 24 larvae inoculated in
each treatment and the experiment was performed on three occasions. Virus
induced mortality results were subjected to ANOVA analysis and Tukey’s post hoc
test with the SPSS v.15. OBs were recovered from dead larvae and filtered through
cheesecloth. These were washed twice with 0.1% sodium dodecyl sulfate (SDS)
and twice with double-distilled water and finally resuspended in double-distilled
water. The resulting OB suspensions were quantified in triplicate a Neubauer
chamber and stored at 4ºC.

2.3

Determination of viral proportions in the OB samples
The proportions of virus genomes in progeny OB were determined

following a method adapted from Zwart et al. (27). First, it was necessary to
estimate the average genomic content of each OB for each virus. For this, DNA
was extracted from samples of 106 OBs as described previously (28). DNA samples
were diluted 1:100 and each virus DNA was quantified using qPCR based on
SYBR green fluorescence in an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems) using specific primers (Table 1) (28). PCR products resulting
from specific amplification were cloned into the pGEM-T easy vector (Promega)
and known dilutions of plasmids DNAs (5×10-9 to 5×10-1 ng/µl) were used as
internal standards for each qPCR reaction. Melting-curve analysis was performed
to confirm specific replicon formation in qPCR. DNA quantification was performed
in duplicate in fifteen different OB samples from each virus.
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Table 1. Primers used in this study.
Primers
Ac.1

Sequences
5’-GATTTGTTGGCCGAAT
AACG-3’

Ac.2

5’-TGACTCTTTCACCCAT
TGCAG-3’

Sf.1

5’-ACGCCGTTCAAAGACA
CGAG-3’

Sf.2

5’-CCGCTTTGCCTTCGAC
ATAG-3’

AcDNApol.1

5’-CAAATGTAGAATCTGT
GTCG-3’

AcDNApol.2

5’-CAGCCATCACAAACAC
GCGC-3’

SfDNApol.1

5’-CAACGACATCAATAGA
GTGC-3’

SfDNApol.2

5’-AAATATTGCTAAGCAC
ATCG-3’

Amplification purpose
AcMNPV DNA quantification (qPCR),
forward primer that amplifies in the unique
ac97 gene (nt 84,850-84,869 in AcMNPVC6 genome).
AcMNPV DNA quantification (qPCR),
reverse primer that amplifies in the unique
ac97 gene (nt 84,958-84,938 in AcMNPVC6 genome genome).
SfMNPV-B DNA quantification (qPCR),
forward primer that amplifies in the unique
sf43 gene (nt 42,832-42,851 in SfMNPV-B
genome).
SfMNPV-B DNA quantification (qPCR),
reverse primer that amplifies in the unique
sf43 gene (nt 42,976-42,957 in SfMNPV-B
genome).
AcMNPV detection in individual cell culture
plaques, forward primer that amplifies in
the DNA polymerase (nt 53,264-53,283 in
AcMNPV-C6 genome).
AcMNPV detection in individual cell culture
plaques, reverse primer that amplifies in
the DNA polymerase (nt 53,968-53,949 in
AcMNPV-C6 genome).
SfMNPV detection in individual cell culture
plaques, reverse primer that amplifies in
the DNA polymerase (nt 88,358-88,377 in
SfMNPV-B genome).
SfMNPV detection in individual cell culture
plaques, reverse primer that amplifies in
the DNA polymerase (nt 89,322-89,303 in
SfMNPV-B genome).

Second, it was necessary to validate the method for quantifying the ratio of
virus genomes present in mixtures and relate each ratio to the corresponding
mixture of OBs (27). Quantified mixtures of OBs were prepared in different ratios,
ranging from 104:1 to 1:104. DNA was extracted from samples of 106 OBs of these
mixtures as previously described, and viral genomes present in the mixtures were
quantified in independent reactions by qPCR (28). The experiment was performed
in triplicate. The ratio of AcMNPV/SfMNPV genomes was calculated in each
sample and was used to estimate the corresponding ratio of AcMNPV/SfMNPV
OBs, using the results obtained for genomic DNA content per OB. Correlation
between the qPCR-estimated ratio of OBs and the actual ratio of OBs used to
prepare OB mixtures was used to validate the method for quantifying the ratio of
genomes (as OB equivalents) in virus mixtures (27).
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Finally, DNA extractions were performed on OBs resulting from
superinfections and the proportions of each virus in OB samples were determined
by qPCR, as described above. The results were transformed to OB-equivalents and
subjected to analysis of variance (ANOVA) and Tukey’s post hoc test using SPSS
v15.

2.4

Determination of ODV viral composition
The genomic composition of ODVs was determined by plaque assay in

samples obtained following superinfection with a time lag between infections of 12
and 24 hours (14). These time points were selected because they were close to the
time at which total superinfection exclusion was observed in cell culture, at
approximately 20 h post-infection (9). ODVs were released from samples of
5×107 OBs in a volume of 500 µl by treatment with 0.1 M Na 2CO3 at 28ºC for 30
minutes. This suspension was filtered through a 0.45 µm filter and serial diluted
(10-1-10-6) in TC100 medium. Dishes seeded with 106 cells were inoculated with
200 µl of each dilution. The plates were incubated one hour 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 (Rockland, USA) were added to the
dishes. Plates were incubated at 28ºC for 5-6 days. After incubation, dishes were
visually examined in order to identify formed plaques. Only wells containing 30 or
fewer plaques were subjected to analysis. Individual plaques were picked and
diluted in 500 µl of TC100. In order to select the DNA extraction method with the
lower limits of detection, four different treatments were performed on samples of
50 µl containing known concentrations of AcMNPV and SfMNPV budded virions
(BVs) (0-105pfu/ml): i) treatment with 2.5 µl of proteinase K (20 mg/mL) and
incubation at 50ºC for one hour, ii) incubation for 10 minutes at 100ºC, iii) treatment
with proteinase K followed by incubation at 100ºC for 10 minutes and iv) incubation
at 100ºC for 10 minutes followed by treatment with proteinase K. Following each
treatment, 1 µl of each sample was subjected to PCR using specific primers for
each virus (Table 1). Finally, the presence of viral genomes in the different clones
from the plaque assays was examined by PCR with specific primers. The genomic
composition of ODVs was analyzed in two samples of progeny OBs from
superinfection studies at each time point.
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Biological activity of a co-occluded sample
The biological activity of the co-occluded sample obtained following first

inoculation with AcMNPV-C6 OBs and subsequent inoculation with SfMNPV-B OBs
24 hours later (Ac24Sf) was compared with a equivalent mixture of OBs (Ac:Sf),
and each of the parental viruses alone (AcMNPV-C6, SfMNPV-B). To prepare the
equivalent mixture in an accurate way, DNA extractions were performed on
mixtures of different proportions of OBs from 10:1 to 1:10 and from the Ac24Sf
samples. The proportions of each virus genome present in these samples were
quantified by qPCR as described above. The mixture of OBs with the proportions of
genomic DNAs of each species closest to that of the Ac24Sf samples was selected
for insect bioassays.
The 50% lethal concentration (LC50) was estimated in second instars by
per os bioassay following the droplet feeding method (25), in both S. frugiperda and
S. exigua larvae. Insects were inoculated with one of five concentrations estimated
to kill between 5 and 95% of the insects and a control without OB treatment. In
S. frugiperda larvae, these concentrations were fivefold dilutions between 1.2 × 106
and 1.9 × 103 OB/ml for SfMNPV, Ac24Sf and Ac:Sf, whereas similar dilutions
ranging from 1.2 × 107 to 1.9 × 104 were employed for AcMNPV. In S. exigua
larvae, the concentrations used were fivefold dilutions between 1 × 107 and
1.6 × 104 OB/ml for AcMNPV, Ac24Sf and Ac:Sf. In contrast, tenfold dilutions
ranging from 5 × 107 to 5 × 103 OB/ml were employed for SfMNPV. Bioassays with
groups of 24 larvae per virus concentration and 24 control larvae were performed in
triplicate. Larvae were reared individually at 25ºC and mortality from polyhedrovirus
disease was recorded every day until larvae had died or pupated. Virus induced
mortality results were subjected to probit analysis with the POLO statistical program
(29). Interactions between both viruses in the Ac24Sf and Ac:Sf samples were
evaluated using the method of Tabashnik (30) in which the expected LC50 value of
a mixture (LC50m) is given by the relative proportions (ra, rb) of components a and b
and the LC50 values of each component following the equation LC50m = [ra/LC50a +
rb/LC50b]-1. Hence, synergistic interactions between viruses would increase the
effectiveness of the mixture, resulting in a lower LC50m value than predicted by
Tabashnik’s formula. Antagonistic interactions would result in the opposite effect.
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Finally, the proportion of genomes of each virus present in OB progeny
was determined for the Ac24Sf and Ac:Sf samples. For this, groups of 24 second
instar S. frugiperda and S. exigua larvae were inoculated with OB concentrations
estimated to result in 90% mortality, namely, 6.6×105 OB/mL for Ac24Sf and
6.2×105 OB/mL for Ac:Sf in S. frugiperda and 6.0×106 OB/mL for Ac24Sf and
8.4×106 OB/mL for Ac:Sf in S.exigua. OBs were recovered from all virus-killed
insects, pooled and the proportions of genomes of each species present in pooled
OBs were estimated by qPCR as described above. Results are expressed in OBequivalents for each virus and were subjected to Mann Whitney U test using SPSS
v15. The experiment was performed in triplicate.

3.

3.1

RESULTS
Superinfection exclusion: evidence from virus induced mortality
The

prevalence

of

mortality

from

polyhedrosis

disease

after

superinfections (Figure 1) differed significantly between treatments (F10,672=230;
p<0.001). The AcMNPV-C6 treatment resulted in the lowest mortality (43.8 ± 0.9%),
whereas SfMNPV-B, the Ac+Sf mixture and the superinfections with SfMNPV-B as
the first virus resulted in the highest prevalence of mortality (93.9 - 100%). The
prevalence of mortality observed in the treatment in which AcMNPV-C6 was the
first virus (54.3 - 59.7%) was markedly lower than when AcMNPV-C6 and SfMNPV
were inoculated simultaneously (Ac+Sf) or when SfMNPV was inoculated prior to
AcMNPV-C6.

This

suggests

that

AcMNPV

was

capable

of

superinfection exclusion against subsequent infection by SfMNPV-B.
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Figure 1. Mortalities obtained after superinfections. Percentage of mortality obtained after
infection with 5×107 OB/ml of each virus. The first two columns are controls infected only with
one virus. The third column indicates mortality recorded after infection with a mixture of OBs
of both viruses in a 1:1 proportion. The following columns are mortalities obtained following
first inoculation with one virus (indicated by the first letters of virus name: Ac: AcMNPV-C6;
Sf: SfMNPV-B) and infection some hours later (number of hours included in the virus name)
with a second virus (shown as the final letters of virus name). Values above the bars indicate
means and those followed by identical letters did not differ significantly (Tukey test, p<0.05).
Error bars indicate the standard error of the mean.

3.2

Viral composition of OBs
Genomic DNA content in AcMNPV-C6 and SfMNPV-B OBs was

determined by qPCR. The DNA content of samples of 106 OBs differed significantly
(t=2.376; df=26, p=0.025) between AcMNPV-C6 (7.28 ± 0.80 ng DNA) and
SfMNPV-B (10.77 ± 1.25 ng DNA). Hence, AcMNPV-C6 OBs had 1.5 times fewer
genomes than SfMNPV-B OBs. The genomic content of different mixtures of OBs
was then quantified to validate the method. qPCR was used to quantify virus
genome ratios in mixtures of OBs ranging from 104:1 to 1:104, which were then
transformed to OB-equivalents and plotted against the known OB ratios of the
mixtures, resulting in a highly significant correlation (R2=0.9957), with a slope close
to one and an intercept close to zero (Figure 2A). This result validated the qPCR
method for determination of the viral composition of OBs in an unknown sample, in
terms of OB-equivalent ratios.
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Figure 2. Estimation of viral proportions. A) Validation of the OB proportions method. Known
log10 [OB ratios] are plotted against log10 [OB ratios] obtained from viral quantification by
qPCR after transformation into OB-equivalents using viral genomic content. B) Relative
proportion of viruses in OB progeny resulting from superinfection. Log 10 [OB ratios] in
experimental samples were determined by qPCR. Mean values followed by the same letter
did not differ significantly (Tukey test, p<0.05). Error bars indicate the standard error of the
mean.
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Finally, the presence of AcMNPV-C6 and SfMNPV-B genomes in OB
progeny from the superinfection study was quantified. Experimental treatments
could be assigned to one of five groups, shown as ratios of OBs of each species in
Figure

2B,

that

differed

significantly

in

the

ratio

of

AcMNPV:SfMNPV

(F10,75 =187.57; p<0.001).
As expected, the AcMNPV-C6 and SfMNPV-B single virus treatments
comprised the respective viruses alone. Genomes of SfMNPV-B were particularly
abundant (≈103 fold more abundant than AcMNPV-C6 genomes) in OB progeny
obtained following simultaneous inoculation (Ac+Sf) or superinfections with
SfMNPV-B as the first virus.
In contrast, a sharp increase in the prevalence of AcMNPV-C6 genomes
was observed in OB progeny in which AcMNPV-C6 was inoculated as the first
virus. As the time interval between infections increased from 12 to 72 hours, the
proportion of AcMNPV-C6 in progeny OBs increased from 6% to 96% of AcMNPV
genomes, with a corresponding reduction in the proportion of SfMNPV genomes
(shown as OB equivalents in Figure 2B).

3.3

Effects of superinfection in co-envelopment within ODVs
Treatment of ODVs with proteinase K followed by incubation at 100ºC for

10 minutes was identified as the most sensitive method of detection and was able
to detect 103 pfu/ml SfMNPV-B (≈1 genome copy/µl) and 104 pfu/ml AcMNPV-C6
(≈10 genome copies/µl). The remaining treatments were at least 10-fold less
sensitive.
An average (±SE) of 78.9 ± 4.9 plaques from each replicate of the plaque
assay, were analyzed by PCR. Following simultaneous inoculation with AcMNPVC6 and SfMNPV-B OBs (Ac+Sf), progeny OBs comprised 48.1% of ODVs with
mixed species virions and an identical percentage comprised SfMNPV genomes
alone (48.1%), whereas a very low prevalence (3.8%) of ODVs comprised only
AcMNPV-C6 genomes (Figure 3). Hence, AcMNPV-C6 produced a productive
infection in cells in which SfMNPV-B was also replicating.
When insects were initially inoculated with AcMNPV-B OBs, the proportion
of co-occluded ODVs remained almost unchanged from 49.9% following a 12 h
interval between inoculations to 52.8% at 24 h interval between infections, whereas
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the percentage of virions containing only AcMNPV-C6 increased markedly from
29.7% when the time interval between inoculations was 12 h, to 46.7% when the
time interval was 24 h (Figure 3). During the same period the percentage of ODVs
containing SfMNPV-B alone decreased from 20.5% to 0.5%. Hence, AcMNPV-C6
was able to markedly reduce productive infection by SfMNPV-B in the 24 h period
following inoculation by AcMNPV.

Figure 3. Genotypic composition of ODV plaques derived from OB progeny produced during
superinfection studies. Genotypic composition was determined by PCR amplification using
specific primers for each virus. Shading of columns indicates the proportion of virions
containing AcMNPV-C6 alone, SfMNPV-B alone or mixed virus virions (AcMNPV-C6 +
SfMNPV-B).

When SfMNPV-B-infected larvae were subsequently inoculated with
AcMNPV-C6 OBs, the resulting progeny OBs mostly contained ODVs comprising
SfMNPV-B alone (Figure 3). ODVs containing only AcMNPV-C6 were rarely
observed when the time interval between inoculations was 12 h (1.8% of ODVs),
and were not detected at all when the time interval between inoculations was 24 h.
The percentage of co-occluded virions also decreased from 48.1% following
simultaneous inoculation to 20.6% following a 12 h interval and 2.6% following a
24 h interval between inoculations. Therefore, AcMNPV-C6 infection was severely
hampered in larvae previously infected by SfMNPV-B.
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Biological activity of a co-occluded sample versus a mixture of OBs
OBs from the Ac24Sf treatment were selected to study whether the co-

occlusion of these viruses could affect the biological activity of OBs, because the
OBs from this treatment comprised a high percentage (53%) of mixed species
ODVs and the ratio of AcMNPV-C6 and SfMNPV-B genomes present in those OBs
was close to 1:1. After quantifying the proportions of each virus species in OB
mixtures from 10:1 to 1:10, qPCR analysis indicated that the mixture of AcMNPVC6:SfMNPV-B OBs in a 1:1 proportion (Ac:Sf) was similar in genomic composition
to that of Ac24Sf OBs. These combinations were therefore selected for study of the
biological activity of mixed species OBs and OB mixtures (Figure 4A).
The estimated LC50 for Ac24Sf OBs in second instar S. frugiperda larvae,
was 5.78×104 OB/ml, very similar to that of the OB mixture Ac:Sf (4.85×10 4 OB/ml).
In contrast, LC50 values for each species’ OBs alone were 1.05×106 OB/ml and
2.72×104 OB/ml, for AcMNPV-C6 OBs and SfMNPV-B OBs, respectively (Table 2).
SfMNPV-B OBs were two-fold more pathogenic than the co-occluded virus species
mixture (Ac24Sf) or the OB mixture (Ac:Sf) whereas AcMNPV-C6 OBs were 18-fold
less pathogenic than OBs from the Ac24Sf or Ac:Sf treatments. The predicted LC 50
value for a 1:1 virus mixture according to Tabashnik’s method (30) was calculated
at 5.30×104 OB/ml, which is very close to the LC50 values of the Ac24Sf and Ac:Sf
treatments, and clearly within the 95% fiducial limits of each of these LC 50 values.
This indicates an absence of synergistic or antagonistic interactions on inoculum
pathogenicity between the two viruses in co-occluded samples or OB mixtures.
Table 2. LC50 values and relative potencies of Ac24Sf, Ac:Sf, SfMNPV and AcMNPV viruses
in second-instar S. frugiperda larvae.
Virus

LC50
(OBs/ml)

Relative
Potency

Ac24Sf
Ac:Sf
AcMNPV
SfMNPV

5.78 x 104
4.85 x 104
1.05 x 106
2.72 x 104

1
1.191
0.055
2.122

Fiducial limits (95%)
Low
High
0.797
1.911
0.033
0.092
1.286
3.501

Logit regressions were fitted in POLO Plus (29). A test for non-parallelism was not significant
(2=6.22; d.f.=3; P=0.101). Relative potencies were calculated as the ratio of effective
concentrations relative to that of Ac24Sf OBs.
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Figure 4. Genomic composition of co-occluded mixed species OBs and equivalent mixtures
of single species OBs. A) PstI restriction profiles of samples used in biological activity
studies. A mixture of OBs comprising a 1:1 ratio of AcMNPV:SfMNPV (named Ac:Sf), was
prepared equivalent to the virus proportions present in the sample Ac24Sf. B) Log 10 [OB
ratios] of AcMNPV-C6:SfMNPV-B of the Ac24Sf and Ac:Sf OB progeny produced following
infection of S. frugiperda and S. exigua larvae.
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In S. exigua larvae, LC50 values for the Ac24Sf and Ac:Sf treatments were
estimated to be 2.76×105 OB/ml and 2.64×105 OB/ml, respectively, similar to those
of AcMNPV-C6 (1.58×105 OB/ml) and SfMNPV-B (3.21×105 OB/ml) pure OB
treatments (Table 3). A test for non-parallelism in regression slopes was rejected
(2=17.20; d.f=3; P=0.001) due to the absence of parallelism of the SfMNPV
regression with respect to the other treatments. In contrast, the regression slopes
of the Ac24Sf, Ac:Sf and AcMNPV-C6 treatments could be fitted in parallel (test for
non-parallelism: 2=2.80; d.f=2; P=0.246), suggesting that the presence of
AcMNPV-C6 in co-occluded OBs and OB mixtures was more influential in
determining the concentration-mortality response of S. exigua larvae than SfMNPVB. No synergistic or antagonistic interactions between viruses in the Ac24Sf and
Ac:Sf samples were detected by the method of Tabashnik (30); the predicted LC50m
value for a 1:1 mixture was calculated at 2.12×105 OB/ml, which falls within the
95% fiducial limits of the LC50 values of the Ac24Sf and Ac:Sf treatments.
Table 3. LC50 values and relative potencies of Ac24Sf, Ac:Sf, SfMNPV and AcMNPV viruses
in second-instar S.exigua larvae.
Virus

LC50
(OBs/ml)

Relative
Potency

Ac24Sf
Ac:Sf
AcMNPV
SfMNPV

2.76 x 105
2.64 x 105
1.58 x 105
3.21 x 105

1
1.044
1.750
0.858

Fiducial limits (95%)
Low
High
0.592
1.841
0.943
3.245
0.414
1.775

Logit regressions were fitted in POLO Plus (29). A test for non-parallelism was significant
(2=17.20; d.f.=3; P=0.001). Relative potencies were calculated as the ratio of LC 50 relative to
that of Ac24Sf OBs.

To investigate whether the viruses in the co-occluded mixed species OBs
(Ac24Sf) were transmitted in a different way to the mixtures of OBs (Ac:Sf), the
prevalence of each virus species was quantified in the progeny OBs obtained
following infection of S. frugiperda and S. exigua larvae with an LC90 concentration
of Ac24Sf OBs or Ac:Sf OBs. In S. frugiperda, the predominant virus in OB progeny
was SfMNPV-B, that was over 100-fold more abundant than AcMNPV in both the
Ac24Sf and the Ac:Sf treatments, in terms of OB equivalents (Figure 4B), and
which did not differ significantly between these treatments (U=4.000; p=0.827). In
S. exigua, AcMNPV-C6 was the predominant virus in progeny OBs, and was 25-
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fold more abundant than SfMNPV-C in both the Ac24Sf and Ac:Sf treatments
(Figure 4B) and did not differ significantly between these treatments (U=3.500,
p=0.658).

4.

DISCUSSION
Baculovirus interactions are usually studied by performing coinfections

with two viruses at the same time (15). However, in nature, coinfections are
expected to occur over time during the lifetime of the host. The influence of time
interval between infections on superinfection exclusion in baculoviruses has
recently been examined using in vitro systems (9-11). Such cell culture studies
have revealed that the reorganization of the actin filaments in the cell is associated
with the establishment of the block on infection by the second virus (9). However,
the influence of temporal asynchrony in superinfection has not previously been
studied in vivo.
This study aimed to examine superinfection exclusion involving two
different alphabaculovirus species and the effect of temporal asynchrony in
inoculation on replication of the viruses in S. frugiperda larvae. The oral
pathogenicity of two alphabaculoviruses inoculated in physical association via coocclusion, or in mixtures of OBs was examined in two species of insects that
differed in their susceptibility to each virus. The influence of host susceptibility and
superinfection exclusion were evaluated by quantifying the presence of each virus
in the progeny OBs from virus-killed insects.
When inoculations were performed in S. frugiperda with SfMNPV-B as the
first virus and AcMNPV-C6 as the second, high mortality was observed in the host
insects (93.9-100%), and SfMNPV-B was the majority virus in progeny OBs (viral
ratio close to 1:103); indeed, most of the virions analyzed contained this virus alone
(77.6-97.4%). This result clearly reflects the fact that SfMNPV is the homologous
virus of this insect and its host specificity favors high efficiency in infection and
replication in this host (9, 31). However, AcMNPV was also present in progeny
OBs, albeit at low prevalence, indicating that exclusion of a second infection by
AcMNPV-C6 was not absolute, in contrast to the results obtained in cell cultures (911). This finding has important implications regarding baculovirus evolution and
maintenance of diversity (16, 32), as total exclusion shortly following the
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establishment of an initial infection would effectively block possible genome-level
interactions between the first-infecting virus and subsequent challenges.
In contrast, clear evidence of superinfection exclusion was observed when
infections were performed with the AcMNPV-C6 as the first virus. For example,
when larvae were initially infected with an LC44 of AcMNPV OBs and were
subsequently treated with an LC95 concentration of SfMNPV OBs (in newly moulted
fourth instars) at different times after the first infection, only between 45% and 60%
of larvae succumbed to polyhedrosis disease. Higher mortalities due to SfMNPV
infection were expected in those larvae, as the inoculum concentration
(108 OBs/ml) used was approximately equivalent to the LC50 for newly moulted fifth
instars (33). A possible interpretation of these results is that larvae infected by the
first virus could be refractive to a second infection, resulting in superinfection
exclusion at the organismal level. This phenomenon allowed the less adapted virus,
in terms of host specialization, namely AcMNPV, to avoid competition with a better
adapted competitor, SfMNPV. Furthermore, results suggest that this temporal
window for exclusion is established rapidly following infection (~12 hours postinoculation) by which time virions produced during replication in midgut cells have
yet to reach the insect hemolymph or begin the systemic stage of infections to other
tissues (9, 28, 34-36). Similar results had been obtained at cellular level, where a
lower than expected prevalence of coinfected cells was observed following
simultaneous co-inoculation of cells by these viruses (9). Evidence of exclusion of
subsequent infections was also provided by the number and identity of virus
genomes in progeny OBs. A time lag between inoculation of just 12 hours resulted
in a change in the ratio of AcMNPV:SfMNPV progeny from 1:1000 to 1:10. This
change of two orders of magnitude in such a short interval between inoculations
suggests a marked change in host or cell physiology that favors the propagation of
the first virus, in detriment to replication of the second.
Clearly, the presence of each virus in progeny OBs reflects the outcome of
a series of interacting processes including infection, replication, and assembly
within the host environment and is likely to be markedly more complex in whole
insects than in cell culture systems. For example, at the organismal level rapid
responses to invading pathogens are likely to include changes in the structure or
composition of the gut peritrophic matrix (37), changes in the susceptibility or rate
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of sloughing of midgut epithelial cells (38-39), the activation of innate and elicited
immune responses (12, 40) and differences in tissue tropism among the infecting
viruses (34, 41), among others. Hence, superinfection exclusion in larvae is likely to
involve a combination of factors, not just the reorganization of actin filaments inside
virus infected cells that may influence nucleocapsid trafficking to the nucleus (42).
Finally, the analysis of ODV composition facilitated the comparison with
the results of in vitro studies (9-11), given the relationship between the prevalence
of co-enveloped virions and co-infected cells in which they must have replicated
simultaneously (13-14). It is important to note that the prevalence of co-enveloped
ODVs (mixed species ODVs) estimated by plaque assay is likely to be biased in
favor of AcMNPV, which replicates faster and reaches higher titers than SfMNPV in
Sf9 cells (43). Although the prevalence of co-enveloped ODVs remained stable at
~50% in superinfections with AcMNPV as the first virus, the relative abundance of
AcMNPV and SfMNPV ODVs clearly changed compared to the progeny of
simultaneous infections. The percentage of ODVs containing only AcMNPV sharply
increased, reaching a 47% when the interval between infections was 24 hours,
whereas ODVs containing only SfMNPV decreased to just 0.5% following a 24 h
interval between inoculations, probably reflecting a combination of a rapidly
decrease in the availability of uninfected host cells in the insect and AcMNPVinfected cells becoming refractive to superinfection as the first infection develops to
block subsequent entry by budded virions.
Overall, inoculated insects quickly developed resistance to subsequent
infection that increased in magnitud over time. However, total exclusion to
superinfection was not observed at the organismal level, probably because cells
require 20-24 hours to become totally refractive to a second virus infection (9-11),
and alphabaculoviruses require at least 48 hours to infect most of the host tissues
(35).
The effect of co-occlusion and co-envelopment of the different viruses on
the biological activity of mixed species OBs was examined both in S. frugiperda
and S. exigua larvae. Compared to an equivalent mixture of OBs, co-occlusion had
no positive or negative influence on LC50 values of the viruses in these host
species. Virus genomes from OB mixtures and the co-occluded sample were
transmitted to the viral progeny in a similar manner, indicating the independent
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action of the viruses, whether co-enveloped into the same virion or inoculated in
mixtures of pure genotype OBs. However, it is remarkable that with the method
used, a new mixed species population was created. Furthermore, due to the
independent action of the viruses, the new population likely presents a host range
that reflects a combination of the host ranges of the parental viruses used. In this
way, the commercial problem of the narrow host range of baculoviruses may be
largely ameliorated, since different pests are often present as pest complexes on a
given crop and it would be preferable to control these pests using a single product
targetted at each of them simultaneously (44). The viral composition and coocclusion/co-envelopment ratios in the mixed species population may be optimized
by performing superinfections in a particular host and modifying the time between
challenges resulting in a tailor-made biological insecticide that can be targetted at
specific lepidopteran pest complexes in diverse crops and with minimal impacts on
the environment, non-target arthropod populations or human health (12).
As it has been previously suggested (45-46), the effects of multiple
infections are complicated and cannot be generalized, as they depend on factors
such as the host infected, the viruses involved and their order of arrival or the mode
of transmission. However, the results of the present study suggest that
superinfection exclusion in baculovirus infected insects is more apparent when the
second infecting virus is more adapted to the host compared to the first-infecting
virus, as the exclusion effect became more evident compared to the contrary
combination in the sequence inoculations. The present study presents evidence of
superinfection exclusion in vivo during baculovirus infection and presents a method
for producing novel mixed species viral populations with a combined host range
and similar biological activity to that of the mixture of the parental viruses.
Furthermore, from an ecological and evolutionary standpoint, it reveals how
exclusion benefits the transmission of a virus with a broad host range by rapidly
inhibiting host infection by a better adapted, more host specific, competitor virus.
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CHAPTER V

Sequence comparison between three
geographically distinct Spodoptera frugiperda
multiple nucleopolyhedrovirus isolates:
detecting positively selected genes
ABSTRACT
The complete genomic sequence of a Nicaraguan plaque purified Spodoptera frugiperda
nucleopolyhedrovirus (SfMNPV) genotype SfMNPV-B was determined and compared to
previously sequenced isolates from United States (SfMNPV-3AP2) and Brazil (SfMNPV-19).
The genome of SfMNPV-B (132,954 bp) was 1,623 bp and 389 bp larger than that of
SfMNPV-3AP2 and SfMNPV-19, respectively. Genome size differences were mainly due to a
deletion located in the SfMNPV-3AP2 egt region and small deletions and point mutations in
SfMNPV-19. Nucleotide sequences were strongly conserved (99.35% identity) and a high
degree of predicted amino acid sequence identity was observed. A total of 145 open reading
frames (ORFs) were identified in SfMNPV-B, two of them (sf39a and sf110a) had not been
previously identified in the SfMNPV-3AP2 and SfMNPV-19 genomes and one (sf57a) was
absent in both these genomes. In addition, sf6 was not previously identified in the SfMNPV19 genome. In contrast, SfMNPV-B and SfMNPV-19 both lacked sf129 that had been
reported in SfMNPV-3AP2. In an effort to identify genes potentially involved in virulence or in
determining population adaptations, selection pressure analysis was performed. Three ORFs
were identified undergoing positive selection: sf49 (pif-3), sf57 (odv-e66b) and sf122
(unknown function). Strong selection for ODV envelope protein genes indicates that the initial
infection process in the insect midgut is one critical point at which adaptation acts during the
transmission of these viruses in geographically distant populations. The function of ORF
sf122 is being examined.

This chapter has been published in Journal of Invertebrate Pathology as: Simón O, Palma L, Beperet I,
Muñoz D, López-Ferber M, Caballero P, Williams T. 2011. Sequence comparison between three
geographically distinct Spodoptera frugiperda multiple nucleopolyhedrovirus isolates: Detecting positively
selected genes. J. Invertebr. Pathol. 107:33-42.
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INTRODUCTION
The fall armyworm, Spodoptera frugiperda (JE Smith) (Lepidoptera:

Noctuidae) is a severe pest of maize, sorghum and rice in tropical and subtropical
areas of the Americas. Isolates of S. frugiperda multiple nucleopolyhedrovirus
(SfMNPV) are known to cause natural epizootics of disease and have been
recognized as potential control agents against this pest (1-3). A Nicaraguan isolate
(SfMNPV-NIC) was selected for formulation and field trails in Honduras and Mexico
(4), and has been extensively studied at the genomic and phenotypic levels (5-8).
SfMNPV-3AP2 is a single genotype isolate from Missouri (USA) with a fast killing
phenotype that was tentatively attributed to its lack of the egt gene (9). The
SfMNPV-19 isolate, purified from a single larval cadaver collected in Paramá State,
southern Brazil, was selected from 22 SfMNPV isolates collected in Brazil due to its
high pathogenicity against fall armyworm larvae (10-11).
Adaptation of viruses to their local host populations has been described in
various occasions. Comparative studies have reported that a Honduran population
of S. frugiperda was most susceptible to a Central American isolate (1), whereas
insects from a Colombian population were most susceptible to a SfMNPV isolate
from Colombia (12). Similar findings have been observed by others working on
different insect-nucleopolyhedrovirus systems elsewhere (13-14). This pattern is
likely to be generated through processes of host-pathogen co-evolution, in which
selection favors viruses with high transmissibility in the local host population. A
consequence of this is that the choice of an isolate as the basis for a biological
insecticide requires the assessment of a range of geographical isolates, including
those from the region in which the biological control program is required.
A number of genes intervene in the species-specific virulence or host
range of NPVs by affecting the ability to infect and replicate in cells and thereby
influencing the dose required for host mortality, or the survival time of infected
larvae from a given host population or species (15-17). In most cases, speciesspecific effects of a gene on virulence or host range have been elucidated by ORF
disruption or deletion. Eliminating or reducing virulence against one species
following knock-out of a particular gene suggests that acquisition of new genes via
recombination has the potential to shape NPV host range. However, very small
changes such as individual amino acid replacements in particular viral genes have
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also proven influential in expanding host range or modifying virulence (18-20).
Additionally, nucleotide substitutions may lead to alterations in the activity of the
encoded protein that facilitate adaptation to a new host or effectively overcome the
defenses of a current host. Such mutations would confer a selective advantage and
would be fixed in the population at a higher rate than silent or neutral substitutions
(21).
The availability of the complete sequences of isolates from the same virus
species from different geographical areas offers the possibility of another kind of
analysis, based on a bioinformatics approach. In the present study, the complete
sequence of a SfMNPV-NIC genotype was compared with those of SfMNPV-3AP2
and SfMNPV-19. Maximum-likelihood models of codon substitutions were used to
test for selection on ORFs. The nonsynonymous to synonymous substitution rate
ratio (=dN/dS) provides a sensitive measure of selection on amino acid sequences.
We reasoned that comparative analyses of SfMNPV genomes from geographically
distinct sources could highlight genetic differences involved in the marked
phenotypic variation in virulence that has been reported in these isolates, and
thereby focus attention on the key genes involved in traits that are considered
desirable for the development of effective bioinsecticidal products.

2.

2.1

MATERIAL AND METHODS
Virus
The Nicaraguan SfMNPV isolate (SfMNPV-NIC) was initially collected from

larval cadavers collected from a maize field in Nicaragua. The isolate was
propagated in S. frugiperda larvae reared in the laboratory and subjected to an
uncertain number of passages. SfMNPV-NIC genotypic variants were isolated by
plaque purification (6) and the predominant genotype that possessed the largest
genome (SfMNPV-B) was selected for bacmid construction (22).
Occlusion bodies (OBs) obtained from larvae infected with SfMNPV-B
were extracted filtered through cheesecloth, washed twice with 0.1% SDS and
once with 0.1 M NaCl and finally resuspended in bidistilled water. OB suspensions
were quantified using a bacterial counting chamber and stored at 4ºC until used.
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Viral DNA isolation and cloning
SfMNPV-B bacmid DNA was sequenced to ensure that the nucleotide

sequence originated from a single genotype and was not the result of
contamination from a persistent infection present in the insect colony (23). The
complete SfMMPV-B genome was cloned in a pBACe3.6 vector that includes a
chloramphenicol resistance gene (24). The pUC19 plasmid was removed from
pBACe3.6 by treatment with BamHI. pBluescript KS-I with a modified polylinker that
included the AscI restriction site, was inserted using T4 DNA ligase (New England
Biolabs, Ipswich, MA). To include the AscI restriction site in pBluescript KS-I
polylinker, the polylinker was amplified by PCR using two specific primers. One of
the primers included a SacI and an AscI restriction site sequence, and a 20 nt
homolog to the right arm of the polylinker, whereas the second primer included a
20 nt homolog to the left arm of the polylinker, and AscI and KpnI restriction site
sequences. The PCR product was double digested with SacI and KpnI and cloned
into pBluescript KS-I previously digested with these two enzymes. Once the
modified pBACe3.6 was obtained, this and the SfMNPV-B DNA purified by CsCl
were digested with AscI and ligated overnight at 16°C using the T4 DNA ligase
(22). The ligation reaction was dialyzed for 4 h against TE buffer. After dialysis, the
ligation was used to transform DH10B GeneHogs electrocompetent cells.
Transformed cells were incubated at 37°C for 1 h in SOC medium and colonies
were selected in the presence of chloramphenicol. Colonies were selected on
chloramphenicol medium and bacmid DNAs were purified by alkaline lysis. DNA
was digested with PstI for comparison with the restriction profiles of each of the
Nicaraguan SfMNPV genotypes (6). The bacmid with the complete genotype was
selected for sequencing. Alkaline lysis and CsCl gradient purified bacmid DNA was
used for sequencing (Sistemas Genómicos S.L., Paterna, Valencia, Spain).

2.3

DNA sequencing and sequence analysis
Shotgun sequencing was performed using a genomic library of SfMNPV-B

bacmid DNA constructed into a sequencing vector. Sequence information was
generated from 2,304 reactions performed on 1,152 clones. The depth of sequence
coverage across the genome was 4-8x. Sequencing reactions were set up using
the ABI Prism Big Dye Terminator Cycle Sequencing Reaction kit on a 9600 of PE
model thermocycler. The reaction products were loaded in an automated DNA
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sequencer ABI PRISM. The DNA and deduced amino acid sequences were
compared against the updated GenBank/EMBL, SWISS-PROT and PIR databases
using BLASTn, (25-26). SfMNPV-3AP2 (accession number EF035042) and
SfMNPV-19 (accession number EU258200) genomic sequences were obtained
from the GenBank database and published sources. Sequence alignments and
gene-parity plots were performed using NCBI BLAST alignment tools (25) to
examine genome organization and order of homologous ORFs. SignalP (27),
TargetP (28) and Virus-Ploc tools (29) were also used to determine the nature of
selected proteins of unknown function.

2.4

Analysis of selection pressures
PAML software package version 4 (30) was used to estimate positive

selection acting on SfMNPV ORFs and to infer amino acid sites subject to this
process. This software uses a maximum-likelihood approach to determine the
numbers of non-synonymous (amino acid changing) substitutions per nonsynonymous site (dN) and of synonymous (silent) substitutions per synonymous site
(dS). The ratio of dN to dS, ω, is a measure of the magnitude of selection acting on a
gene. Genes with a value of ω=1 are deemed to be subjected to neutral selection,
so that that non-synonymous mutations have no effect on fitness. Genes with ω<1
are undergoing negative or purifying selection, in which non-synonymous mutations
are eliminated at a faster rate than synonymous mutations because of their
deleterious influence on fitness. Finally, genes for which ω>1 are undergoing
positive or diversifying selection in which non-synonymous mutations are fixed at a
faster rate than synonymous mutations as they positively influence fitness. To
achieve this, sequences were examined for the presence of indels causing a
frameshift and the affected codons were removed from the alignments; indels that
did not result in a frameshift were not eliminated. Sequence data were then fitted to
codon-based substitution models that allow ω to vary among sites by using the
CODEML application implemented in PAML. In the simplest model M0 (one ratio), it
is assumed that the ω ratio is an average over all sites. The "nearly neutral" model
(M1) allows for conserved sites when 0 < ω <1 and completely neutral sites when
ω = 1. The "positive selection model" (M2) adds a third class to M1 in which ω can
take values >1. Model M3 (discrete) has three classes with proportions p0, p1 and
p2 and ω0, ω1 and ω2 values estimated from the data. Model M7 (β) assumes a beta
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continuous probability distribution and does not allow for sites with ω > 1, model 8
(β & ω) adds an extra class of sites to the M7 model in which ω can be greater than
one. Models M0 and M1 are nested with models M2 and M3, and model M7 is
nested with model M8. Nested models can prove particularly useful since log
likelihood values can be compared using a likelihood ratio test. The level of
significance was calculated as follows: the difference between the log-likelihood
values for two models was doubled and the resulting value was compared with a 2
distribution with the number of degrees of freedom calculated from the difference in
the number of parameters between the models. The comparison provides a P value
that allows the null hypothesis (no positive selection, integrated in models M0, M1
and M7) to be accepted or rejected. Positive selection can be only inferred when
models M2, M3 or M8 indicate codons with a ω ratio >1 and the likelihood ratio test
of positive selection is significant at P < 0.05. Finally, a Bayesian Empirical Bayes
(BEB) approach was used to identify the sites that potentially are under positive
selection in the protein. Thus, identification of genes with these values represents
persuasive evidence of adaptive evolution.

3.

3.1

RESULTS AND DISCUSSION
General characteristics of the Nicaraguan SfMNPV genome
The complete genome of the SfMNPV-B plaque isolate comprised

132,954 bp, approximately 4 kb larger than the genome size estimated for this
isolate by REN analysis (31), and 1,617 and 389 bp larger than the SfMNPV-3AP2
and

SfMNPV-19

genomes,

respectively.

These

size

differences

among

geographically distinct SfMNPV isolates were accounted for almost entirely by a
deletion of 1,428 bp located in the egt region of the SfMNPV-3AP2 genome (9) and
by a series of point mutations and short deletions or insertions that resulted in the
addition or deletion of codons in the SfMNPV-19 genome (11). The SfMNPV-B
genome sequence has a G + C content of 40.30 % compared to 40.20 and 40.26 %
for SfMNPV-3AP2 and SfMNPV-19, respectively (9, 11). This value is also
comparable to those of other group II NPVs, including Spodoptera exigua MNPV
(SeMNPV) (32) or Mamestra configurata MNPV B (MacoNPV-B) (33).
The computationally-derived SfMNPV-B PstI restriction map was in
agreement with the experimentally constructed physical map from REN analysis
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performed previously for this isolate (31). However differences were observed in
the number and position of restriction sites along the SfMNPV-3AP2 and SfMNPV19 genomes, that resulted in PstI profiles that differed for each isolate. The overall
nucleotide sequence identity among the different isolates (~99.35 %) was
extremely high and alignment of the genomic sequences from SfMNPV-B,
SfMNPV-3AP2 and SfMNPV-19 viruses with Clustal W confirmed that the three
isolates clearly represent strains of the same virus species. The 1,428 bp deletion
of the SfMNPV-3AP2 genome partially overlaps the egt and sf27 ORFs. Their size
is reduced to only 207 and 81 codons, respectively, whereas the egt and sf27
genes of the SfMNPV-B genome are 525 and 168 codons respectively (Table 1), in
agreement with findings for the Brazilian isolate (11, 34). The baculovirus egt
encodes an ecdysteroid UDP-glucosyltransferase (EGT) that alters the hormonal
balance of the host larva, preventing the larval molt and ensuring the continuation
of insect feeding and weight gain (35-36). The continued growth of the infected
insect is reflected in an increased production of viral OBs. Deletion of egt from the
viral genome has been shown to increase the speed of kill of the virus with a
corresponding reduction in crop damage (35, 37-38). Harrison et al. (9) suggested
that the deletion of most of the egt ORF in SfMNPV-3AP2 provided a potential
explanation for its rapid speed of kill in bioassays. However, minority genotypes
present in the Nicaraguan SfMNPV isolate that present deletions that encompass
egt, among other genes, proved to be less virulent than deleted genotypes that
carried this gene intact, possibly due to the absence of genes located elsewhere (67). This deletion also affected the sf27 ORF of SfMNPV-3AP2 (Table 1), an ORF
that occurs only in group II NPVs (9, 32-33, 39). The presence of a conserved early
motif suggests that sf27 is an early transcribed gene but the expression and
function of this ORF have yet to be characterized.
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Table 1. Features of the SfMNPV-B genome in comparison to those of SfMNPV-3AP2 and
SfMNPV-19.
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Table 1. Continued.
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The SfMNPV-3AP2 and SfMNPV-19 genomes both contain a 310 bp
deletion with conserved endpoints in the sf57-sf58 region. This deletion includes
the final ten codons of sf57 (odv-e66a), reducing its length to 691 codons, the
complete intergenic region that contains the polyadenylation signals, and the
complete unique ORF sf57a of SfMNPV-B (Figure 1). The ortholog of sf57 in
SeMNPV is 723 codons in length. Sf57 is a paralog of ac46 from Autographa
californica MNPV (AcMNPV) that encodes an ODV envelope protein, ODV-E66,
that directs reporter proteins to the ODV envelope (40-41). Two copies of odv-e66
are present in some members of group II NPVs, odv-e66a (sf57) and odv-e66b
(sf115), whereas just one copy is found in group I NPVs (9, 32-33, 39, 42); based
on sequence identity values, sf115 was considered to be the ortholog of ac46. The
biological effects of the presence of two copies of this gene in some NPV genomes
have not been studied. This deletion also affects the sf57a ORF of unknown
function. This ORF is absent in both SfMNPV-3AP2 and SfMNPV-19 (Table 1,
Figure 1). The expression and function of this ORF are currently the subject of
study.
Two insertions were found in the SfMNPV-B genome. The longest
insertion, 74 bp in length was located in the intergenic region between sf85 ORF
(unique to SfMNPV) and the sf86 gene (p26a), located on opposite strands. Neither
the start codon of sf85, the promoter, or the stop codon of sf86 were affected,
suggesting that the insertion is unlikely to substantially affect the biological activity
of the virus. The second insertion in the SfMNPV-B genome, 61 bp in length, starts
437 nt upstream from the ATG start codon of sf131, resulting in a putative product
of 299 amino acids, compared to 279 in the other two isolates (Table 1) (9, 11) or
278 residues in SeMNPV (32). Sf131 is the ortholog of ac136, that encodes the
P26 protein. Acp26 is a non-essential gene for AcMNPV replication in vitro (43) or
in vivo (44) and its deletion had no substantial effects on the infectivity of AcMNPV
OBs. SfMNPV isolates possess two copies of this gene as do other members of
group II NPVs. Deletion of the SfMNPV-B p26b gene had no effect on OB infectivity
(22).
Within the SfMNPV-19 genome a deletion of 186 bp located in the
5’ region of the dutpase gene (sf53) was detected when compared with the
SfMNPV-B and SfMNPV-3AP2 genomes. In SfMNPV-19 the dutpase gene
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consisted of 124 aa, which is 21 aa shorter than that in SfMNPV-B and SfMNPV3AP2 (sf54) (Table 1). Wolff et al. (11) indicated that the non-coding region located
immediately upstream from the SfMNPV-19 dutpase gene was poorly conserved
and suggestive of a mutation hotspot.

Figure 1. Gene parity plot comparing ORF content and order of the complete genome of the
Nicaraguan isolate of the Spodoptera frugiperda MNPV (SfMNPV-B) with the Missouri
(SfMNPV-3AP2) and Brazilian (SfMNPV-19) isolates. ORFs present in only one of the
compared genomes appear on the axis corresponding to the virus in which they are present.
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Finally, a deletion of 192 bp was detected in hr8 located immediately after
the sf128 gene (lef-6) in the SfMNPV-B genome. The effect of this deletion is not
known. Both the number and length of hr regions are variable among the different
baculovirus genomes that have been sequenced to date. The number of hrs varies
between six in SeMNPV (32), five in Agrotis segetum NPV (AgseNPV) (39) and
four in MacoNPV (33). The biological significance of this variability in hr number is
not known. As hrs are possible origins of DNA replication and enhancers of gene
expression (45), this deletion could influence DNA replication and gene expression
in SfMNPV-B. A total of eight hr regions consisting of one to four imperfect
palindromic repeats with conserved repeat size of around 44 nt were detected in
the SfMNPV-B genome dispersed along the genome in intergenic regions
(Table 1). This pattern concurs with the distribution of hrs found in SfMNPV-3AP2
(9) and SfMNPV-19 (11).
Other point mutations and short deletions or insertions that resulted in
additional or elimination of codons were identified among the different genomes,
the biological implications of which are currently being investigated.

3.2

Comparison of SfMNPV ORFs
The principal differences between isolates at the genome level were due

to differences in gene content between genomes. A total of 145 ORFs were
identified in the SfMNPV-B genome, defined as methionine-initiated ORFs
encoding putative proteins of more than 50 aa and with minimal overlapping with
adjacent ORFs (Table 1). Among these ORFs, 141 are common to the three
genome sequences. To examine the genome organization, the order of
homologous ORFs between all the isolates was compared using gene-parity plot
analysis. The gene arrangement and orientation was almost completely collinear
between all the isolates, whereas minimal differences were observed in gene
content (Figure 1). SfMNPV-B presented three ORFs (sf39a, sf57a and sf110a)
that were not detected in the genomes of SfMNPV-3AP2 (Figure 1A) and SfMNPV19 (Figure 1B). These three ORFs did not overlap adjacent ORFs. The sf57a gene
encodes a protein comprising 53 aa and is included in the 310 bp deletion present
in the SfMNPV-3AP2 and SfMNPV-19 genomes. In contrast, we did not observe
major inter-genomic differences (deletions or insertions) at the nucleotide level in
the sf39a or sf110a regions that resulted in the deletion of these genes in SfMNPV-
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3AP2 or SfMNPV-19. However, both sf39a and sf110a were located downstream
and upstream from homologous regions hr4 and hr7, respectively. Harrison et al.
(9) and Wolff et al. (11) considered both regions as hrs, whereas in the SfMNPV-B
genome two methionine-initiated ORFs larger than 50 aa were identified. In
contrast, the SfMNPV-B and SfMNPV-19 genomes lacked the SfMNPV-3AP2
ORF129 homolog. Harrison et al. (9) identified sf129 comprising 122 codons
between nt 117291 and 117659 in polyhedrin sense orientation. Sf130 encodes a
94 aa polypeptide, located between nt 117372 and 117656 in anti-polyhedrin sense
orientation, that completely overlaps the sf129 ORF. When the sf129-sf130 region
was compared between both genomes, nucleotide sequence variation was
observed between nt 117,345 and 117,350 in SfMNPV-3AP2 and nt 118,934 and
118,340 in SfMNPV-B (Figure 2). This comprises an AAATTT sequence present in
the SfMNPV-3AP2 genome, whereas a TATGCGC sequence is present in
SfMNPV-B. The latter was followed by four nucleotides and a stop codon four that
reduced sf129 ORF to 21 aa, leading us to reject sf129 as a valid ORF. In addition,
sf129 of SfMNPV-3AP2 has no homologs in other baculovirus genomes, whereas
sf130 had sequence homology with an ORF of unknown function that is present in
most baculoviruses; SeMNPV se128 (32), Spodoptera litura MNPV splt28 (46) or
AcMNPV ac29 (42), suggesting that the sf129 ORF described by Harrison et al. (9)
may not be a true ORF based on the degree of overlap with sf130. Finally, the sf6
ORF is present in the genomes of SfMNPV-B, SfMNPV-3AP2 and SfMNPV-19,
although this appears to have been overlooked in the latter, but no differences in
nucleotide sequences were observed among the different genomes in this region.
All the other ORFs were conserved between all genomes and showed a high
degree of predicted amino acid sequence conservation. In general, nucleotide
sequence identities were at least 99.5% with few gaps.
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Figure 2. Sequence comparison between sf129-sf130 gene regions of SfMNPV-3AP2 and
SfMNPV-B genomes.
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The fall armyworm is a migratory pest that is distributed from Argentina to
the United States, with a correspondingly high likelihood of virus dispersal along the
insect's migratory routes. This may explain the high similarity found among the
different SfMNPV genomes from these areas; high levels of gene conservation
were observed between SfMNPV-3AP2 and SfMNPV-19 despite the geographical
separation of their points of isolation. SfMNPV-3AP2 purified from a wild-type
population is a single genotype with a deletion in the egt region. Harrison et al. (9)
also reported the presence of different genotypes within the wild-type population
that presented similar deletions to those found in the SfMNPV-NIC isolate
(Figure 3). Genotypes that lacked oral infectivity and egt minus genotypes were
present in both isolates (6, 9). It seems that the SfMNPV isolate from Missouri is
genotypically structured in a similar way to the SfMNPV-NIC isolate. Indeed, the
genotypic structure of the SfMNPV-NIC population appears to maximize the
likelihood of transmission (5, 7-8). Experiments are in progress to determine the
similarity at the population level among the different SfMNPVs and its importance in
the ecology of the virus.

3.3

Analysis of selection on SfMNPV isolates genes.
Selection analysis (20) performed on vertebrate virus genes has identified

positively selected sites in regions involved in host immune response and receptor
binding (47-50). Analysis of variable selection performed among amino acid sites in
HIV genes (51), Trypanosoma brucei essential surface proteins (52) and M proteins
of influenza A virus (53) revealed sites involved in the adaptive evolution of these
intracellular parasites. This technique could help to identify baculovirus genes
involved in species-specific virulence and host range, or those involved in
adaptation to new host species. Alternatively, positively selected sites could also be
involved in selection for improved physical stability or transmission. In the present
study, pairwise comparisons and models that allow changes in the value of ω
among codon sites were used to evaluate selection on genes from geographically
distinct SfMNPV genotypes.
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Figure 3. Schematic representation of the gene order in the genotypes present within the
Nicaraguan isolate of SfMNPV. The deletions and the genes absent in each genotype are
indicated. The genes and ORFs found in this variable region are indicated bellow the arrows
in the complete SfMNPV-B genome that point to their directions of transcription.
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Following the pairwise approach in PAML, the average ω-value was
0.1743 suggesting that negative selection has prevailed during the evolution of
most of the ORFs present in SfMNPV genomes (data not shown). When comparing
genes among different viruses, overall negative selection values have also been
observed (21, 54). Nevertheless, it is difficult to detect positive selection using a
pairwise approach mainly because a large number of amino acids in a protein
remains invariant due to strong functional constraints (ω close to 0), requiring that
this kind of analysis be complemented with models that allow for heterogeneous ω
values among different codon sites (54). In this second analysis, ORF alignments
were fitted to six models, M0, M1, M2, M3, M7 and M8 (21, 54). Models M2, M3
and M8 identified positively selected sites in several ORFs. However, the null
hypothesis models (M0, M1 and M7) were rejected only for sf49, sf57 and sf122.
To rule out sequencing errors that could have generated anomolous results in the
selection analysis, these three ORFs were subjected to re-sequencing. For this,
sf49, sf57 and sf122 were amplified from SfMNPV-B DNA with a high fidelity Taq
Polymerase (Takara), cloned into pUC19 and re-sequenced using standard
primers. The sequences and alignments of the positively selected ORFs from the
three SfMNPV genomes showed no evidence of sequencing errors following resequencing (Figure 4). The sf49 and sf57 genes have been previously identified as
pif-3 and odv-e66a, respectively, whereas no function or protein product has been
demonstrated for the sf122 ORF. Homologs of sf122 have been found in some, but
not all members, of group II NPVs; SeMNPV (se121) (32) Agrotis ipsilon NPV
(agip140) (9), AgseNPV (agse133) (39) and SpltNPV (splt126) (46).
The evidence of positive selection for pif-3 was stronger than that of odve66a but weaker than that of sf122. Estimation of =0.150 as an average across all
sites (M0) suggested that pif-3 was being subjected to purifying selection (Table 2).
However, analyses using models that allow  to vary among sites, indicated which
sites of the pif-3 gene were subjected to differing selection intensities. Moreover,
the likelihood ratio test suggested rejection of the null hypothesis for each of the
three comparisons that were performed (Table 3). Models M2, M3 and M8
consistently identified a positively selected site (61C). The ω-values were very high
for all three models in approximately 0.5% of the codon sites (ω>150), indicating a
very strong degree of positive selection for this site in pif-3. Furthermore, using
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Bayesian Empirical Bayes (BEB) analysis, site 61 was identified in M2 and M8, as
a positively selected site with probabilities greater than 90% but lower than 95%
(Table 4).

Figure 4. Multiple sequence alignment of the deduced proteins with positively selected sites
from the three SfMNPV genomes; A) PIF-3, B) ODV-E66A, and C) SF122. Amino acid
sequences were obtained by translating the nucleotide sequences from the codon
alignments. Sites at which positive selection is inferred following removal of indels (BEB
analysis) with at least 90% of posterior probabilities are indicated in bold type and gray
shading (see Table 4).
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Table 2. Selection analysis of SfMNPV-B ORF49, SfMNPV-B ORF57 and SfMNPV-B
ORF122 and the corresponding ORFs in SfMNPV-3AP2 and SfMNPV-19.

ω ratios greater than 1.0 and corresponding proportions of sites are in bold face.
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Table 3. Likelihood ratio statistics (2l) for the comparison of models with variable ω values
among sites.
ORF
sf49 (pif-3)
sf57 (odv-e66a)
sf122 (unknown)

M0 vs. M3 (df=4)
3.019e-03
3.656e-07
1.421e-04

Probability values
M1 vs. M2 (df=2)
4.034e-03
8.089e-06
2.510e-04

M7 vs. M8 (df=2)
3.483e-03
7.977 e-06
5.592e-04

df: degrees of freedom that correspond to the difference in the numbers of parameters
between the two models.

Table 4. Sites identified as evolving under positive selection in models M2 and M8.
ORF
sf49 (pif-3)
sf57 (odv-e66a)
sf122 (unknown)

Positively selected sites
61C
663T, 664D, 666L, 667R, 671Q
96E

Sites are numbered according to the reference sequence SfMNPV-B (GenBank accession
number HM595733). Positive selection sites were identified using the Bayesian Empirical
Bayes (BEB) approach with posterior probability P 90%, and with those at P 95% in
boldface. The CODEML application was performed following removal of the following indels
identified in flanking regions that resulted in frameshifts: sf49 (pif-3): No indels present. sf57
(odv-e66a) Indel 1: TAACAATGACAA deleted between 140 and 141, Indel 2: ATG deleted
between 157 and 158, Indel 3: C deleted between 1996 and 1997, Indel 4: TA deleted
between 2002 and 2003, Indel 5: variable region with multiple indels and frameshifts (Cterminus removed) ACGTGCCATCCAATTTTTTTACATATGGCGTATGACACGCGTTTCGT
GTCATTTTTAAATGACACGAAACGCGTTTGA deleted between 2013 and 2014. sf122 Indel
1: A deleted between 294 and 295; Indel 2: GAAATA not deleted, no frameshift between 294
and 295.

The pif-3 gene, along with other ODV envelope protein genes p74, pif-1,
pif-2, pif-4 and odv-e56 is among the 30 core genes that are found in all
baculoviruses sequenced to date (55-57). These genes encode factors that are
essential for per os infection (56-61). Peroral infection occurs following a two step
process (62); beginning with ODV binding to specific host cell receptors (63-64),
followed by fusion of the cell and ODV membranes, although the mechanisms by
which this occurs remain unclear. Recently, it has been shown that PIF-1, PIF-2
and PIF-3, but not P74 are essential for the formation of a stable complex on the
AcMNPV ODV surface, and that P74 is associated with this complex that appears
to have an essential function in virus entry (65) PIF-3 could therefore be influential
in determining host range or infectivity at the level of midgut cell binding and
internalization of ODVs.
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For odv-e66a the evidence of positive selection was also strong. The
average  value (0.33816) indicates that purifying selection dominates the
evolution of the odv-e66a. Model M3 (discrete) suggests a proportion of sites
(1.8%) under weaker diversifying selection with 1=15.7487 and a smaller
proportion (0.7%) under stronger diversifying selection with 2=59.6440. Under
M2 and M8, the estimates suggest that 1.6 % of sites are evolving by positive
selection with  values 38 (Table 2). All models that allow for positive selection
sites reject the null hypothesis in the likelihood ratio tests (Table 3). BEB analysis of
models M2 and M8 identified positively selected sites consisting of the same 5
residues with probabilities greater than 95% (Table 4).
The odv-e66 is a late gene that encodes for an ODV envelope protein, that
redirects protein trafficking to the ODV envelope (40-41) One interesting feature is
the presence of two homologs of odv-e66 (sf57 and sf115) in SfMNPV genomes.
Sf115 appears to be the ortholog of ac46 characterized as odv-e66, whereas sf57
is the paralog that showed the highest degree of homology to odv-e66 (AB009613)
from Leucania separate NPV with 64% identity (ID) and 76% similarity (Sim). Two
copies of this gene are also found in other members of group II NPVs such as
MacoMNPV, SeMNPV and Orgyia leucostigma NPV, whereas a single copy is
present in AcMNPV, SpltNPV, AgseNPV or Helicoverpa armigera SNPV. The
position of these two genes in relation to nearby ORFs is conserved in these NPVs.
It is probable that the two copies of the odv-e66 gene were acquired independently
and the first copy originated from a source that was more closely related to
LeseNPV and Lymantria dispar MNPV than to the ortholog of ac46 (sf115). The
presence of two copies of odv-e66 with both late and early baculovirus promoters
may be related to the two forms of odv-e66 found in mature AcMNPV ODVs (32,
66). The biological significance of the presence of these two copies in some
members of baculoviruses is unknown. In addition, the first copy (sf57) is positively
selected which is suggestive of diversifying selection, whereas the sf115 copy did
not show this diversify. Such directional selection may cause alterations in the
activity of the encoded protein, facilitating the adaptation to a new host species
and/or overcoming host defenses.
Finally, analysis of the M2, M3 and M8 models for ORF sf122 resulted in
extremely high ω values that are usually obtained when dS tends to zero. The
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average ω value (0.152) in M0 indicates relatively strong purifying selection acting
on sf122 (Table 2). M0, M1 and M7 models were rejected by likelihood ratio tests
(Table 3). BEB analysis of M2, and M8 identified three sites as being positively
selected, but only one (96E) with probabilities greater than 95% (Table 4).
Sf122 encodes a putative protein 139 aa in length of unknown function
that is present in some members of group II NPVs. The sf122 transcripts were
classified as late transcribed by RT-PCR (data not shown), suggesting that this is a
functional late gene. BLAST searches revealed homologies to SeMNPV SE121
(49% ID and 69% Sim), SpltNPV SPLT126 (43% ID and 67% Sim), AgseNPV
AGSE133 (38% ID and 61% Sim) and AgipNPV AGIP140 (33% ID and 62% Sim).
Sequence comparison revealed that the SF122 protein presented local areas of
homology in different regions along the proteins of other organisms, suggesting that
those regions could be related to specific protein domains. SF122 is a small
putative protein of around 16.7 kDa, without conserved domains. SF122 TargetP
analyses demonstrated that the amino acid sequence contained a cytoplasmic
membrane localization signal supported by a reliability class value of RC=3. SF122
SignalP analysis using gram-negative and gram-positive networks, identified this
protein as a non-secreted protein. Moreover, virus-Ploc indicated the inner layer of
the cytoplasmic membrane as the likely localization site of the putative protein.
Further studies will be performed to determine the function of this protein in
SfMNPV.
In summary, the likelihood ratio test rejected the null model in each of the
three comparisons for the three positively selected genes: M0 (one ratio) against
M3 (discrete), M1 (neutral) against M2 (selection), and M7 (β) against M8 (β and ω)
(Table 3). This suggests diversifying selection for pif-3, odv-e66a and sf122. The
pif-3 and odv-e66a genes encode proteins involved in primary infection, whereas
no function has yet been described for the late transcribed gene. The primary
infection is the first barrier to diversification for these viruses. Diversifying selection
may favor alterations in the activity of the encoded protein, facilitating the
adaptation to a new host species or overcoming the immune response in the novel
host. Experiments are in progress to determine the possible function of these three
proteins, particularly the unknown protein SF122. The three geographical SfMNPV
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genotypes differ significantly in a number of biological activities that have direct
relevance to their use as biological insecticides (6, 9, 11).
The ability of the empirical method to detect sites is defined by the
probability of rejecting the null hypothesis (neutral selection) when it is wrong,
leading us to accept that the alternative hypothesis, positive selection, is likely
correct. This probability decreases in accuracy when a low number of sequences
are analyzed (67). It may be expected that from the analysis of only three genome
sequences of the same virus species, as reported here, we were only able to reject
the null hypothesis models in three instances for which the strength of selection
was very high. Similar results were obtained when comparing two closely related
sequences (AcMNPV, RoMNPV), for which positively selected sites were detected
in only two genes (54) Selection analysis that includes sequences from other
SfMNPV isolates or even from other NPV genomes may help to identify a greater
diversity of viral genes that are subjected to positive selection.
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CHAPTER VI

The sf32 unique gene of Spodoptera frugiperda
multiple nucleopolyhedrovirus (SfMNPV) is a
non-essential gene that could be involved in
nucleocapsid organization in occlusion-derived
virions
ABSTRACT
A recombinant virus lacking the sf32 gene (Sf32null), unique to the Spodoptera frugiperda
multiple nucleopolyhedrovirus (SfMNPV), was generated by homologous recombination from
a bacmid comprising the complete viral genome (Sfbac). Transcriptional analysis revealed
that sf32 is an early gene. Occlusion bodies (OBs) of Sf32null contained 62% more genomic
DNA than viruses containing the sf32 gene, Sfbac and Sf32null-repair, although Sf32null
DNA was three-fold less infective when injected in vivo. Sf32null OBs were 18% larger in
diameter and contained 17% more nucleocapsids within ODVs than those of Sfbac. No
significant differences were detected in OB pathogenicity (50% lethal concentration), speedof-kill or budded virus production in vivo. In contrast, the production of OBs/larva was
reduced by 39% in insects infected by Sf32null compared to those infected by Sfbac. The
SF32 predicted protein sequence showed homology (25% identity, 44% similarity) to two
adhesion proteins from Streptococcus pyogenes and a single N-mirystoylation site was
predicted. We conclude that SF32 is a non-essential protein that could be involved in
nucleocapsid organization during ODV assembly and occlusion, resulting in increased
numbers of nucleocapsids within ODVs.

This chapter has been published in PLOS ONE as: Beperet I, Barrera G, Simón O, Williams T, LópezFerber M, Gasmi L, Herrero S, Caballero P. 2013. The sf32 unique gene of Spodoptera frugiperda
multiple nucleopolyhedrovirus (SfMNPV) is a non-essential gene that could be involved in nucleocapsid
organization in occlusion-derived virions. PLoS ONE 8:e77683.
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INTRODUCTION
The family Baculoviridae comprises a group of viruses characterized by a

large double-stranded, circular, supercoiled DNA molecule of 80-180 Kb,
enveloped in a rod-shaped nucleocapsid (1). These viruses are pathogenic to
arthropods, particularly Lepidoptera, and have a number of characteristics that
favor their development as bioinsecticides, such as restricted host range and high
pathogenicity and virulence (2-3). Baculoviruses are present in the environment, in
soil and on foliage, as occlusion bodies (OBs), which are formed by a protein matrix
that occludes the occlusion derived virions (ODV). Two phases can be
distinguished in their cycle of infection. Primary infection occurs when the larva
ingests OBs that degrade in the alkaline midgut and release ODVs that infect
epithelial cells. Virus replication and transcription begins in midgut cells and new
nucleocapsids are formed in the cell nucleus. Some of these nucleocapsids bud out
of the cells acquiring an envelope as they do so, and form budded virions (BV), that
disperse

within

the

infected

insect

to

initiate

secondary

infection.

The

nucleocapsids that remain in the nucleus of infected cells acquire an external
envelope, either singly or in groups, to form the ODVs that are occluded in the
polyhedrin matrix to form the occlusion bodies. Upon death the insect disintegrates
and liquefies and OBs are released into the environment for transmission to
susceptible larvae (1). As such BVs are specialized for cell-to-cell systemic
infection, whereas ODVs are required for insect-to-insect transmission.
The fall armyworm, Spodoptera frugiperda, is an important pest of maize,
rice and sorghum in North and South America. This insect can be infected by
S. frugiperda multiple nucleopolyhedrovirus (SfMNPV) and natural epizootics of
virus disease can spread through high density populations of the pest (4). Several
SfMNPV isolates have been characterized (5-7), but development of the virus as a
biological insecticide has been limited, mainly due to high production costs and
moderate levels of pest control observed following application of viral occlusion
bodies (OBs) to infested crops (8-9). The identification of the genetic factors that
determine particular insecticidal properties of the virus may facilitate the selection
of particular genotypes with desirable traits for use in bioinsecticidal products, or
the development of recombinant viruses, with improved characteristics compared to
the wild type (10). The deletion of certain genes (11) or the insertion of insect-
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specific toxin genes (12) has been shown to increase the speed of kill of these
viruses.
Studies on the genes involved in the insecticidal characteristics of
SfMNPV have been facilitated by genome sequencing of three different isolates of
this virus (13-15). A total of 62 open reading frames (ORFs) present in these
genomes have homologues in all lepidopteran-specific baculoviruses (genus
Alphabaculovirus) (16). Most of these genes encode structural proteins or are
involved in DNA replication or transcription (17). The majority of SfMNPV genes
show high sequence homology to genes of Spodoptera exigua multiple
nucleopolyhedrovirus (SeMNPV). However, there are twelve open reading frames
(ORFs) in the SfMNPV genome that have been identified as unique genes that do
not have homologs in other baculoviruses sequenced to date (13-14). These genes
may play a role in the unique characteristics or host specificity of SfMNPV (18-19).
The sf32 gene of SfMNPV is a unique gene located in a hypervariable
region of the genome within which mutations and deletions influence viral
phenotype (13, 20). In the present study, we examined the role of this gene in the
insecticidal properties of this virus. A PCR and a bacmid-based recombination
system were used to delete sf32 from the genome and a selection of phenotypic
characteristics of the recombinant product was studied. We found that the sf32
gene is not essential for the SfMNPV infection cycle, as infectious viral progeny
were obtained following replication of the sf32 deletion bacmid. However, deletion
of the gene caused a reduction in OB production per larva, whereas the size of
OBs and the number of viral genomes (nucleocapsids) within ODVs increased. We
suggest that SF32 may be involved in nucleocapsid organization during ODV
assembly and occlusion.

2.

2.1

MATERIAL AND METHODS
Insects, cells and viruses
Spodoptera frugiperda larvae were obtained from a colony that was

started using pupae from a laboratory population maintained in Honduras and
refreshed periodically with pupae from southern Mexico. The colony was
maintained at 25 ± 1 ºC, 75% relative humidity (RH) and 16h light: 8h dark
photoperiod on a wheatgerm-based semisynthetic diet (21). Spodoptera frugiperda
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Sf9 cells were maintained in TC100 medium containing 10% fetal calf serum at
28°C (22). A wild-type isolate of SfMNPV was collected in Nicaragua and
characterized genotypically by Simón et al. (23). The B genotype (SfMNPV-B)
includes the largest genome of the virus. This genotype was selected for the
SfMNPV bacmid construction (Sfbac). The complete genotype was cloned into a
pBACe3.6 vector modified by replacing the pUC19 element with pBluescriptKS I
containing AscI restriction sites, which cuts the SfMNPV-B genome once (24).

2.2

Construction of Sf32null and Sf32rep viruses
The Sf32null bacmid was constructed by deleting sf32 from Sfbac by

homologous recombination using Red/ET recombination (Gene Bridges GmbH).
A kanamycin resistance gene was amplified twice using the Tn5-neo PCR template
and primers that added 50 nucleotide (nt) terminal sequences corresponding to
either 3’ or 5’ untranslated regions of sf32. First, a PCR fragment was amplified
using Sf32del.1 and Sf32del.2 primers (Table 1) and the Tn5-neo template. Then,
in a second PCR, 25 nt terminal sequences were added using Sf32del.3 and
Sf32del.4 primers (Table 1) and the PCR product of the first amplification. The
bacteria containing Sfbac were made electrocompetent and transformed with the
Red/ET plasmid pSC101-BAD-gbaA (Gene Bridges GmbH). The PCR product
containing the terminal sequences of the sf32 gene was used to transform the
electrocompetent cells containing Sfbac and pSC101-BAD-gbaA. These cells were
also made electrocompetent and induced with arabinose (0.1-0.2% w/v) to express
the recombination protein (gbaA). Recombinants were selected as resistant
colonies on medium containing chloramphenicol and kanamycin. To confirm
deletion of sf32, restriction PstI profiles of the bacmid DNA were examined and
PCR amplifications with Sf32del.3 and Sf32del.4 primers were sequenced.
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Table 1. Primers used in this study.
Primers
Sf32del.1

Sequences
5’-ATCATTATATTGCTTTG
TATTTTATGGACAGCAAC
GAACCGGAA-3’

Sf32del.2

5’-AATTTTTTTTATATTTGG
GCATAGTCTCAGAAGAAC
TCGTCAAGA-3’

Sf32del.3

5’-GGAAAAGTTGTGTAAA
TAAAACAACATCATTATAA
TGCTTTGTAT-3’

Sf32del.4

5’-TTATTAGAAAATTAAGA
AAAGTTCAATTTTTTTTAT
ATTTGGGCA-3’

Sf32rep.1

5’-CGCTATTGTTAGCGAC
ACGA-3’

Sf32rep.2

5’-GGTGCGATACGATCAA
TGTG-3’

Sf32.1

5’-AAGTGGATGCCGATAA
AACG-3’

Sf32.2

5’-CCAATTGGTATGAATG
CCAC-3’

Sfpolh.1

5’-CCCGACACCATGAAGC
TGGT-3’

Sfpolh.2

5’-TTAGTACGCGGGTCCG
TTGTA-3’

egt.1

5’-TACGACCTGTTGCACC
ATAA-3’

egt.2

5’-TTACACAAAATTAAGTC
TCA -3’

Amplification purpose
Sf32 deletion from SfMNPV bacmid;
forward primer with 24 nt homologous to
Tn-5neo sequence (underlined) and 21 nt
homologous to 3’ untranslated sf32 region
(nt 30,932-30,955 in SfMNPV-B genome).
Sf32 deletion from SfMNPV bacmid;
reverse primer with 19 nt homologous to
Tn-5neo sequence (underlined) and 26 nt
homologous to 5’ untranslated sf32 region
(nt 31,363-31,338 in SfMNPV-B genome).
Sf32 deletion from SfMNPV bacmid;
forward primer with 20 nt homologous to
Sf32del.1 primer (underlined) and 25 nt
homologous to 3’ untranslated region (nt
30,907-30,931 in SfMNPV-B genome).
Sf32 deletion from SfMNPV bacmid;
reverse primer with 21 nt homologous to
Sf32del.1 primer (underlined) and 24 nt
homologous to 5’ untranslated region (nt
31,383-31,364 in SfMNPV-B genome).
Sf32 insertion into Sf32null bacmid;
forward primer that amplifies 809 pb
upstream the sf32 gene (nt 30148-30167
in the SfMNPV-B genome).
Sf32 insertion into Sf32null bacmid;
reverse primer that amplifies 1348 pb
downstream the sf32 gene (nt 3280432823 in the SfMNPV-B genome).
Sf32 transcription analysis (RT-PCR);
forward primer that amplifies 280 bp
upstream of the sf32 stop codon (nt
31,243-31,224 in SfMNPV-B genome).
Sf32 transcription analysis (RT-PCR);
reverse primer that amplifies in the sf32
stop codon (nt 30,963-30,982 in SfMNPVB genome).
Polh transcription analysis (RT-PCR);
forward primer that amplifies 500 bp
upstream of the polh stop codon (nt 241260 in SfMNPV-B genome).
Polh transcription analysis (RT-PCR);
reverse primer that amplifies in the polh
stop codon (nt 741-721 in SfMNPV-B
genome).
egt transcription analysis (RT-PCR);
forward primer that amplifies 479 bp
upstream of the egt stop codon (nt 2515425173 in SfMNPV-B genome).
egt transcription analysis (RT-PCR);
reverse primer that amplifies in the egt
stop codon (nt 25633-25614 in SfMNPV-B
genome).

153

Chapter VI

Characterization of the unique sf32 gene

Table 1. Continued.
Primers
qSf.1

Sequences
5’TGTGGTATATTTATGCAC
AGA-3’
5’ATTCAATGCTATCGTTTGA
GC-3’

qSf.2

Amplification purpose
BVs production (qPCR); forward primer
that amplifies in the sf68 (nt 63,179-63,199
in SfMNPV-B genome).
BVs production (qPCR); reverse primer
that amplifies in the sf68 (nt 63,279-63,259
in SfMNPV-B genome).

For the construction of the repair virus, the sf32 coding region was
amplified by PCR using primers amplifying outside the coding region, Sf32rep.1
and Sf32rep.2 (Table 1), and the Sfbac DNA as template. Fourth-instar
S. frugiperda larvae were injected with 10 µl from a mixture containing 50 µl of
Sf32null bacmid DNA (100 ng/µl), 50 µl of the PCR product that covered the sf32
region (500 ng/µl) and 50 µl of Lipofectin reagent (Invitrogen). Inoculated larvae
were transferred to diet and reared individually at 25°C. Virus-induced mortality was
recorded daily. The OBs were purified from cadavers and virus DNA extracted as
described below. A PCR was performed with Sf32rep.1 and Sf32rep.2 primers to
determine whether recombination had replaced the kanamycin cassette with the
sf32

gene

in

the

Sf32null

bacmid.

DNA

was

transfected

into

DH5α

electrocompetent cells. In order to select colonies containing the sf32 gene, bacmid
DNAs were purified by alkaline lysis and restriction PstI profiles and PCR
amplifications with Sf32del.3 and Sf32del.4 were examined. PCR amplification
products generated using Sf32del.3 and Sf32del.4 primers of the selected bacmid,
were sequenced to confirm the correct insertion of the gene.

2.3

Temporal expression of sf32
Total RNA was isolated from Sfbac-infected larvae at 0, 2, 4, 6, 8, 10, 12,

24, 48, 72, 96, 120 and 144 hours post infection (hpi) with TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. The extracted total RNA was
treated with RNase-free DNase (Promega) to remove genomic DNA. First strand
cDNA synthesis was performed using the Improm-IITM reverse transcriptase
(Promega) and the internal oligonucleotide Sf32.1 (Table 1). The resulting cDNA
mixtures were amplified using the sf32-specific primers Sf32.1 and Sf32.2
(Table 1). Amplifications of the very late and highly transcribed polyhedrin gene
(polh) with Sfpolh.1 and Sfpolh.2 primers and the early egt gene with egt.1 and
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egt.2 primers (Table 1) were performed as a control. PCR products were subjected
to electrophoresis in 1% agarose gel.

2.4

Sfbac and Sf32null DNA infectivity and production of the OBs
Sfbac, Sf32null and Sf32rep bacmid DNAs were purified by alkaline lysis

and caesium chloride gradient centrifugation (22). To determine DNA infectivity and
produce Sfbac, Sf32null and Sf32rep OBs, S. frugiperda fourth instars were
injected with a DNA suspension including bacmid DNAs and Lipofectin reagent
(Invitrogene) in a 2:1 proportion (24-25). A 100 µL volume of each bacmid DNA
containing 100 ng/µL was mixed with 50 µL of Lipofectin. After 10 minutes, 10 µL of
this suspension was injected into individual larvae (666 ng/larva). Inoculated larvae
were transferred to diet, reared individually at 25ºC and virus mortality was
recorded daily until death or pupation. Groups of 24 larvae were injected with DNA
from each virus and the experiment was performed three times.
OBs obtained from dead larvae were filtered through cheesecloth, washed
twice with 0.1% (w/v) sodium dodecyl sulphate (SDS) and twice with doubledistilled water, and resuspended in double-distilled water. The resulting OB
suspensions were counted in a Neubauer chamber and were stored at 4 ºC. To
confirm the authenticity of the recombinant OBs, DNA was extracted from OBs as
described in the following section and verified by restriction endonuclease and PCR
analyses.

2.5

DNA and ODV content within OBs
Genomic DNA was extracted from samples of 1 x 10 6 OBs of Sfbac,

Sf32null and Sf32rep bacmids. ODVs were released from OBs by mixing OB
suspensions with 100 µL of 0.5M Na2CO3 and 50 µL of 10% (w/v) SDS in a final
volume of 500 µL and incubating at 60ºC during 10 minutes. Undissolved OBs were
removed by low speed centrifugation (3,800 x g, 5 minutes). The supernatant
fraction containing virions was treated with 25 µL of proteinase K (20 mg/mL) and
incubated at 50ºC for one hour. Viral DNA was extracted twice with 500 µL of
phenol and once with chloroform and isolated by alcohol precipitation. The resulting
pellet was resuspended in 50 µL of 0.1x TE buffer by incubation at 60ºC during
10 minutes. DNA samples were diluted 1:100 and quantified using qPCR based on
SYBR green fluorescence in an ABI PRISM 7900HT Sequence Detection System
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(Applied Biosystems). The reaction mixture (20 µL) contained 10 µL SYBR Premix
Ex Taq (2x), 0.4 µL of ROX Reference Dye (50x), 0.2 µL of each SfMNPV primer
(10 pmol/µL) (Table 1) and 1 µL of DNA template. qPCR was performed under the
following conditions: 95ºC for 30 s, followed by 45 amplification cycles of 95ºC for
5 s and 60ºC for 30 s and finally a dissociation stage of 95ºC for 15 s, 60ºC for 15 s
and 95ºC for 15 s. Data acquisition and analysis were handled by Sequence
Detector Version 2.2.2. software (Applied Biosystems). Known dilutions of SfMNPV
CsCl-purified DNA (10-5 – 1 ng/µl) were used as internal standards for each qPCR
reaction. Melting-curve analysis was performed to confirm specific replicon
formation in qPCR.
Mean ODV content within OBs was determined by end point dilution in Sf9
cells (25). ODVs were released from 5 x 108 OBs in a volume of 500 µL by
incubation with Na2CO3 0.1M at 28°C for 30 minutes. This suspension was filtered
through a 0.45 µm filter and serially diluted 1:5 in TC100 medium. Sf9 cells were
infected with 10 µL of each ODV dilution in 96-well plates. Twenty-four wells
containing 1 x 104 cells/well were inoculated with each dilution in triplicate. Dishes
were incubated at 28ºC for 7 days and then examined for signs of virus infection.
Results were analyzed by the Spearman-Kärber method (26) to estimate 50%
tissue culture infectious dose (TCID50). TCID50 values were subsequently converted
to infectious units per 5x108 OBs and compared by t-test in SPSS 15.0 (SPSS Inc,
Chicago, IL).

2.6

Biological activity of OBs
The 50% lethal concentration (LC50), mean time to death (MTD) and OB

production were determined in second instars by per os inoculation following the
droplet feeding technique (27). To estimate LC50 values, larvae were starved
overnight and allowed to drink viral suspensions in 10% (w/v) sucrose solution
containing 0.001% (w/v) blue food dye and one of the following concentrations of
OBs of each virus: 1.9 x 103, 9.6 x 103, 4.8 x 104, 2.4 x 105 and 1.2 x 106 OB/ml.
This range of concentrations was previously estimated to kill between 5 and 95% of
the insects. Larvae that drank OB suspension in a 10 min period were reared
individually on diet at 25ºC and virus mortality was recorded daily until death or
pupation. Bioassays were performed on four occasions using groups of 24 larvae
per virus concentration and 24 control larvae that consumed sucrose and food dye
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solution without OBs. Virus induced mortality data were subjected to probit analysis
with the POLO statistical program (28).
In order to determine speed-of-kill, groups of 24 recently-molted second
instars were starved overnight and allowed to drink an OB concentration estimated
to result in 90% mortality, namely, 2.19 x 105 OB/mL for Sfbac and
2.24 x 105 OB/mL for Sf32null. Larvae that drank OB suspensions within 10 min
were reared individually on diet at 25ºC and mortality was recorded at 8 hour
intervals until larvae had died or pupated. The experiment was performed on four
occasions. Time-mortality results were subjected to Weibull analysis using the
generalized linear interactive modelling (GLIM) program (29) and to Kaplan-Meier
survival analysis using SPSS 15.0.
OB production was determined in larvae that died in the MTD assays.
Each corpse was homogenized in 100 µL distilled water and OBs were counted in a
Neubauer hemocytometer. OB counts from each larva were performed in duplicate
using three of the four replicates from the MTD experiment. Results were subjected
to t-test in SPSS 15.0.

2.7

Budded virus production in vivo
Budded virus (BV) production was studied in newly-molted fourth instars

that had drunk a suspension of 108 OB/ml, estimated to result in ~95% mortality for
both viruses. The number of viral genome copies present in larval hemolymph was
estimated by qPCR. Hemolymph samples taken from groups of 20 larvae at 0, 12,
24, 48, 72, 96, 120 hpi were centrifuged at 2,000 x g for 10 minutes at 4ºC to pellet
cells. DNA extraction was performed on the supernatant using the MasterPure
Complete DNA Purification kit (Epicentre Biotechnologies) and DNA concentrations
were measured by qPCR as described for DNA content quantification.

2.8

Electron microscopy
Scanning electron microscopy (SEM) was used to determine OB diameter.

OBs in suspension were fixed overnight by mixing with an equal volume of fixative
(4% formaldehyde and 1% glutaraldehyde in 0.1M phosphate buffer, pH 7.4) and
then washed twice with 0.1M phosphate buffer. Samples were then partially
dehydrated with ethanol 70%, dried, placed on aluminum mounts using carbon
tags, sputter-coated with gold-palladium and photographed at magnifications of
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6,000x and 25,000x using a scanning electron microscope (Philips SEM 550).
Images were analyzed with the ImageJ software (National Institutes of Health) and
Feret’s diameter (the longest distance between two parallel tangents) was taken as
a measure of OB diameter. A total of 500 OBs were analyzed for the Sfbac virus
and 345 were analyzed for the Sf32null virus. OB measurements were normalized
by square-root transformation and compared by t-test using SPSS 15.0.
The number of ODVs occluded within OBs and the number of
nucleocapsids per ODV were determined by examination of OB sections by
transmission electron microscopy (TEM). OBs in suspension were fixed for 2 h at
4°C with 1.5% glutaraldehyde. Samples were then concentrated in 0.4% agar,
washed with phosphate buffer (0.2 M, pH 7.3), post fixed with 2% osmium tetroxide
for 2 h, followed by 1 h treatment with 2% uranyl acetate. Samples were then
embedded in epoxy resin, sectioned, stained with lead acetate and observed under
TEM at 100 KV (JEOL JEM 1010). Different fields of each sample were
photographed at a magnification of x40,000. Images were analysed using ImageJ
software for each sample, the number of ODVs was counted in 30 OBs. Similarly,
the number of nucleocapsids was counted in 300 ODVs. The mean numbers of
ODVs and nucleocapsids for each sample were compared by t-test. Feret’s
diameter was also measured in approximately 100 OBs of each virus (89 for Sfbac
and 100 for Sf32null) and compared by t-test using SPSS 15.0.

2.9

Gene and protein sequence analysis
To determine the nature of the putative SF32 protein, nucleotide and

amino acid sequences homologs were searched in the updated Genbank and
EMBL databases using BLAST (30). Protein properties were studied using the
Peptide Property Calculator (Center for Biotechnology, Northwestern University).
PSIPRED and JPRED3 tools were used to predict protein secondary structure (31)
and signal sequences were screened using SIGNALP v3.0 (32). Cellular location
was predicted by TargetP 1.1 server (33). The presence of transmembrane
domains was detected using TMHMM v2.0 and MEMSAT3 (34). Finally, posttranslational modifications were predicted using PROSITE (35).
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RESULTS
Generation of Sf32null and Sf32rep viruses
The selected Sf32null bacmid was expected to contain a deletion of the

sf32 gene, located between the nucleotides 30,955 and 31,338 in the SfMNPV-B
genome (14). Replacement of the sf32 gene by the kanamycin cassette in Sf32null
was confirmed by restriction endonuclease analysis and PCR with specific primers
targeted at the predicted recombinant junction regions. The genomic arrangement
of the recombinant virus was verified by sequencing. The same method was
performed to confirm the correct insertion of sf32 gene in the Sf32rep bacmid.

3.2

sf32 is an early transcribed gene
Temporal regulation of the sf32 transcript was examined by RT-PCR using

total RNA isolated from S. frugiperda larvae orally infected with Sfbac OBs. Control
amplifications performed to ensure the absence of contaminant DNA in the
samples were consistently negative. Equal volumes of the treated RNA were used
for the sf32, polh and egt transcript amplifications. Single RT-PCR products of the
expected sizes were obtained following amplification of sf32, polh and egt. The sf32
amplification product was detected at a very low level at 2 hpi, increased at 4 hpi
and remained at a steady-state level up to 144 hpi. In contrast, an amplification
product from the early transcribed egt gene was detected from 4 hpi to 144 hpi. The
late transcribed gene polh amplification product was detected at a very low level at
24 hpi, increased at 48 hpi and remained at a steady-state level up to 144 hpi
(Figure 1). A diffuse band was observed below the expected amplification product
due to excess primer.
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Figure 1. Temporal expression of a) sf32, b) polyhedrin (polh) and c) egt of SfMNPV.
RT-PCR analysis of sf32, polh and egt was performed on total RNA extracted from infected
larvae at indicated times post infection (hpi). Transcript amplifications were performed using
Sf32.1 and Sf32.2 primers for sf32, Sfpolh.1 and Sfpolh.2 primers for polh and egt.1 and
egt.2 primers for egt. RNA was previously treated with DNase and the same amount of RNA
was used for sf32, polh and egt amplifications. M indicates RNA from mock-infected larvae
(negative control) and C is a positive amplification control of DNA.

3.3

Reduced infectivity of Sf32null DNA
Intrahemocelic injection of Sf32null bacmid DNA resulted in significantly

lower mortality of larvae than observed following injection of Sfbac or Sf32rep DNA
(F2,8=25.878, p=0.001). Mean (SE) mortality was 15.7 ± 1.3% for insects injected
with Sf32null bacmid DNA, whereas 49.1 ± 4.5% and 53.8 ± 5.3% was recorded for
those injected with Sfbac and Sf32rep DNA respectively (Figure 2A), indicating that
Sf32null DNA was approximately three fold less infectious than viral DNA that
included the gene. DNA extracted from the resulting OBs was subjected to
restriction endonuclease analysis and PCR which confirmed that the three viruses
had similar DNA restriction profiles and amplification products to those obtained
with the parental DNA.
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Figure 2. Effects of sf32 deletion in the biological activity of the virus. A) Mean virus-induced
mortalities following DNA injection. Values above the columns indicate means and those
labeled with different letters are significantly different (p<0.05). Error bars indicate the
standard error of the mean. Mortality was recorded until larvae had either died or pupated. B)
Mean amounts of DNA extracted from samples of 10 6 OBs of Sfbac, Sf32null and Sf32nullrepair viruses. Values above columns indicate means and those labeled with different letters
differed significantly (t-test, p<0.05). Error bars indicate the standard error of the mean. C)
ODV content in 5 x108 OBs of Sfbac and Sf32null. Sf9 cells were serially infected (1:5, 1:25,
1:125, and 1:625) with ODVs released from OBs. ODV titers (ODV/ml) were calculated by
end point dilution. Error bars indicate the standard error of the mean. D) Kaplan-Meier
survival curves showing estimates of that the probability of an infected S. frugiperda larva
surviving to different intervals following infection by each virus. Continuous and discontinuous
lines represent Sfbac and Sf32null survival curves, respectively. E) OB production values in
larvae infected with Sfbac and Sf32null viruses. Values above the columns indicate means.
Error bars indicate the standard error of the mean. F) Dynamics of BV production through the
time. Squares represent Sfbac values and triangles represent Sf32null values. Error bars
indicate the standard deviation. No significant differences were observed in BV temporal
production patterns between Sfbac and Sf32null viruses (p >0.05).
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Sf32null bacmid OBs have an increased DNA content and similar

ODV content
DNA content was quantified by qPCR (efficiency=101%, r2=0.998). The
presence of non-specific amplification resulting in the high PCR efficiency was
considered unimportant, as only one peak could be observed in the melting curve.
Significant differences were observed in the mean concentration of DNA in OB
samples from Sfbac, Sf32null and Sf32rep (F2,30=7.468, p=0.002). Sf32null OBs
yielded an average (SE) of 148.4 ± 18.0 ng DNA/106 OBs, that was significantly
more DNA than Sfbac (91.5 ± 13.6 ng DNA/106 OBs) or Sf32rep OBs (72.7 ± 9.0 ng
DNA/106 OBs) (Figure 2B). However, similar titers of infectious units (ODVs) were
present in Sfbac and Sf32null viruses in standardized samples of 5 x 108 OBs
(t=0.28, df=10, p>0.05). In this case, the ODV titers were 6.6 x 103 ± 1.5 x 103
infectious units/ml for Sfbac compared with 7.4x103 ± 2.6x103 infectious units/ml for
the Sf32null virus (Figure 2C). The complete recovery of biological activity in the
Sf32rep virus in terms of DNA infectivity and DNA content led us to use only the
Sfbac as a control virus in the following experiments.

3.5

Deletion of sf32 had no significant effects on OB pathogenicity or

speed of kill but increased OB production
The estimated LC50 values of Sfbac and Sf32null bacmid OBs were almost
identical at 1.76 x 104 and 1.77 x 104 OBs/mL, respectively. The 95% confidence
levels of the relative potencies, representing the ratio of effective concentrations
(36), overlapped broadly in both viruses indicating no significant differences in OB
infectivity between these viruses in S. frugiperda larvae (Table 2).
Following inoculation with an estimated LC90 concentration of OBs the
mean (SE) observed mortality of second instars was 86.7 ± 4.8% for Sfbac and
86.5 ± 3.6% for Sf32null. The mean time to death (MTD) value was 161 hours post
infection (hpi), which was identical for both viruses (Table 2). Mortality results were
also subjected to survival analysis in SPSS 15.0. Kaplan-Meier curves (Figure 2D)
and Log Rank test (2=0.210, df=1, p=0.647), which confirmed that the speed-of-kill
was similar in both viruses.
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Table 2. LC50 values and mean time to death for Sfbac and Sf32null in second instar
S. frugiperda larvae.

LC50
(OBs/ml)

Relative
Potency

1.76 x 104

Sf32null 1.77 x 104

Virus

Sfbac

95% Confidence limits
Low

High

1.00

-

-

0.99

0.66

1.50

MTD
(h)

95% Confidence limits
Low

High

161a

157

165

161a

157

166

Probit analysis was performed using the PoloPlus program. The hypothesis of equality was
not rejected (2=0.01, df=2, p=0.997) and a test for nonparallelism was not significant
(2=0.01, df=1, p=0.947) such that regressions were fitted with a common slope of 1.163 ±
0.092 (mean ± S.E.). Relative potency was calculated as the ratio of effective concentrations
relative to Sfbac OBs. Mean time to death values (MTDs) were estimated by Weibull analysis
(29). MTDs labeled with same letter did not differ significantly (p >0.05).

OB production differed significantly between Sfbac and Sf32null viruses
(t=6.6; df=4; p=0.003). Sfbac infections produced 8.68 x 107 ± 0.57 x 107 OB/larva
(mean  SE) whereas Sf32null produced 5.29 x 107 ± 0.42 x 107 OB/larva
(Figure 2E), which represents 39% fewer Sf32null OBs/larva compared to the
production observed in insects infected by Sfbac.
Sf32 had no pronounced effects on budded virus production (Figure 2F).
The amounts of viral genomic DNA in hemolymph for both viruses at different times
post-infection were very similar as determined by qPCR (efficiency=108%,
r2=0.998), i.e., sf32 deletion appeared to have no clear influence on BV production
at any stage of the infection. The presence of non-specific amplification was
considered improbable as only one peak was observed in the melting curve.

3.6

Sf32null virus OBs are larger than those of Sfbac virus and occlude

ODVs containing a higher number of nucleocapsids
Sf32null OBs had diameters between 1.40 and 3.37 µm with an average
( SE) value of 2.25 ± 0.02 µm (N=345), which was significantly larger than the
diameter of Sfbac OBs, which ranged from 1.00 to 3.16 µm with an average value
of 1.91 ± 0.02 µm (N=500) (t=12.3, df=843, p<0.001). Although Sf32null OBs were
approximately 18% larger than those of Sfbac, no additional gross morphological
differences were observed in OB structure between these viruses when examined
by SEM (Figure 3A).
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Figure 3. Electron microscopy of Sfbac and Sf32null OBs. A) Scanning electron microscopy
(x6,000) of Sfbac and Sf32null OBs. Sf32 deletion did not affect gross OB morphology
although Sf32null OBs were approximately 18% larger in diameter than those of the Sfbac
virus. B) Transmission electron microscopy (x40,000) of Sfbac and Sf32null OBs showing the
distribution of single and multiple nucleocapsid ODVs. C) Mean number of ODVs occluded
within OBs as determined by TEM analysis. D) Mean nucleocapsid content of ODVs
estimated by analysis of OB sections following TEM. Values above columns indicate means
and those labeled with different letters differed significantly (t-test, p<0.05). Error bars
indicate the standard error of the mean.

TEM observation revealed that the number of ODVs present within the
OBs was similar in Sfbac and Sf32null OBs (t=1.367, df=26, p=0.183) (Figure 3B,
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C). However, the number of nucleocapsids per ODV was approximately 17% higher
in Sf32null ODVs than in Sfbac ODVs (t=2.513, df=311, p=0.013) (Figure 3D).
Significant differences in the size of the OBs were confirmed by measuring the
Feret’s diameter in the TEM images (t=3.47, df=184, p=0.001). The mean diameter
of the Sfbac OBs was 1.64 ± 0.04 µm, whereas the mean diameter of the Sf32null
OBs was 1.84 ± 0.04 µm.

3.7

Sequence analysis
Sequence analysis revealed that sf32 is a reverse gene located between

nucleotides 30,957 and 31,475 in the SfMNPV Nicaraguan isolate genome (14).
This gene is positioned between sf31, which encodes a putative protein-kinase
interacting protein similar to ac24, and sf33, a putative actin rearrangementinducing factor similar to ac20 and ac21. A TATA box and a baculovirus consensus
early promoter motif CAGT were present at 277 and 292 nt upstream from the
initiation codon (ATG), respectively, suggesting that sf32 might be an early gene,
which was confirmed by RT-PCR temporal expression analysis (Figure 1).
SF32 is a unique small protein of 172 amino acids (Aa), present in all
sequenced

SfMNPV

genotypes;

no

homologs

were

detected

in

other

baculoviruses. The SF32 protein showed 26 % identity and 44 % similarity to the
trypsin-resistant T6 surface protein of Streptococcus pyogenes serotype M6 and
also showed sequence similarity with the fimbrial structural subunit of the same
bacterial species

(26 % identity, 44 % similarity). No signal

peptide or

transmembrane domains were detected in the putative protein.
The estimated volume of this protein was 24,688 A3 using the Peptide
Property Calculator (Chazan). Secondary structure prediction revealed nine strands
and five helices, but larger structures could not be predicted from these data. The
PROSITE tool predicted some post-translational modifications and functional motifs
of SF32, including a protein kinase C phosphorylation site (Aa7-9), two Nglycosylation

sites

(Aa60-63,

156-159),

a

tyrosine-kinase

phosphorylation

site (Aa89), a casein-kinase II phosphorylation site (Aa158-161) and an
N-myristoylation site (Aa166-171) (Figure 4).
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Figure 4. Sequence analysis of sf32. An early promoter motif and a TATA box were found
upstream from the initiation codon. Numbers indicate predicted post-translational
modifications and functional motifs of the protein. 1: N-myristoylation site; 2: casein-kinase II
phosphorylation site; 3 and 5: N-glycosylation sites; 4: tyrosine-kinase phosphorylation site;
6: protein kinase C phosphorylation site.

4.

DISCUSSION
Baculoviruses may acquire genes from their hosts or from other

coinfecting agents resulting in viruses with novel phenotypes (18). Such modified
phenotypic characteristics may confer a selective advantage related to the host
range of the virus, its insecticidal activity or its transmissibility (17, 19, 37). SfMNPV
has twelve ORFs which have no homologs in other sequenced baculoviruses (13).
The number of unique genes varies between baculoviruses: 24 unique ORFs were
identified in the genome of Chrysodeixis chalcites NPV (ChchNPV) (19), 20 unique
ORFs were identified in the Helicoverpa armigera NPV (HaNPV) genome [(38),
whereas only three genes are unique to the AcMNPV genome (1, 39).
In order to increase our understanding of SfMNPV as a fall armyworm
pathogen, the role of the sf32 unique gene in the replication and transmission of
this virus was studied by producing bacmid-based mutants that lacked the gene.
Transcription of sf32 starts very early during infection and continues for at least
144 hours. The temporal expression observations are in agreement with the
presence of the early promoter detected by sequence analysis. The products of
baculovirus early genes are often involved in DNA replication, regulation of late
gene expression and host-modification processes (40). Early gene transcription is
mediated by the host RNA polymerase II and is strongly influenced by the
immediate-early IE-1 and IE-2 factors (40). Deletion of sf32 resulted in a three-fold
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decrease in DNA infectivity of the bacmid virus, for reasons that remain unclear.
Nonetheless, this early gene is clearly not essential for virus replication, as
infectious OB progeny were obtained from the sf32 deletion bacmid.
A 62% increase in the average amount of DNA per OB was observed in
the Sf32null recombinant, but a similar number of ODVs were present in both Sfbac
and Sf32null OBs. Other early genes, such as ac23, modify the number of
nucleocapsids per OB without affecting the number of occluded ODVs (41). In this
case it can be assumed that gene deletion decreased total DNA content, in contrast
to that observed with the sf32 deletion mutant. The role of sf32 in the SfMNPV virus
therefore differs from that of ac23 in AcMNPV.
Despite the increased DNA content of Sf32null OBs, sf32 deletion had a
negligible effect on OB pathogenicity or speed-of-kill. This was an unexpected
result given that when a larva ingests an Sf32null OB it will be exposed to a greater
number of viral genomes than occurs following ingestion of an Sfbac OB. However,
deletion of the previously mentioned ac23, which also modifies the DNA content
within OBs, had no significant influence on OB pathogenicity but increased the
mean time to death of infected insects (42), so that changes in the DNA content of
OBs are not neccessarilly linked to changes in their pathogenicity.
Interestingly, Sf32null OBs were 18% larger in diameter than those of the
complete virus. This difference may not seem particularly important, but an 18%
increase in diameter represents a 60% increase in volume of the OB (assuming
that an OB approximates to the shape of a sphere), which is very similar to the
observed increase in the DNA content of Sf32null OBs.
The total production of OBs/larva was 39% lower in Sf32null infected
insects compared with those infected with the complete virus, whereas BV
production was similar in both viruses. Increased OB productivity is often linked to
an extended period of infection and an increase in the mean time to death (24, 4344), but this was not observed in insects infected by the Sf32null virus. Altered OB
production could also be the consequence of alterations in the packaging and
occlusion process. Clear similarities in the dynamics of BV production between
viruses suggested that DNA synthesis was not affected by sf32 deletion, yet
Sf32null OBs contained approximately 62% more DNA than Sfbac OBs. This led us
to suspect that more ODVs would be occluded in Sf32null OBs compared to Sfbac
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OBs, or a greater number of nucleocapsids would be enveloped in the Sf32null
ODVs. The number of virions occluded within OBs was determined in cell culture
and by direct TEM observation of OB sections, and was not affected significantly by
deletion of sf32. However, deletion of this gene resulted in a significant increase in
the number of viral nucleocapsids enveloped within each ODV, which reflects the
higher DNA content of Sf32null OBs. Therefore, it appears that sf32 likely affects
nucleocapsid organization during ODV assembly and occlusion. The higher
nucleocapsid content of Sf32null OBs compared to that of Sfbac may be
responsible for the reduced OB production, as more genomic DNA is required for
production of Sf32null OBs than in Sfbac OBs. Whether or not the increase in the
number of nucleocapsids per ODV has a direct influence on the occlusion process,
leading to the physically larger OBs that we observed, is unclear at present.
Analysis of the putative SF32 protein revealed that this protein does not
contain any signal peptide or transmembrane domains, suggesting that is likely to
be an intracellular polypeptide. Nevertheless, this protein is homologous to the
trypsin-resistant T6 surface protein of Streptococcus pyogenes serotype M6 and
the fimbrial structural subunit of the same species, both of which have adhesion
functions (45). The idea that SF32 could be involved in adhesion processes is an
appealing concept that appears consistent with its hypothesized role in
nucleocapsid organization during ODV assembly and occlusion. Some strains of
Streptococcus are pathogenic to insects (46-47) and horizontal transfer between
viruses and bacteria has been proposed for other baculovirus genes, notably
chitinase (48-49). The idea that SF32 may be involved in adhesion functions is
reinforced by the presence of an N-myristoylation site in the amino acid sequence
as this modification is usually related to weak and reversible protein-membrane and
protein-protein interactions (50-51). In other viruses, myristoylated proteins are
involved in assembly, structure, budding, intracellular host interactions and viral
entry (52).
We conclude that the SfMNPV unique SF32 protein is a non-essential
protein, as viral replication was not compromised by gene deletion. This gene might
be directly or indirectly involved in mediating nucleocapsid organization during ODV
assembly and occlusion. Deletion of sf32 resulted in a reduction in OB production
per insect and substantial increases in the size of OBs and an increase in the
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average number of nucleocapsids present within ODVs. Gene deletion did not
affect OB pathogenicity, speed of kill, ODV content within OBs or the dynamics of
BV production. Homology with bacterial adhesion proteins and the presence of an
N-myristoylation site suggests that SF32 may affect nucleocapsid packaging in
ODVs via interactions with other proteins.
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CHAPTER VII

The “11K” genes family sf68, sf95 and sf138
modulate transmissibility and insecticidal
properties of Spodoptera frugiperda multiple
nucleopolyhedrovirus
ABSTRACT
The “11K” protein family is notable for having homologs in both baculoviruses and
entomopoxviruses and are classified as either type 145 or type 150, according to their
similarity

with

the

ac145

or

ac150

genes

of

Autographa

californica

multiple

nucleopolyhedrovirus (AcMNPV). One homolog to ac145 (sf138) and two homologs to ac150
(sf68 and sf95) are present in Spodoptera frugiperda multiple nucleopolyhedrovirus
(SfMNPV). Recombinant viruses lacking sf68, sf95 or sf138 (Sf68null, Sf95null and Sf138null,
respectively) and the respective repair viruses were generated from a bacmid comprising the
complete virus genome. Occlusion bodies (OBs) of the Sf138null virus were 15-fold less
infective to insects, which was attributed to a 100-fold reduction in ODV infectious titer.
Inoculation of insects with Sf138null OBs in mixtures with an optical brightener failed to
restore the pathogenicity of Sf138null OBs to that of the parental virus, indicating that the
effects of sf138 deletion on OB pathogenicity were unlikely to involve an interaction with the
gut peritrophic matrix. In contrast, deletion of sf68 and sf95 resulted in a slower speed-of-kill
by 7%, and a concurrent increase in the production of OBs. Phylogenetic analysis indicated
that sf68 and sf95 were not generated after a duplication event of the ac150 gene. We
conclude that type 145 genes modulate primary infection process of the virus, whereas type
150 genes appear to have a role in spreading systemic infection within the insect.

This chapter has been submitted to Biology Direct as: Beperet I, Simón O, Williams T, López-Ferber M,
Caballero P. The “11K” genes family sf68, sf95 and sf138 modulate transmissibility and insecticidal
properties of Spodoptera frugiperda multiple nucleopolyhedrovirus.
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INTRODUCTION
There are three families of insect pathogenic viruses that produce

occlusion bodies: Baculoviridae, Poxviridae and Reoviridae (1). Reoviruses are
double-stranded segmented RNA viruses, whereas the first two families are formed
by double-stranded DNA viruses. Genomic comparisons of members of the family
Baculoviridae and insect-specific Poxviridae (subfamily Entomopoxvirinae) has
revealed four groups of genes present in both taxa, and absent in the members of
these virus families that do not infect insects (2). These gene groups are known as
the “11K”, “57K”, “tryptophan repeat” and “fusolin/gp37” groups and are considered
as key components of insect-virus relationships that have evolved to exploit the
host machinery in a highly effective manner (2).
The “11K” gene group encodes for a family of small proteins of between
90 and 110 amino acids, with a relative molecular mass of approximately 11,000
and a core C6 motif comprising six cysteine residues in a well defined spacing
pattern (2). Members of this group are present in all lepidopteran baculoviruses
(genus Alphabaculovirus) (2-3). Phylogenetic analysis of the C6 motif revealed two
different gene types within the 11K group, type 145 and type 150, which received
their names from the corresponding genes (ac145 and ac150) of Autographa
californica multiple nucleopolyhedrovirus (AcMNPV), the type species of the
Baculoviridae (2).Both genes of AcMNPV, together with the type 150 gene, bm126,
of Bombyx mori nucleopolyhedrovirus (BmNPV), are responsible for key aspects of
the

phenotypic

characteristics

of

their respective viruses, including

oral

pathogenicity, virulence or the infectivity of budded virions (BV) (3-5). However, the
influence of these genes on virus phenotype differs depending on the host species
(3, 5-6). Both AcMNPV and BmNPV belong to group I nucleopolyhedroviruses (7),
which is a group of viruses characterized by the presence of GP64 protein in the
BV envelope (8). In contrast, group II nucleopolyhedroviruses are characterized by
the presence of F-protein instead of GP64 in the BV envelope. The effect of the
“11K” protein family on the biological activity of these viruses has not been
determined.
Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV) is a
group II nucleopolyhedrovirus (9). Three geographically distinct isolates of the virus
have been completely sequenced (10-12). This sequence information revealed the
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presence of sf138 that is homologous to ac145, as well as the presence of sf68 and
sf95 that are homologs of ac150. As SfMNPV is being assessed as a potential
biological insecticide in Latin America (13-15) we decided to determine the role of
the sf68, sf95 and sf138 genes in the infectivity of the SfMNPV on its natural host,
S. frugiperda. With this aim, deletion recombinants were constructed from the
complete SfMNPV bacmid genome. The effect of each deletion on the phenotypic
characteristics of SfMNPV was determined in vitro and in vivo in S. frugiperda cells
and larvae.

2.

2.1

METHODS
Insects, cells and viruses
Larvae of S. frugiperda were obtained from a laboratory colony that

originated from Honduras and was refreshed periodically with pupae from southern
Mexico. Insects were maintained at 25ºC, 75% relative humidity (RH) and 16h light:
8h dark photoperiod and were reared on a wheatgerm-based semisynthetic diet
(16). Sf9 cells were maintained in TC100 medium supplemented with 10% fetal calf
serum at 28°C (17). The SfMNPV-B genotype is the largest genotype present in a
Nicaraguan isolate of SfMNPV (11, 18). This genotype was selected for
construction of the SfMNPV bacmid (Sfbac). The complete genotype was cloned
into a pBACe3.6 vector modified by replacing the pUC19 element with
pBluescriptKS I containing AscI restriction sites, which cuts the SfMNPV-B genome
at one site (19). The Sf68null, Sf95null and Sf138null bacmids were constructed by
deleting the sf68, sf95 and sf138 genes, respectively, from Sfbac by homologous
recombination. Similarly, the repair viruses, Sf68rep, Sf95rep and Sf138rep, were
constructed by inserting the respective genes into the knockout bacmids (Sf68null,
Sf95null and Sf138null) by homologous recombination.

2.2

Construction of the deletion bacmids
Sf68null, Sf95null and Sf138null bacmids were generated after deletion of

the respective sf68, sf95 and sf138 genes from Sfbac using the Red/ET
Recombination system (Gene Bridges GmbH, Heidelberg, Germany). For this, two
short homology arms were added to a kanamycin cassette by PCR in a two step
procedure using the PrimeSTAR HS high fidelity DNA polymerase (Takara). First, a

175

Chapter VII

Characterization of the genes sf68, sf95 and sf138

PCR fragment was amplified using the Tn5-neo PCR template and the respective
primer pair (Sf68del.1 and Sf68del.2, Sf95del.1 and Sf95del.2, Sf138del.1 and
Sf138del.2 in Table 1) that added 25 nucleotides (nt) homologous to either 3’ or 5’
untranslated regions of the corresponding genes. Then, in a second PCR,
additional 25 nt terminal sequences were added using the PCR product of the first
amplification and the corresponding primer pair: Sf68del.3 and Sf68del.4, Sf95del.3
and Sf95del.4 or Sf138del.3 and Sf138del.4 (Table 1). Bacteria containing Sfbac
were made electrocompetent and transformed with the Red/ET plasmid pSC101BAD-gbaA (Gene Bridges GmbH). The PCR products containing the kanamycin
cassette and the flanking regions of the sf68, sf95 and sf138 genes, respectively,
were used to transform the electrocompetent cells containing Sfbac and pSC101BAD-gbaA. These cells were induced with arabinose (0.1 to 0.2 % w/v) to express
the recombination protein (gbaA). Sf68null, Sf95null and Sf138null recombinants
were selected as resistant colonies on media containing chloramphenicol
(resistance gene located in the pBACe3.6 vector) and kanamycin (which replaced
the different genes). To confirm the deletion of the genes, PstI restriction
endonuclease (REN) analysis of the bacmid DNAs were performed and PCR
amplifications

using

Sf68del.3/Sf68del.4,

Sf95del.3/Sf95del.4

and

Sf138del.3/Sf138del.4 primer pairs were sequenced.
Table 1. Primers used in this study.
Primers
Sf68del.1

Sequences
5´-ATCATTTATTGTAAGC
AAATTTACATGACAGCAA
GCGAACCGGAATTGC-3´

Sf68del.2

5´-TTAATTTTCGTCTTTT
ATTTCACAATCAGAAGAA
CTCGTCAAGAAGGCG-3´

Sf68del.3

5´-GCAAACATTGACGATT
ACGAAAGTAATCATTTAT
TGTAAGCAAATTTACA-3´

Sf68del.4

5´-AAATGTTGACAATAAA
AAAATGTGTTTAATTTTC
GTCTTTTATTTCACAA-3´
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Amplification purpose
Sf68 deletion from SfMNPV bacmid;
forward primer with 25 nt homologous to
Tn-5neo sequence (underlined) and 24 nt
homologous to 3’ untranslated sf68 region
(nt 62,834-62,857 in SfMNPV-B genome).
Sf68 deletion from SfMNPV bacmid;
reverse primer with 24 nt homologous to
Tn-5neo sequence (underlined) and 25 nt
homologous to 5’ untranslated sf68 region
(nt 69,641-69,665 in SfMNPV-B genome).
Sf68 deletion from SfMNPV bacmid;
forward primer with 25 nt homologous to
Sf68del.1 primer (underlined) and 25 nt
homologous to 3’ untranslated region (nt
62,803-62,833 in SfMNPV-B genome).
Sf68 deletion from SfMNPV bacmid;
reverse primer with 25 nt homologous to
Sf68del.2 primer (underlined) and 25 nt
homologous to 5’ untranslated region (nt
63,315-63,339 in SfMNPV-B genome).
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Table 1. Continued.
Primers
Sf95del.1

Sequences
5´-CTACTTACTATTCGCG
TGTATAAGATGGACAGCA
AGCGAACCGGAATTGC-3´

Sf95del.2

5´-TTGTTATACTGCAACA
TTTGTGCGCTCAGAAGA
ACTCGTCAAGAAGGCG-3´

Sf95del.3

5´-TGTAAAGCGACGACCC
ACATGGGTTCTACTTACT
ATTCGCGTGTATAAGA-3´

Sf95del.4

5´-TTTGATAACCACGACA
TTGTCGTCTTTGTTATAC
TGCAACATTTGTGCGC-3´

Sf138del.1

5´-AAATTTATTAAACATAC
ACATAACATGGACAGCAA
GCGAACCGGAATTGC-3´

Sf138del.2

5´-CTACAGTAGCGGCAAC
AATTAAACATCAGAAGAA
CTCGTCAAGAAGGCG-3´

Sf138del.3

5´-ATAATGGCAGTTAAA
GATGTAAAAAAAATTTAT
TAAACATACACATAACA-3´

Sf138del.4

5´-ACAAAACCGCTCTGGG
AATACTCAGCTACAGTAG
CGGCAACAATTAAACA-3´

Sf68rep.1

5´-GGCCGAGTAGTTGGTT
ACTA-3´

Sf68rep.2

5´-TACAGCAGACATGGCC
TCTG-3´

Amplification purpose
Sf95 deletion from SfMNPV bacmid;
forward primer with 26 nt homologous to
Tn-5neo sequence (underlined) and 24 nt
homologous to 3’ untranslated sf95 region
(nt 91,862-91,885 in SfMNPV-B genome).
Sf95 deletion from SfMNPV bacmid;
reverse primer with 24 nt homologous to
Tn-5neo sequence (underlined) and 24 nt
homologous to 5’ untranslated sf95 region
(nt 92,200-92,224 in SfMNPV-B genome).
Sf95 deletion from SfMNPV bacmid;
forward primer with 25 nt homologous to
Sf95del.1 primer (underlined) and 25 nt
homologous to 3’ untranslated region (nt
91,837-91,861 in SfMNPV-B genome).
Sf95 deletion from SfMNPV bacmid;
reverse primer with 25 nt homologous to
Sf95del.2 primer (underlined) and 25 nt
homologous to 5’ untranslated region (nt
92,225-92,249 in SfMNPV-B genome).
Sf138 deletion from SfMNPV bacmid;
forward primer with 25 nt homologous to
Tn-5neo sequence (underlined) and 24 nt
homologous to 3’ untranslated sf138
region (nt 126,606-126,630 in SfMNPV-B
genome).
Sf138 deletion from SfMNPV bacmid;
reverse primer with 25 nt homologous to
Tn-5neo sequence (underlined) and 24 nt
homologous to 5’ untranslated sf138
region (nt 126,910-126,934 in SfMNPV-B
genome).
Sf138 deletion from SfMNPV bacmid;
forward primer with 25 nt homologous to
Sf138del.1 primer (underlined) and 25 nt
homologous to 3’ untranslated region (nt
126,581-126,605 in SfMNPV-B genome).
Sf138 deletion from SfMNPV bacmid;
reverse primer with 25 nt homologous to
Sf138del.2 primer (underlined) and 25 nt
homologous to 5’ untranslated region (nt
126,935-126,959 in SfMNPV-B genome).
Sf68 insertion into Sf68null bacmid;
forward primer that amplifies 1007 pb
upstream the sf68 gene (nt 61,852-61,871
in the SfMNPV-B genome).
Sf68 insertion into Sf68null bacmid;
reverse primer that amplifies 1011 pb
downstream the sf68 gene (nt 64,30664,325 in the SfMNPV-B genome).
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Table 1. Continued.
Primers
Sf95rep.1

Sequences
5´-CGTTCTCAAGACGGTG
AATC-3´

Sf95rep.2

5´-TCGATCTATTGTTACG
AGAC-3´

Sf138rep.1

5´-CGAGATCAATGTCTTG
AGAA-3´

Sf138rep.2

5´-ATCGAGCAGTCAACCA
GGAG-3´

qSf.1

5´-ACGCCGTTCAAAGACA
CGAG-3´

qSf.2

5´-CCGCTTTGCCTTCGAC
ATAG-3´

2.3

Amplification purpose
Sf95 insertion into Sf95null bacmid;
forward primer that amplifies 1036 pb
upstream the sf95 gene (nt 90,851-90,870
in the SfMNPV-B genome).
Sf95 insertion into Sf95null bacmid;
reverse primer that amplifies 983 pb
downstream the sf95 gene (nt 96,22293,241in the SfMNPV-B genome).
Sf138 insertion into Sf138null bacmid;
forward primer that amplifies 990 pb
upstream the sf138 gene (nt 125,641125,660 in the SfMNPV-B genome).
Sf138 insertion into Sf138null bacmid;
reverse primer that amplifies 1000 pb
downstream the sf138 gene (nt 127,890127,909 in the SfMNPV-B genome).
SfMNPV-B DNA quantification (qPCR),
forward primer that amplifies in the unique
sf43 gene (nt 42,832-42,851 in SfMNPV-B
genome).
SfMNPV-B DNA quantification (qPCR),
reverse primer that amplifies in the unique
sf43 gene (nt 42,976-42,957 in SfMNPV-B
genome).

Generation of the repair bacmids
The coding regions corresponding to sf68, sf95 and sf138 were amplified

by PCR using primers spanning the regions of interest (Sf68rep.1 and Sf68rep.2,
Sf95rep.1 and Sf95rep.2 and Sf138rep.1 and Sf138rep.2 in Table 1), PrimeSTAR
HS high fidelity DNA polymerase (Takara) and SfMNPV-B DNA (11) as template. A
5 µl volume of a mixture containing 50µl of the respective deletion bacmid DNA
(100 ng/µl), 50 µl of the PCR product that included the coding region (500ng/µl) and
50µl of Lipofectin reagent (Invitrogen) was injected into fourth instar S. frugiperda
larvae. Injected larvae were reared at 25ºC on semisynthetic diet until death or
pupation. OBs were recovered from dead larvae and viral DNA extracted as
described

below.

PCR

was

performed

with

Sf68del.3/Sf68del.4,

Sf95del.3/Sf95del.4 and Sf138del.3/Sf138del.4 primer pairs to test whether the
kanamycin cassette had been replaced by the respective genes. Viral DNAs were
then transfected into DH5α electrocompetent cells. Colonies were growth in
medium containing chloramphenicol. Bacmid DNAs were purified by alkaline lysis
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and analyzed by REN and PCR to select those colonies containing the genes
under study. PCR amplification products with primers outside the coding regions
were sequenced to confirm the correct reinsertion of the genes in the Sf68rep,
Sf95rep and Sf138rep bacmids.

2.4

DNA infectivity and production of OBs
Bacmid DNAs were purified from E. coli colonies by alkaline lysis and

cesium chloride gradient centrifugation (17). To study DNA infectivity and produce
OBs, fourth instar S. frugiperda larvae were injected with 10 µl of a mixture
containing 100 µl of bacmid DNA and 50 µl of Lipofectin reagent (Invitrogen) (1920). Groups of 24 larvae were injected with each virus DNA. Inoculated larvae were
individually transferred to diet and reared at 25ºC. Virus-induced mortality was
recorded every day. The experiment was performed in triplicate. Results were
subjected to ANOVA and Tukey’s post hoc test using the SPSS v.15 software.
OBs obtained from corpses were extracted and filtered through
cheesecloth. These were washed twice with 0.1% sodium dodecyl sulphate (SDS)
and twice with double-distilled water, and finally resuspended in double-distilled
water. OB suspensions were quantified by counting in triplicate using a Neubauer
chamber and stored at 4ºC until used. To confirm the authenticity of the
recombinant OBs, DNA was extracted from OBs as described in the following
section and PstI restriction endonuclease analysis and PCR were performed.

2.5

Viral DNA content within OBs
Virions were released from samples of 106 OBs of Sfbac, Sf68null,

Sf95null, Sf138null, Sf68rep, Sf95rep and Sf138rep by mixing with 100 µl of 0.5 M
Na2CO3 and 50 µl of 10% (w/v) SDS in a final volume of 500 µl and incubating at
60ºC during 10 minutes. Undissolved OBs and other debris were removed by low
speed centrifugation (3,800 x g, 5 minutes). The supernatant fraction containing
virions was treated with 25 µl of proteinase K (20 mg/ml) and incubated at 50ºC for
one hour. Viral DNA was extracted twice with 500 µl of phenol and once with
chloroform and isolated by alcohol precipitation. The resulting pellet was
resuspended in 50 µl of 0.1x TE buffer by incubation at 60ºC during 10 minutes.
DNA samples were diluted 1:100 and quantified using qPCR based on SYBR green
fluorescence in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad).
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Specific primers amplifying in the unique gene sf43 of SfMNPV were used
(Table 1). PCR product resulting of specific amplification was cloned into the
pGEM-T easy vector (Promega). Known dilutions of plasmid DNA were used as
internal standards for qPCR. The reaction mixture (10 µl) contained 5 µl SYBR
Premix Ex Taq (2x), 0.2 µl of each SfMNPV primer (10 pmol/µl) and 1 µl of DNA
template. qPCR was performed under the following conditions: 95ºC for 2 minutes
and 30 s, followed by 45 amplification cycles of 95ºC for 15 s and 60ºC for 30 s and
finally a dissociation stage of 60ºC for 15 s and 95ºC for 5 s. Data acquisition and
analysis were handled by Bio-Rad CFX Manager software (Bio-Rad). Melting-curve
analysis was performed to confirm specific replicon formation in qPCR. Ten
different DNA extractions were performed and both standards and samples were
measured in triplicate. Data were subjected to ANOVA using the SPSS v.15
software after inverse transformation.

2.6

Infectivity of OBs
The lethal concentration 50% (LC50), mean time to death (MTD) and OB

production were determined in second instar S. frugiperda larvae by per os
inoculation following the droplet feeding technique (21). For each virus a range of
OB concentrations, estimated to kill between 5 and 95% of the insects, was
determined in preliminary assays. The range of concentrations determined for
Sfbac, Sf68null, Sf95null, Sf68rep, Sf95rep and Sf138rep was 1.9 x 103, 9.6 x 103,
4.8 x 104, 2.4 x 105 and 1.2 x 106 OB/ml, whereas higher concentrations were used
for Sf138null: 4.8 x 104, 2.4 x 105, 1.2 x 106, 6.0 x 106 and 3.0 x 107 OB/ml.
Bioassays were performed in triplicate using groups of 24 larvae per virus
concentration and 24 control larvae. Larvae were reared individually on diet at 25ºC
and virus mortality was recorded every day until larvae had died or pupated. Virus
induced mortality data were subjected to probit analysis using the POLO statistical
program (22).
To determine speed of kill, groups of 24 S. frugiperda second instars were
inoculated with an OB concentration estimated to result in 90% mortality, namely,
1.94 x 106 OB/ml for Sfbac, 2.78 x 106 OB/ml for Sf68null, 2.05 x 106 OB/ml for
Sf95null, 3.37 x 107 OB/ml for Sf138null, 1.96 x 106 OB/mL for Sf68rep,
2.15 x 106 OB/ml for Sf95rep and 2.06 x 106 OB/ml for Sf138rep. Inoculated larvae
were reared individually on diet at 25ºC and mortality was recorded at 8 h intervals
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until larvae had either died or pupated. The experiment was performed in triplicate.
Time-mortality data were subjected to Weibull analysis using the generalized linear
interactive modeling (GLIM) program (23).
Finally, OB yield was determined in larvae used in the speed of kill assays.
Each corpse was homogenized in 100 µl distilled water and OBs were quantified in
a Neubauer hemocytometer. For each larva the OB count was performed in
duplicate in each of the three repetitions performed. Results were normalized by
square root transformation and subjected to ANOVA and Tukey’s post hoc test
using SPSS 15.0.

2.7

Infectivity of ODVs
ODV infectivity was determined by end point dilution as previously

described (19-20), using samples of 5 × 108 OBs for Sfbac, Sf68null, Sf95null,
Sf68rep, Sf95rep and Sf138rep and samples of 2.75 × 10 9 OBs for Sf138null.
ODVs were released by incubation with 0.1 M Na2CO3 at 28°C for 30 minutes. This
suspension was filtered through a 0.45 µm filter and serially diluted 1:5 in TC100
medium, resulting in dilutions of 1:10, 1:50, 1:250, 1:1250 and 1:6250. A 10 µl
volume of each ODV dilution was used to inoculate wells containing 10 4 Sf9 cells in
a 96-well plate. In total, 24 wells were inoculated with each dilution and the
experiment was performed six times. Masking tape was used to seal the plates,
which were incubated at 28ºC for 7 days and then examined for signs of virus
infection. The resulting data were analyzed by the Spearman-Kärber method (24) in
order to determine the 50% tissue culture infectious doses (TCID 50). TCID50 values
were subsequently converted to infectious units per 5 x 108 OBs for representation
in figures and were subjected to ANOVA and Tukey’s post hoc test using SPSS
15.0.

2.8

Effect of an optical brightener on Sf138null OB infectivity
To determine whether SF138 had a role in the degradation of the host

peritrophic matrix, a bioassay was performed, using OBs in mixtures with
Leucophor AP (C40H42N12O10S22Na, Clariant, Barcelona, Spain). This stilbenederived optical brightener is known to bind chitin and disrupt the peritrophic matrix,
facilitating ODV access to the midgut cells (25). If SF138 were involved in the
degradation of the peritrophic matrix, then addition of Leucophor AP would be
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expected to restore the pathogenicity of Sf138null OBs to that of the parental
viruses (Sfbac and Sf138rep). Groups of 24 second instar S. frugiperda larvae were
inoculated with 5 x 104 OB/ml of Sfbac, Sf138null or Sf138rep, in mixtures with or
without 1% (V/V) Leucophor AP, following the droplet feeding technique (21). In the
absence of optical brightener, this OB concentration was expected to result in
mortalities of 50% for Sfbac and Sf138rep and 30% for Sf138null. Mock infected
larvae were used as controls. The experiment was performed in triplicate and
mortality data were subjected to ANOVA and Tukey’s post hoc test using SPSS
15.0.

2.9

Computational analysis of proteins
To determine the nature of the SF68, SF95 and SF138 proteins, a search

for conserved domains was performed using InterProScan (26). Signal sequences
were screened using SIGNALP 4.0 (27) and the presence of transmembrane
domains was determined using TMHMM (28). Homologs to SF68, SF95 and SF138
were searched for in the updated GENEBANK/EMBL database using BLAST (29).
In order to assess whether two homologs to AC150 in the SfMNPV genome was a
result of a duplication event, the sequences of all protein homologs to SF68, SF95
and AC150 were aligned using CLUSTAL-X (30). A neighbor-joining phylogenetic
tree was generated using njplot (31) using the option of excluding positions with
gaps.

3.

3.1

RESULTS
Generation of the recombinant viruses
Replacement of the sf68, sf95 and sf138 genes in the Sf68null, Sf95null

and Sf138null bacmids was confirmed by restriction endonuclease analysis and
PCR with specific primers previously used for deletion of the predicted recombinant
junction regions. The genomic arrangement of the recombinants was also verified
by sequencing. The deletion of sf68 was located between the nucleotides 62,857
and 69,641 in the SfMNPV-B genome sequence (11). The deletion of sf95 was
located between nucleotides 91,885 and 92,200 whereas the deletion of sf138
between the nucleotides 126,630 and 126,934. The same method confirmed the
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correct insertion of the respective genes in the Sf68rep, Sf95rep and Sf138rep
bacmids.

3.2

Reduced DNA infectivity in deletion viruses
Intrahemocelic injection of Sf68null, Sf95null and Sf138null bacmid DNAs

resulted in significantly lower mortalities of larvae than those observed after
injection of the complete bacmid DNAs (F6,14=49.314, p<0.001). No significant
differences were detected in the mean insect mortality following injection with Sfbac
Sf68rep, Sf95rep, or Sf138rep DNA (54 – 58% ) (Figure 1A), whereas injection of
deletion bacmids resulted in mean mortalities of 22 - 30% following injection (Figure
1A) suggesting that they were less pathogenic than the complete bacmids. DNA
extracted from the resulting OBs was subjected to restriction endonuclease (REN)
analysis and PCR, which confirmed that viruses had similar DNA restriction profiles
and amplification products to those obtained with the parental bacmid DNAs.

3.3

Viruses did not differ in DNA content per OB
No significant differences were observed in the mean amounts of DNA in

OB samples (F6,62=1.891, P=0.097), which varied from 11.5 to 18.0 ng
DNA/106 OBs among the deletion viruses (Figure 1B), compared to an average of
16.0 ng DNA/106 OBs for the Sfbac virus. Similar quantities were detected in
samples of the repair viruses.

3.4

The sf138 gene affects the oral pathogenicity of OBs, whereas sf68

and sf95 affect the speed of kill and OB production.
Deletion of sf138 resulted in a 15-fold increase in the LC50 value (1.77 ×
6

10 OBs/ml) of Sf138null OBs compared to Sfbac or Sf138rep OBs (Table 2). In
contrast, LC50 values obtained for Sf68null (1.56 × 105 OBs/ml), Sf95null (8.84 ×
104 OBs/ml) were similar to those of their repair viruses, or the Sfbac parental virus
(1.19 x 105 OBs/ml). The 95% confidence levels of the relative potencies,
representing the ratio of effective concentrations (32), overlapped broadly in these
viruses indicating no significant differences in OB pathogenicity (Table 2).
Deletion of sf138 did not significantly affect speed of kill of Sf138null
compared to parental or repair viruses (Table 2). However, deletion of sf68 or sf95
resulted in significant but small increases (9 h) in MTD values compared to those of
the parental or the repair viruses (Table 2).
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Figure 1. Effects of gene deletions in the biological activity of the virus. A) Mean virusinduced mortalities following DNA injection. Values above the columns indicate means and
those labeled with different letters are significantly different (p<0.05). Error bars indicate the
standard error of the mean. B) Mean amounts of DNA extracted from samples of 10 6 OBs of
Sfbac, Sf68null, Sf68rep, Sf95null, Sf95rep, Sf138null and Sf138rep viruses. Values above
columns indicate means. Error bars indicate the standard error of the mean. C) OB
production values in larvae infected with Sfbac, Sf68null, Sf68rep, Sf95null, Sf95rep,
Sf138null and Sf138rep viruses. Values above the columns indicate means and those
labeled with different letters differed significantly after square root transformation (ANOVA,
Tukey test, p<0.05). Error bars indicate the standard error of the mean. D) ODV infectious
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titers of Sfbac, Sf68null, Sf68rep, Sf95null, Sf95rep, Sf138null and Sf138rep viruses. Sf9 cells
were serially infected (1:5, 1:25, 1:125, and 1:625) with ODVs released from OBs. ODV titers
(ODV/ml) in 5 × 108 OBs were calculated by end point dilution. Values labeled with different
letters differed significantly (ANOVA, Tukey test, p<0.05). Error bars indicate the standard
error of the mean.
Table 2. LC50 and mean time-to-death (MTD) analysis for the Sfbac, Sf68null, Sf95null,
Sf138null, Sf68rep, Sf95rep and Sf138rep viruses in second-instar Spodoptera frugiperda
larvae.
Virus

LC50
(OBs/ml)

Relative
Potency

Sfbac
Sf68null
Sf95null
Sf138null
Sf68rep
Sf95rep
Sf138rep

1.19x105
1.56x105
8.84x104
1.77x106
1.20x105
1.08x105
1.14x105

1
0.762
1.346
0.067
0.990
1.096
1.041

Fiducial limits (95%)
Low
0.509
0.847
0.0045
0.668
0.733
0.699

High
1.142
2.018
0.099
1.468
1.638
1.549

MTD
(h)
128
137
137
133
129
128
130

Fiducial limits
(95%)
Low
High
124
132
134
141
134
142
129
137
125
133
123
132
126
134

Logit regressions were fitted in POLO Plus (22). A test for non-parallelism was not significant
(2=2.00; d.f.=6; P=0.919), so that regressions were fitted with a common slope of
1.00 ± 0.072. Relative potencies were calculated as the ratio of effective concentrations
relative to that of Sfbac. Mean time to death (MTD) values were estimated by Weibull survival
analysis (23).

OB production differed significantly between viruses (Figure 1C;
F6,428=4.782, p<0.001). Deletion of sf68 or sf95resulted in 1.6-fold and 1.7-fold
increases (4.27 - 4.07 × 107 OBs/larva) in OB production/larva compared to the
Sfbac (2.48 ± 0.60 × 107 OBs/larva) or the Sf68rep (2.58 ± 0.63 × 107 OBs/larva) or
Sf95rep (2.51 ± 0.60 × 107 OBs/larva) repair viruses. Deletion of sf138 gene did not
significantly affect OB production, as the mean production (2.46 ± 0.71
× 107 OBs/larva) was similar to that of the Sfbac and the repair virus Sf138rep
(Figure 1C).

3.5

Deletion of sf138 affects the infective titer of ODVs
ODV infectious titer was estimated to determine whether it was the

responsible for the reduced pathogenicity of Sf138null OBs. Significant differences
were observed in ODV titers between viruses (F6,34=10.623, p<0.001). Deletion of
sf68 and sf95 did not significantly influence ODV titer compared to that of the
parental or repair viruses (Figure 1D). In contrast, the ODV titer could not be
determined after releasing ODVs from samples of 5 × 10 8 OBs the Sf138null virus.
The sample was increased to 2.75 × 109 OBs and the exact titer could still not be
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determined, so only estimation was performed. Sample concentration was not
increased further because the efficacy of the alkaline treatment could be
compromised by high concentrations of OBs. After converting ODVs titers to
infectious units in 5 × 108 OBs, a decrease of more than 100-fold in ODV titers of
Sf138null OBs was observed compared to the original and the repair virus
(2.6 ± 0.3 × 104 IU/ml) (Figure 1D).

3.6

Optical brightener did not restore the pathogenicity of Sf138null OBs
As sf138 deletion resulted in a reduction in OB pathogenicity, we

examined the possible involvement of SF138 in disruption of the peritrophic
membrane. The presence of Leucophor AP in mixtures with OBs significantly
enhanced OB infectivity of all the viruses tested; a 1.5-fold increase in the
prevalence of virus-induced mortality was observed compared to insects inoculated
with OBs in the absence of Leucophor AP (Figure 2; F5,12=33.38, p<0.001).
Sf138null OBs alone resulted in 41.7 ± 2.4% mortality that increased to 65.3 ± 3.4%
when OBs were inoculated in mixtures with Leucophor AP (Figure 2). This indicates
that reduced OB pathogenicity of Sf138null OBs was unlikely to be related to an
interaction with the peritrophic matrix.

Figure 2. Effect of addition of Leucophor AP on the pathogenicity of Sfbac, Sf138null and
Sf138rep OBs. Percentage of mortality obtained after infection with 5×10 4 OB/ml of each
virus, in the presence or absence of 1% Leucophor AP, is shown. Values above the columns
indicate means and those labeled with different letters differed significantly (ANOVA, Tukey
test, p<0.05). Error bars indicate the standard error of the mean.
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Protein analysis and comparison with AC145 and AC150 proteins
SF68, SF95 and SF138 are small proteins of 92 to 151 amino acids (Aa).

The SF68 protein showed 33% identity and 44% similarity toAC150, whereas SF95
showed 59% identity and 68% similarity to SE96 of Spodoptera exigua multiple
nucleopolyhedrovirus (SeMNPV), which in turn has 32% identity and 55% similarity
with AC150. Furthermore, the SF138 amino acid sequence had 42% identity and
59% similarity to AC145.
The C6 motif, also known as chitin binding motif, is present in AC145 and
AC150 and was also found in SF138 and SF68, although in the deduced sequence
of SF68 there is an additional cysteine between the C4 and C5 of the C6 motif
(Figure 3A). Alignment of the C6 motif with the amino acid sequence of SF95 is
more complex and the cysteine pattern is not conserved (Figure 3A).
Furthermore, the RGD motif present in some natural variants of BM126
and AC150 (4) is not present in SF68 or SF95. No signal peptides were predicted
in SF68, SF95, AC145 or AC150, whereas a putative signal peptide was detected
in SF138 between 16-17 aa following analysis using SIGNALP. TMHMM analysis
predicted one transmembrane domain for each AC150-like protein, located
between residues 4-26 for SF68, residues 7-24 for SF95 and residues 7-25 for
AC150. No transmembrane domains were detected for either SF138 or AC145.
Phylogenetic analysis of all proteins homologous to SF68, SF95 and
AC150 revealed that SF95 and its homologs formed a completely different cluster
from that of SF68 and AC150. Therefore, it appears unlikely that sf95 arose by way
of a duplication event of the ac150 gene. Furthermore, only granuloviruses (genus
Betabaculovirus) and group II nucleopolyhedroviruses (genus Alphabaculovirus)
were found to encode SF95 homologous proteins. The resulting phylogenetic tree
(Figure 3B) shows only proteins that are closer to SF68 and SF95 (BLAST total
score higher than 50) and AC150.
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Figure 3. Computational analysis of proteins. A) Alignment of the predicted amino acid
sequences of the SF68, SF95 and AC150 proteins. Sequence alignment was carried out
using Clustal X (30). Gaps introduced to optimize the alignment are indicated with dashes.
The different shades of grey indicate the degree of consensus between the different
sequences. The C6 motif is shown by numbering the cysteines from C1 to C6. C1* and C2*
indicate possible C1 and C2 in the C6 motif of SF68 and/or SF95. Asterisk marks the cysteine
present between C4 and C5 in the SF68. The Arg-Gly-Asp (RGD) motif in AC150 is indicated
by a square. The sequences used were: AcMNPV ORF150 of AcMNPV (GenBank accession
no. NC_001623) and sf68 and sf95 of SfMNPV (GenBank accession no. HM595733). B)
Phylogenetic tree of the genes with high similarity to sf68 and sf95. The consensus
phylogenetic tree was constructed by the neighbor-joining method. Bootstrap values for 1,000
replicates are shown.
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DISCUSSION
The roles of sf68, sf95 and sf138 in selected pathogenic characteristics of

SfMNPV were studied after construction of three deletion viruses. These genes
were selected because of their homology with ac145 and ac150, previously
described as genes that affected the oral infectivity of AcMNPV OBs in a hostdependent manner (3, 5). The AC150 protein was recently described as a nonessential per os infection factor (5). However, this protein is dissimilar to the
established per os infectivity factors (PIFs) described to date, that are essential for
oral infectivity in insect larvae and are which form a stable complex on the surface
of occlusion-derived viruses (ODVs) (33-34). In contrast, deletion of ac150 resulted
in a reduction, but not loss, of the pathogenicity of OBs following per os inoculation
(5).
The sf68, sf95 and sf138 genes are not essential for SfMNPV infection,
but a two-fold decrease in larval mortality was observed after injection of the
deletion bacmid DNAs compared to the complete viruses. Therefore, their role may
be important during the virus infection process or systemic spread of infection. The
DNA content of deletion virus OBs did not differ significantly from that of the
parental or repair viruses, suggesting that the number of nucleocapsids occluded
within the OBs was not affected by gene deletions (35), although the distribution of
nucleocapsids within the ODVs remains unclear. These data are in agreement with
observations made for the deletion mutants of the homologous genes of AcMNPV,
ac145 and ac150. OBs from the AcMNPV deletion viruses had similar morphology
to that of the complete viruses (3) and deletion of ac150 did not affect the ODV
content or nucleocapsid distribution within OBs (5).
Interestingly, deletion of sf138, a homolog to ac145, resulted in a 15-fold
decrease in the oral pathogenicity of OBs, whereas speed-of-kill and OB production
were not affected in S. frugiperda larvae inoculated with the Sf138null virus. In
contrast, for ac145 the effects of gene deletion differed in function of the host
species infected. Deletion of ac145 did not alter OB pathogenicity or speed of kill of
AcMNPV-infected Heliothis virescens (3). However, in Trichoplusia ni, the deletion
resulted in reduced OB pathogenicity, but no effect on speed of kill (3). The
decrease in OB pathogenicity observed in the Sf138null virus is likely to be closely
related to the markedly reduced infective titer of ODVs in cell culture. These results,
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together with the lack of effect of a double ac145 and ac150 deletion mutant on BV
infectivity (3), led to the hypothesis that type 145 proteins, including the SF138,
may play an important role in the primary infection of the virus, i.e. infection of host
midgut cells. Furthermore, these proteins seem to act in a host-dependent manner,
as they are more important for infection of S. frugiperda and T. ni larvae than
H. virescens. As SfMNPV has a narrow host range, with S. frugiperda its only
permissive host (36), it was not possible to examine the effect of sf138 deletion in
other insect species.
A chitin-binding motif is present in the predicted protein sequence of both
AC145 and SF138. However, the activity of the chitin-binding motif in the ac145-like
proteins has not been tested. The presence of this motif may suggest a function of
these proteins related to the peritrophic matrix, possibly similar to that of
baculovirus enhancins (37-38). The peritrophic matrix is an insect-synthesized
barrier mainly composed of chitin and glycoproteins. However, the hypothesized
role of SF138 in the disruption of the peritrophic matrix was discounted, as addition
of a stilbene optical brightener to Sf138null OB inoculum increased insect mortality
for deletion and parental/repair viruses alike.
In contrast, deletion of the genes homologous to the ac150 present in the
SfMNPV genome, sf68 and sf95, produced a different effect. Their deletion
increased the mean time to death (MTD) and the total production of OBs per larva,
without altering the oral infectivity of the viruses. Increases in OB production are
often linked to slower speeds-of-kill, because it extends the period during which the
virus can replicate and produce new virus particles prior to host death (19, 39-40).
Regarding speed-of-kill, similar results were observed for BmNPV carrying a
deletion in bm126, an ac150-like gene, in Bombyx mori larvae, but not for the
deletion of ac150 in AcMNPV in any of the three host species tested, S. exigua,
T. ni or H. virescens (3-5). However, the decrease in virulence of the bm126
deleted virus was not linked to an increase in OB production, as observed with the
sf68 and sf95 deleted viruses. In fact, the extension of the time-of-kill and
concurrent increase in OB production was only observed in one virus carrying a
natural variant of the bm126 (4). These results suggest that type 150 genes,
including sf68 and sf95, may have an important role in the systemic spread of the
infection within the infected insect. A higher speed-of-kill may be linked to a more
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efficient dissemination of the infection throughout the insect and, consequently a
more rapid establishment of systemic infection, or to a faster production of viral
progeny following infection of host cells or more abundant production of budded
virions following infection of host cells (41).
Changes in OB pathogenicity were observed for ac150 mutants in third
instar S. exigua, T. ni and H. virescens larvae, but not in neonate larvae (3-5), with
different effects observed in the homologous genes in SfMNPV and BmNPV.
Furthermore, deletion of sf68 or sf95 did not modify the infectious titers of
ODVs, as observed for the ac150 gene(5). It was previously suggested that the
similar ODV infectivity found following ac150 deletion was a consequence of the
technical protocol used, as the protein could have been degraded or inactivated
during the alkaline treatment performed to release ODVs from OBs in the complete
viruses (5). However, as no changes were observed in the pathogenicity of the
Sf68null or Sf95null OBs in S. frugiperda larvae, no alteration in the infectious titer
of ODVs was expected or observed in cell culture assays. These findings tend to
abrogate previous suggestions of protein degradation during virion purification or a
role for these proteins during primary infection of insect midgut cells.
Analysis of the sequences of the type 150 proteins revealed some
differences between the SfMNPV proteins and their homologs in AcMNPV and
BmNPV. The most important difference is the absence of the C6 motif (a chitinbinding motif) in the SF68 and SF95 predicted proteins. However, it was clear from
the present study that the main function of this type of protein does not rely on the
activity of this motif, as the functional phenotypes of the SfMNPV proteins, in which
the motif is absent, were similar to that of the BM126 protein of BmNPV, in which
the motif is present. Moreover, a lack of chitin-binding activity was previously
reported for the AC150 protein (5).
Despite the fact that SF95 is less closely related to AC150 than SF68
deletion of the respective genes had similar effects on the phenotypic
characteristics of the recombinant viruses, at least in the traits that we measured,
suggesting similar functions in the infected host, although additional studies are
required to confirm the functional similarity of these proteins.
In general terms the effect of variation in the biological activity of the
viruses (pathogenicity, virulence, productivity) arising from the type 150 genes
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tends to be greater than that of the type 145 genes and depends on the virus-host
pathosystem under study. Furthermore, this variation is reflected in the sequences,
the type 150 group being a less robust group in phylogenetic terms than the type
145 group (2).
The “11K” protein family, as well as other families of genes with homologs
in unrelated taxa of insect viruses, may be important in the process of viral
adaptation to the host, in terms of effective utilization of potential hosts and host
resources (2). As such, the role of the two type 145 and the four type 150 proteins
already studied differs depending on the host species. Similarly the expression
profile of ac150 depends on the insect cell line infected (6), being more strongly
expressed in S. frugiperda Sf9 cells than in T. ni High Five cells.
The host-pathogen coevolutionary process involves reciprocal adaptive
genetic changes in host and pathogen that oppose one another, such as antiviral
mechanisms of the host, and inhibitors of such mechanisms in the virus and similar
adaptations designed to overcome barriers to infection or replication in the host
(42). Hence, the host immune system and virus counter defenses evolve together
and constitute a continuously evolving source of diversity (43). In this way, viral
adaptation to different hosts may lead to progressive divergence (44) among
homologous genes, promoting changes in different proteins that may result in hostdependent protein effects. As such host specific regulation of viral genes and viral
adaptation to host species-specific responses are required to maximize virus
transmission and survival. Both these aspects are reflected in the baculovirus “11K”
family of proteins.
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CHAPTER VIII

The sf122 gene of Spodoptera frugiperda
multiple nucleopolyhedrovirus modulates key
aspects of insect-to-insect transmission and
post mortem host liquefaction
ABSTRACT
The sf122 gene present in the longest genotype (SfMNPV-B) of the Nicaraguan isolate of
Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV) was previously identified as
undergoing positive selection. A recombinant virus (Sf122null) lacking sf122 was generated
by homologous recombination from a bacmid comprising SfMNPV-B. Transcriptional analysis
revealed that sf122 is a late gene. Sf122null DNA was two-fold less infective when injected
into S. frugiperda larvae and occlusion bodies (OBs) of the deletion recombinant were 15-fold
less pathogenic (in terms of 50% lethal concentration), speed-of-kill was slower by 20 hours
and OB production was reduced 3-fold, compared to the parental virus. The infectious titre of
occlusion derived virions (ODVs) in the Sf122null was reduced by >100-fold compared to that
the parental or sf122-repaired viruses. OBs from each virus did not differ significantly in DNA
content or gross morphology. Larvae that died from Sf122null infection did not show
liquefaction. Similarly, SfMNPV isolates from the United States and Colombia, containing the
shorter variant of the protein, only produced partial larvae liquefaction post mortem. Finally,
expression of the chitinase and cathepsin genes was significantly reduced in larvae infected
with the Sf122null virus. We conclude that positive selection on the sf122 gene is most likely
related to its marked role in modulating larvae liquefaction and virus transmissibility.

This chapter has been submitted to Journal of Virology as: Beperet I, Simón O, Willams T, Irons SL,
Palma L, López-Ferber M, King L, Caballero P. The sf122 gene of Spodoptera frugiperda multiple
nucleopolyhedrovirus modulates key aspects of insect-to-insect transmission and post mortem host
liquefaction.
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INTRODUCTION
Horizontal transmission of insect pathogenic baculoviruses (Baculoviridae)

in natural conditions occurs when susceptible larval stages consume plant foliage
contaminated by virus occlusion bodies (OBs) (1). OBs are formed by a protein
matrix that includes occlusion derived virions (ODVs), which are responsible for
primary infection of the insect midgut epithelial cells. ODVs are released from OBs
in the alkaline conditions of the insect midgut. During the replication cycle budded
virions (BV) is produced and is responsible for spreading the infection to cells of
other tissues during systemic secondary infection (1). In the final stages of
infection, ODVs are synthesized and OBs are formed and released into the
environment following host liquefaction (2).
Numerous factors affect baculovirus transmission, including the plant on
which the insect is feeding (3-4). Some virus-encoded genes, such as egt, appear
to manipulate insect physiology and behavior to increase the probability of
transmission (5). The chitinase and cathepsin genes also influence virus
transmission as they are responsible for insect host liquefaction, favoring the
release of the OBs into the environment (6-7).
Interactions between baculoviruses and their insect hosts have been
described as an arms race (8-9), in which the host insect attempts to improve its
defenses against infection, whereas the virus attempts to optimize the likelihood of
transmission. This conflict promotes diversity in the pathogen population and as
such favors virus genotypes that are better adapted to particular host genotypes or
different ecological situations (10). Such genes are expected to be the subject of
positive selection (8, 11). Therefore, the identification of these genes may represent
a useful strategy to locate genes implicated in the processes of adaptation and
evolution of these viruses, particularly those involved in the infection cycle or host
range determination (12).
Three geographically distinct genotypes of Spodoptera frugiperda multiple
nucleopolyhedrovirus (SfMNPV) have been completely sequenced (13-15).
Comparisons between them have revealed the presence of three genes
undergoing positive selection; where non-synonymous substitutions are fixed at a
faster rate than synonymous substitutions (14). These genes are sf49 (pif-3), sf57
(odv-e66b) and sf122 (14). Both pif-3 and odv-e66b are envelope proteins of the
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ODVs and are involved in infection of the host midgut cells (16-17), a critical point
in virus transmission.
In the present study, we examined the role of the sf122 gene on selected
phenotypic characteristics of SfMNPV. Following deletion of this gene using a
bacmid-based recombination system, we examined the role of this gene in OB
pathogenicity, speed of kill, OB production and ODV infectivity. Furthermore, as we
observed effects on the gross signs of baculovirus infection following death, we
examined the effect of gene deletion on expression of the viral chitinase and
cathepsin genes, which are responsible for post mortem liquefaction of the
diseased insect corpse.

2.

2.1

MATERIALS AND METHODS
Insects, cells and viruses
Larvae of Spodoptera frugiperda were obtained from a laboratory colony

originating from Honduras and periodically refreshed with pupae from southern
Mexico. The colony was maintained at constant temperature (25ºC), 75% relative
humidity (RH) and 16 h light: 8 h dark photoperiod and reared on a wheatgerm
based semisynthetic diet (18). Sf9 cells were maintained at 28ºC in TC100 medium
supplemented with 10% fetal calf serum (19). The Sfbac virus used in this study
was obtained by cloning the SfMNPV-B genotype of a Nicaraguan isolate (14, 20)
into a pBACe3.6 vector (21). The SfMNPV-3AP2 is a plaque-purified variant of a
SfMNPV isolate from Missouri kindly provided by R. Harrison (13), whereas the
SfMNPV-COL is a natural isolate from Colombia (22). The sf122 nucleotide
sequence of SfMNPV-COL is similar to that of SfMNPV-3AP2 and SfMNPV-19, a
natural isolate originating from a single virus-killed larva from Brazil (15),
(G. Barrera, personal communication).

2.2

Construction of Sf122null and Sf122rep viruses
The sf122 gene was deleted from Sfbac by homologous recombination

using the Red/ET system (Gene Bridges GmbH, Heidelberg, Germany) to produce
the Sf122null bacmid. A two step procedure was used to add two short homology
arms of 50 nucleotides (nt) to a kanamycin cassette by PCR using the PrimeSTAR
HS high fidelity DNA polymerase (Takara). First, PCR was performed using
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Sf122del.1 and Sf122del.2 primers (Table 1) and the Tn5-neo template. The
resulting amplification product was used as template in a second PCR using
Sf122del.3 and Sf122del.4 primers (Table 1) to add an additional 25 nt terminal
sequences. Electrocompetent bacterial cells containing Sfbac were transformed
with the Red/ET plasmid pSC101-BAD-gbaA (Gene Bridges GmbH, Heidelberg,
Germany). These cells were made electrocompetent and transformed with the PCR
product containing the kanamycin resistance gene and the flanking regions of the
sf122 gene. These bacteria were induced with arabinose (0.1 - 0.2 % w/v) to
express the recombination protein (gbaA). The Sf122null recombinant was selected
as resistant colonies on medium containing chloramphenicol and kanamycin. To
confirm the deletion of the gene, the PstI restriction profile of the bacmid DNA was
examined and sequencing of a PCR product following amplification with Sf122del.3
and Sf122del.4 primers was performed.
To construct the repair virus, the sf122 coding region was amplified using
PrimeSTAR HS high fidelity DNA polymerase (Takara), SfMNPV-B DNA (14) as
template and Sf122rep.1 and Sf122rep.2 primers that amplified outside the coding
region (Table 1). Fourth instar S. frugiperda larvae were injected with 10 µl of a
mixture containing 50 µl of Sf122null bacmid DNA (100 ng/µl), 50 µl of the purified
PCR product that covered the sf122 region (500 ng DNA/µl) and 50 µl of Lipofectin
reagent (Invitrogen). Injected larvae were individually transferred to diet and reared
at 25ºC until death. OBs were recovered from virus-killed larvae and genomic DNA
was extracted as described below. Replacement of the kanamycin cassette by the
sf122 gene was confirmed by performing PCR using the Sf122del.3 and Sf122del.4
primers (Table 1). Amplified DNA was transfected into DH5α electrocompetent
cells. Bacmid DNAs were purified and PstI restriction profiles and PCR
amplification products (using Sf122del.3 and Sf122del.4 primers) were examined in
order to identify colonies containing the sf122 gene. The PCR amplification product
of the selected Sf122rep bacmid was sequenced to confirm the correct reinsertion
of the gene.
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Table 1. Primers used in this study.
Primers
Sf122del.1

Sequences
5´-AAAATGACAAGTTGGT
CAGTTCGAGTGGACAGCA
AGCGAACCGGAATTGC-3

Sf122del.2

5´-TATAGATTTACTATTAT
TGAAATAAATATCAGAAGA
ACTCGTCAAGAAGGCG-3´

Sf122del.3

5´-ACACACAAATGTCATAT
AGTTAATATAAAATGACAA
GTTGGTCAGTTCGAG-3´

Sf122del.4

5´-TAATCAGACACAACGG
TCCTCATATAGATTTACTA
TTATTGAAATAAATA-3´

Sf122rep.1

5´-ATGAACACCACAACGA
ACGC-3´

Sf122rep.2

5´- CGTATGGCACGACGTC
GATG -3´

Sf122.1

5´-GGAAATTTTTTGCGGT
GGTCA-3´

Sf122.2

5´-CACACACACATTTATAA
AATG-3´

Sfpolh.1

5’-CCCGACACCATGAAGC
TGGT-3’

Sfpolh.2

5’-TTAGTACGCGGGTCCG
TTGTA-3’

egt.1

5’-TACGACCTGTTGCACC
ATAA-3’

Amplification purpose
Sf122 deletion from SfMNPV bacmid;
forward primer with 25 nt homologous to
Tn-5neo sequence (underlined) and 25 nt
homologous to 3’ untranslated sf122
region (nt 115,309-115,333 in SfMNPV-B
genome).
Sf122 deletion from SfMNPV bacmid;
reverse primer with 24 nt homologous to
Tn-5neo sequence (underlined) and 28 nt
homologous to 5’ untranslated sf122
region (nt 115,723-115,750 in SfMNPV-B
genome).
Sf122 deletion from SfMNPV bacmid;
forward primer with 25 nt homologous to
Sf122del.1 primer (underlined) and 26 nt
homologous to 3’ untranslated region (nt
115,283-115,308 in SfMNPV-B genome).
Sf122 deletion from SfMNPV bacmid;
reverse primer with 28 nt homologous to
Sf122del.2 primer (underlined) and 22 nt
homologous to 5’ untranslated region (nt
115,751-115,772in SfMNPV-B genome).
Sf122 insertion into Sf122null bacmid;
forward primer that amplifies 957 pb
upstream the sf122 gene (nt 114,376114,395 in the SfMNPV-B genome).
Sf122 insertion into Sf122null bacmid;
reverse primer that amplifies 952 pb
downstream the sf122 gene (nt 116,705116,724 in the SfMNPV-B genome).
Sf122 transcription analysis (RT-PCR);
forward primer that amplifies 285 bp
upstream of the sf122 stop codon (nt 115,468-115,488 in SfMNPV-B genome).
Sf122 transcription analysis (RT-PCR);
reverse primer that amplifies in the sf122
stop codon (nt 115,698-115,718 in
SfMNPV-B genome).
Polh transcription analysis (RT-PCR);
forward primer that amplifies 500 bp
upstream of the polh stop codon (nt 241260 in SfMNPV-B genome).
Polh transcription analysis (RT-PCR);
reverse primer that amplifies in the polh
stop codon (nt 721-741 in SfMNPV-B
genome).
egt transcription analysis (RT-PCR);
forward primer that amplifies 479 bp
upstream of the egt stop codon (nt 25,15425,173 in SfMNPV-B genome).
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Table 1. Continued.
Primers
egt.2

Sequences
5’-TTACACAAAATTAAGTC
TCA -3’

qSf.1

5´-ACGCCGTTCAAAGACA
CGAG-3´

qSf.2

5´-CCGCTTTGCCTTCGAC
ATAG-3´

28S.1

5´-CGACGTTGCTTTTTGA
TCCT-3´

28S.2

5´-GCAACGACAAGCCATC
AGTA-3´

oligo-dT

5´-TTTTTTTTTTTTTTT-3´

cath.1

5´-TGTTCGTATGCGGTGT
GAAT-3´

cath.2

5´-GGAAAGCCAGTACGCC
ATAA-3´

chit.1

5´-TTAGCTTTGCAACGTT
CGTG-3´

chit.2

5´-TCCTTTGTACGGTTCG
TTCC-3´

qSf.1

5’-TGTGGTATATTTATGCA
CAGA-3’

qSf.2

5’-ATTCAATGCTATCGTTT
GAGC-3’

2.3

Amplification purpose
egt transcription analysis (RT-PCR);
reverse primer that amplifies in the egt
stop codon (nt 25,633-25,614 in SfMNPVB genome).
SfMNPV-B DNA quantification (qPCR),
forward primer that amplifies in the unique
sf43 gene (nt 42,832-42,851 in SfMNPV-B
genome).
SfMNPV-B DNA quantification (qPCR),
reverse primer that amplifies in the unique
sf43 gene (nt 42,976-42,957 in SfMNPV-B
genome).
Gene expression quantification; forward
primer amplifying in the eukaryotic 28S
rRNA in S. frugiperda cells (31).
Gene expression quantification; reverse
primer amplifying in the eukaryotic 28S
rRNA in S. frugiperda cells (31).
Reverse transcription prior to gene
expression quantification; primer that
anneals to the poly(A) tail of the
transcripts (47).
Gene expression quantification; forward
primer amplifying in the cathepsin gene
(nt 18,158-18,177 in SfMNPV-B genome).
Gene expression quantification; reverse
primer amplifying in the cathepsin gene
(nt 18,258-18,277 in SfMNPV-B genome).
Gene expression quantification; forward
primer amplifying in the chitinase gene
(nt 20,582-20,601).
Gene expression quantification; forward
primer amplifying in the chitinase gene
(nt 20,682-20,701).
Gene expression quantification; forward
primer that amplifies in the sf68
(nt 63,179-63,199 in SfMNPV-B genome).
Gene expression quantification; reverse
primer that amplifies in the sf68
(nt 63,279-63,259 in SfMNPV-B genome).

Temporal expression of the sf122 gene
Fourth instar insects were orally infected with Sfbac (10 8 OB/ml) and total

RNA was isolated from four larvae at 0, 2, 4, 6, 8, 10, 12, 24, 48, 72, 96 and
120 hours post infection (hpi) with TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. RNA samples were treated with RNase-free DNase
(Promega) to remove genomic DNA. The concentration and integrity of RNA
samples were determined by measuring absorbance at 260 nm, and by agarose
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gel electrophoresis. First strand cDNA synthesis was performed using the ImpromIITM reverse transcriptase (Promega) and the internal oligonucleotide Sf122.1
(Table 1). The resulting cDNA mixtures were amplified by PCR using the specific
primers Sf122.1 and Sf122.2 (Table 1). Amplifications were performed for the very
late and highly transcribed polyhedrin gene (polh) with Sfpolh.1 and Sfpolh.2
primers (Table 1) and the early egt gene with egt.1 and egt.2 primers as controls.
PCR products were observed and photographed following electrophoresis in 1%
agarose gel.

2.4

DNA infectivity and production of OBs
Sfbac, Sf122null and Sf122rep bacmid DNAs were purified from E. coli

colonies by alkaline lysis and caesium chloride gradient centrifugation (19). To
study DNA infectivity and produce OBs, 10 µl of a DNA suspension comprising
bacmid DNA and Lipofectin reagent (Invitrogen) in a 2:1 proportion were injected
into fourth instar insects that were reared individually on diet until death or pupation
(21, 23). Groups of 24 larvae were injected with each virus bacmid and the
experiment was performed in triplicate.
OBs were recovered from virus-killed corpses and filtered through
cheesecloth. These were washed twice with 0.1% (w/v) sodium dodecyl sulphate
(SDS), twice with double-distilled water, resuspended in double-distilled water and
the resulting OB suspensions were quantified by counting triplicate samples a
Neubauer chamber and stored at 4 ºC. To confirm the authenticity of the
recombinant OBs, DNA was extracted from OBs as described below and verified by
PstI restriction endonuclease and PCR analysis.

2.5

Genomic DNA content of OBs
ODVs were released from samples of 106 OBs of Sfbac, Sf122null and

Sf122rep viruses by treatment with 100 µl of 0.5 M Na2CO3 and 50 µl of 10% (w/v)
SDS in a final volume of 500 µl followed by incubation at 60 ºC during 10 minutes.
Undissolved OBs and other debris were removed by low speed centrifugation
(3,800 × g, 5 minutes). The supernatant containing ODVs was treated with 25 µl of
proteinase K (20 mg/ml) at 50 ºC for one hour. Viral DNA was extracted with
phenol/chloroform and isolated by alcohol precipitation. The resulting pellet was
resuspended in 50 µl of 0.1x TE buffer by incubation at 60 ºC for 10 minutes. DNA
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samples were diluted 1/100 and quantified using qPCR based on SYBR green
fluorescence in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The
PCR product resulting from specific amplification with qSf.1 and qSf.2 primers was
cloned into the pGEM-T easy vector (Promega). A 10-fold dilution series of plasmid
DNA was used as an internal standard for qPCR. The reaction mixture (10 µl)
contained 5 µl SYBR Premix Ex Taq (2x), 0.2 µl of each qPCR primer (10 pmol/µl)
(Table 1) and 1 µl of DNA template. qPCR was performed under the following
conditions: 95ºC for 2 minutes and 30 s, followed by 45 amplification cycles of 95ºC
for 15 s and 60ºC for 30 s, and finally a dissociation stage of 60ºC for 15 s and
95ºC for 5 s. Data acquisition and analysis were handled by Bio-Rad CFX Manager
software (Bio-Rad). Ten different DNA extractions were performed and both
standards and samples were measured in triplicate. Melting-curve analysis was
performed to confirm specific replicon formation. Results were normalized by
inverse transformation (1/x) and subjected to ANOVA and Tukey’s post hoc test
using SPSS 15.0.

2.6

Biological activity of OBs
The 50% lethal concentration (LC50), mean time to death (MTD) and OB

production were determined in second instars following oral inoculation using the
droplet feeding technique (24). A range of concentrations estimated to kill between
5 and 95% of insects was used to determine LC50. The following concentrations
were used for Sfbac and Sf122rep: 1.9 x 103, 9.6 x 103, 4.8 x 104, 2.4 x 105 and
1.2 x 106 OB/ml, whereas higher concentrations were used for Sf122null: 4.8 x 104,
2.4 x 105, 1.2 x 106, 6.0 x 106 and 3.0 x 107 OB/ml. Bioassays were performed in
triplicate using groups of 24 larvae per OB concentration and 24 control larvae.
Larvae were reared individually on diet at 25ºC and virus mortality was recorded
daily until larvae had died or pupated. Virus induced mortality data were subjected
to probit analysis (25).
Speed-of-kill of the viruses was measured in terms of mean time to death
(MTD). For this, groups of 24 second instar larvae were orally inoculated with an
OB concentration estimated to result in 90% mortality for each virus, namely
1.94 × 106 OB/ml for Sfbac, 3.49 × 107 OB/ml for Sf122null and 2.61 × 106 OB/ml
for Sf122rep. Larvae were individually reared on diet at 25ºC and mortality was
recorded at 8 hour intervals until larvae had died or pupated. Time-mortality data
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were subjected to Weibull survival analysis using the generalized linear interactive
modeling (GLIM) program (26). The experiment was performed in triplicate.
OB yield was determined in larvae that died in the speed of kill experiment.
Each cadaver was homogenized in 100 µl of distilled water and OBs were counted
in a Neubauer chamber. OB counts were performed in duplicate for each larva of
the three replicates from the speed of kill experiment. Mean OB counts per larva
within each replicate were normalized by square root transformation and subjected
to ANOVA and Tukey’s post hoc test in SPSS 15.0.

2.7

In vitro infectivity of ODVs
ODV infectivity was determined by end point dilution in Sf9 cells (21, 23).

ODVs were released from samples of 5 × 108 OBs for Sfbac and Sf122rep and
3.0 × 109 OBs for Sf122null, by incubation with 0.1 M Na2CO3 at 28°C for
30 minutes. This suspension was filtered through a 0.45 µm filter and serially
diluted 1:5 in TC100 medium resulting in dilutions of 1:10, 1:50, 1:250, 1:1250 and
1:6250. A 10 µl volume of each virus dilution was used to inoculate 24 wells of a
tissue culture plate containing 104 cells/well. Plates were sealed with masking tape,
incubated at 28ºC for 7 days, and then examined for signs of virus infection.
Results were analyzed by the Spearman-Kärber method (27) to estimate 50%
tissue culture infectious dose (TCID50). TCID50 values were subsequently converted
to infectious units per 5 x 108 OBs and subjected to ANOVA and Tukey’s post hoc
test in SPSS 15.0.

2.8

Scanning electron microscopy of OBs
Purified OBs of each virus were washed by pelleting (600g, 2 min) and

gentle resuspension in PIPES buffer (0.1M PIPES pH7.2, 5mM EGTA, 2mM MgCl2,
10mM

KCl)

and

re-pelleted

at

600g,

2min.

OBs

were

fixed

in

4%

paraformaldehyde, 1.75% glutaraldehyde in PIPES buffer for 1h, washed once in
PIPES buffer and then dehydrated in an ethanol series (30%, 50%, 70%, 100% x 2)
each for 10 min. The dehydrated OBs were seeded onto Thermanox coverslips.
Once dry, the coverslips were mounted on stubs, sputter-coated with gold and
images acquired using a Hitachi S3400N. All preparation took place at room
temperature.
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Computational analysis
Multiple sequence alignments and prediction of secondary structure of

SF122 proteins were performed using tools included in Geneious Pro v6.1.6 (28).
Conserved domain sequences were predicted using InterProScan (29), whereas
the prediction of the secondary structure was performed using the Emboss garnier
module (30). To predict whether amino acids were buried or exposed, the
alignment was examined using the Consurf server (31). The deduced amino acid
sequences of cathepsin and chitinase of SfMNPV-NIC and SfMNPV-3AP2 were
also compared using BLAST tools.

2.10

Comparison between the effects of different viruses on dead larvae
To determine the relationship between post mortem liquefaction

characteristics and virus genotype, groups of 24 S. frugiperda fourth instar larvae
were orally inoculated with 108 OB/ml of one of the following viruses: Sfbac,
Sf122null, Sf122rep, SfMNPV-3AP2 and SfMNPV-COL. Larvae were individually
reared on diet at 25ºC until death or pupation. Larvae were examined at 12 hour
intervals and virus-killed larvae were examined for larval liquefaction and
photographed. The experiment was performed in triplicate.

2.11

Influence of sf122 deletion on expression of viral cathepsin and

chitinase
Using the droplet feeding method, fourth instar insects were inoculated
with high concentrations of Sfbac (108 OB/ml), Sf122null (109 OB/ml) and Sf122rep
(108 OB/ml), that were estimated to result in 90% mortality (32). Expression of the
viral cathepsin and chitinase genes was analyzed by qRT-PCR as described above
for the temporal expression of sf122, but with the following modifications. Total
RNA was isolated from infected insects at 72, 96 and 120 hours post infection (hpi)
using the MasterPure Complete DNA Purification kit (Epicentre Biotechnologies).
First strand cDNA synthesis was performed using oligonucleotides oligo-dT and
28S.1 (Table 1). qPCR was performed using specific primer pairs for cathepsin,
chitinase and sf68 genes and 28S rRNA (Table 1). The efficiency of the reaction for
each primer pair was estimated by constructing a standard curve with serial
dilutions of cDNA (33). Corrected efficiency values were used in the analysis.
Temporal changes in normalized gene expression (ΔΔCq) were calculated using
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CFX Manager software (Bio-Rad) with default threshold values. Expression was
initially normalized with respect to 28S rRNA, previously described as a suitable
housekeeping gene during baculovirus infection (34). However, to control for dose
effects of different viruses, normalization of expression was also performed with
respect to a viral gene (sf68) that is not involved in host liquefaction (35). Three
biological replicates and two technical replicates per biological replicate were
performed. Melting-curve analysis was performed to confirm specific replicon
formation in qPCR.

3.

3.1

RESULTS
Generation of Sf122null and Sf122rep bacmids
To determine the role of sf122 in a selection of phenotypic characteristics

related to the insecticidal activity of SfMNPV, this gene was replaced by a
kanamycin cassette in a bacmid containing the complete genome of the virus
(Sfbac). The deletion in the resulting Sf122null bacmid was located between
nucleotides 115,333 and 115,723 of SfMNPV-B (14). Substitution by the kanamycin
cassette was confirmed by restriction endonuclease analysis and PCR amplification
of the region of interest using specific primers (Table 1). The genomic modification
of the recombinant bacmid was verified by sequencing. A repair bacmid (Sf122rep)
was also constructed and the same procedure was followed to confirm the correct
reinsertion of the gene.

3.2

sf122 is a very late transcribed gene
Temporal expression of sf122 was studied by RT-PCR using total RNA

isolated from S. frugiperda larvae orally infected with Sfbac. Control amplifications
performed to ensure absence of contaminant DNA in the samples proved negative.
Single RT-PCR products of the expected sizes were obtained after amplification of
the sf122 transcript and the controls, polh and egt (Figure 1). Transcription of the
sf122 gene was detected from 72 to 120 hours post-infection (hpi). The very late
transcribed gene polh amplification product was detected during the same time
interval. In contrast, the amplification product of the early transcribed gene egt,
could be observed from 4 to 120 hpi (Figure 1).
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Figure 1. Temporal expression of a) sf122, b) polyhedrin (polh) and c) egt of SfMNPV. RTPCR analysis of sf122, polh and egt was performed on total RNA extracted from infected
larvae at indicated times post-infection (hpi). Transcript amplifications were performed using
Sf122.1 and Sf122.2 primers for sf122, Sfpolh.1 and Sfpolh.2 primers for polh and egt.1 and
egt.2 primers for egt. RNA was previously treated with DNase and the same amount of RNA
was used for sf122, polh and egt amplifications. M indicates the molecular weight marker
Hyperladder I (Bioline). C is a positive amplification control of SfMNPV genomic DNA.

3.3

DNA infectivity was reduced in Sf122null
Mortality obtained after intrahaemocoelic injection of the Sf122null bacmid

DNA (Figure 2A) was significantly lower than the mortalities observed following
injection of the complete bacmid DNAs, Sfbac and Sf122rep (F2,6=51.242,
p<0.001). Sf122 null DNA was approximately two-fold less infectious than the
complete bacmids, producing a mean mortality (± SE) of 26.0 ± 4.0%, compared to
mortalities of over 50% for Sfbac and Sf122rep viruses. DNA extraction of the OBs
obtained from the injected larvae was performed and PstI restriction profiles and
amplification products were identical to those of the respective parental bacmid
DNAs.
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Figure 2. A) Mean virus-induced mortalities following DNA injection. Values above the
columns indicate means and those labeled with different letters differ significantly (p<0.05).
Error bars indicate the standard deviation. B) Mean amounts of DNA extracted from samples
of 106 OBs of Sfbac, Sf122null and Sf122rep viruses. Values above columns indicate means.
Error bars indicate the standard deviation. C) OB production in larvae infected with Sfbac,
Sf122null and Sf122rep viruses. Values above the columns indicate means and those
labeled with different letters differed significantly after square root transformation (ANOVA,
Tukey test, p<0.05). Error bars indicate the standard deviation. D) ODV infectious titre of
Sfbac, Sf122null and Sf122rep viruses. Sf9 cells were serially infected (1:5, 1:25, 1:125, and
1:625) with ODVs released from OBs. ODV titres (ODV/ml) in 5 × 108 OBs were calculated by
end point dilution. Values labeled with different letters differed significantly (ANOVA, Tukey
test, p<0.05). Error bars indicate the standard deviation.

3.4

Sf122 deletion did not affect the DNA content of OBs
DNA extracted from samples of 106 OBs was quantified by qPCR

(efficiency=94.5%; r2=0.997). No significant differences were detected in the mean
concentration of DNA that varied between 8.5 and 16.0 ng/OB sample for the
different viruses after normalization of data by inverse transformation (F2,26=2.297,
p=0.121) (Figure 2B).

3.5

Biological activity of OBs is compromised by sf122 deletion
The effects of sf122 deletion on OB pathogenicity (concentration-mortality

metrics), speed-of-kill and OB production/larva were determined in S. frugiperda
second instar larvae. The LC50 values estimated for Sfbac and Sf122rep were
nearly identical at 1.19 × 105 OB/ml and 1.12 × 105 OB/ml, respectively, whereas
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the corresponding value for the deletion recombinant indicated that Sf122null OBs
were 15-fold less pathogenic than the parental or repair viruses (Table 2).
Deletion of sf122 also affected the speed of kill of the virus. MTD values
for Sfbac and Sf122rep were almost identical at 128 h and 129 h, respectively
(Table 2), whereas the corresponding value for the Sf122null virus was more than
20 hours slower than the complete viruses (Table 2).
Table 2. LC50 and time-to-death analysis for the Sfbac, Sf122null and Sf122rep viruses in
second-instar Spodoptera frugiperda larvae.

Virus

LC50
(OBs/ml)

Relative
Potency

Sfbac
Sf122null
Sf122r

1.19x105
1.89x106
1.12x105

0.063
1.064

Fiducial limits
(95%)
Low
High
0.0042
0.093
0.705
1.605

MTD
(h)
128
150
129

Fiducial limits
(95%)
Low
High
124
132
146
155
125
134

Logit regressions were fitted in POLO Plus (25). A test for non-parallelism was not significant
(2=1.41; d.f=2; P=0.494), such that regressions were fitted with a common slope of 1.00 ±
0.072. Relative potencies were calculated as the ratio of effective concentrations relative to
Sfbac. Mean time to death (MTD) values were estimated by Weibull survival analysis (26).

Significant differences were also found between viruses in terms of OB
production (F2,180=13.321, p<0.001). Despite the slower speed of kill of larvae
infected with the deletion virus, the OB production of Sf122null infected insects was
3-fold less than that of Sfbac or Sf122rep infected insects that produced between
2.48 × 107 and 2.73 × 107 OB/larva (Figure 2C).

3.6

Reduced infectious titre in vitro of Sf122null ODVs
The pathogenicity of OBs is likely to reflect the per capita infectivity of the

ODVs, or the number of ODVs occluded in each OB. The titre of infectious units
was determined by end point dilution in Sf9 cells after releasing ODVs from
samples of 5.0 × 108 OBs. However no reliable results were obtained following end
point dilution assay of this concentration of Sf122null virus OBs. Consequently, the
sample concentration for this virus was increased to 3.0 × 109 OBs. After correcting
for differences in OB concentrations used for end point assays, significant
differences were detected in the infectious titre of ODVs of Sfbac, Sf122null and
Sf122rep viruses (F2,15=21.7, p<0.001). Similar numbers of infectious units (IU)
were found after inoculation with Sfbac and Sf122rep ODVs, with mean values of
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2.9 × 104 and 2.3 × 104 IU/5×108 OBs for Sfbac and Sf122rep, respectively (Figure
2D). In contrast, the mean titre produced by the equivalent number of OBs of the
Sf122null was less than 0.04 × 104 IU/5×108 OBs, approximately 60-fold lower than
the titre of the complete viruses.

3.7

Deletion of sf122 did not affect OB gross morphology
No gross morphological differences were observed in OB structure

between Sfbac, Sf122null and Sf122rep viruses when examined by SEM
(Figure 3).

Figure 3. Scanning electron microscopy of Sfbac, Sf122null and Sf122rep OBs. The deletion
of sf122 did not affect gross OB morphology.

3.8

Sequence analysis of sf122
The full-length sf122 gene is conserved among the three different

nucleopolyhedrovirus isolates. SfMNPV-3AP2 and SfMNPV-19 sf122 genes are
339 bp long with 99.7% pairwise identity and exhibit a synonymous substitution in
the codon of position 232 to 234 (GAGGAA) that encodes for the same residue
(glutamic acid), that encode an identical protein of 112 amino acids with a predicted
molecular weight of 13.4 kDa.
The sequence of sf122 from SfMNPV-B exhibited a five-nucleotide
deletion from positions 285 to 289 (CATTT) that results in a frameshift in that region
(Figure 4A), abolishing the original stop codon and producing an enlargement of
the coding region leading to a larger sf122 variant of 420 bp. This variant encodes
a putative protein of 139 amino acids and a predicted molecular weight of 16.6 kDa
that exhibited a non-conserved frame-shifted region from amino acid at position 98
(asparagine) towards the C terminus. Both protein variants lacked known
conserved domains or motifs. When compared among isolates, the deduced amino
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acid sequences exhibited 86.6% pairwise identity between SfMNPV-B protein and
the identical SfMNPV-3AP2/SfMNPV-19 proteins, respectively.
In addition, sf122 from SfMNPV-B exhibited three point mutations
rendering non-synonymous substitutions that produced changes in the comparable
predicted sequences located upstream from the 98-N residue. For example, the
isoleucine, glutamic acid, and arginine at positions 74, 96 and 97 in the SF122
protein of SfMNPV-B were replaced by leucine, isoleucine and leucine,
respectively, in SF122 from SfMNPV-3AP2 and SfMNPV-19 isolates. The latter two
amino acid changes dramatically affected the hydrophobicity and the predicted
secondary structure of the proteins. Hydrophilic 96-ER-97 residues were predicted
to be exposed in the alignment, whereas 96-IL-97 that are more hydrophobic, were
predicted as buried residues, that converts the turn in the SF122 protein of
SfMNPV-B into a beta-strand in the SF122 protein of SfMNPV-3AP2 and SfMNPV19 (Figure 4B). In addition, these three residues (74-I, 96-E and 97-R), have been
previously identified as undergoing positive or diversifying selection (14).
In the chitinase protein, only a change of a serine in position 413 by a
proline was detected in the SfMNPV-3AP2 with respect to the SfMNPV-B amino
acid sequence. However, no differences were found between SfMNPV-NIC and
SfMNPV-3AP2 in the cathepsin protein using BLAST tool.
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Figure 4. Sequence analysis of sf122 and their deduced amino acid sequences from
SfMNPV-NIC, SfMNPV-AP2 and SfMNPV-19 isolates. A) A five-nucleotide deletion (CATTT)
with gaps that indicates the absence of homologous sites in sf122 from SfMNPV-B. B) The
two amino acids with variations in hydrophobicity and predicted secondary structure are
depicted.
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sf122 modulates insect liquefaction
The degradation of the larval integument and liquefaction are typical post

mortem signs of lethal polyhedrosis disease. Insects that died following Sf122null
infection did not show these signs (Figure 5A). After infecting fourth instar larvae
with different viruses carrying distinct variants of the sf122 gene, viruses lacking the
SF122 protein (Sf122null) or carrying the SfMNPV-3AP2 variant (SfMNPV-3AP2
and SfMNPV-COL) did not produce the liquefaction of the host following death
(Figure 5B). This effect was more pronounced in Sf122null-killed insects, which
remained completely intact following death.

Figure 5. A) Virus-killed S. frugiperda larvae that were inoculated in the second instar with
Sfbac, Sf122null and Sf122rep. Liquefaction was not observed following infection with
Sf122null. B) Virus-killed S. frugiperda fourth instar larvae following infection by Sfbac,
Sf122null, Sf122rep, SfMNPV-3AP2 and SfMNPV-COL viruses.
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Chitinase and cathepsin expression are reduced in Sf122null infected

insects
Expression of chitinase and cathepsin was analyzed at time points of the
infection at which sf122 expression was detected, namely 72, 96 and 120 hours
post-infection (hpi) (Figure 1). Expression of these genes was initially normalized
with respect to 28S rRNA and was markedly reduced in Sf122null infected insects
compared with that of the Sfbac and Sf122rep viruses (Figure 6A and B).
Expression was more markedly reduced in the cathepsin (75-93% reduction)
compared to the chitinase gene (53-87% reduction). After normalization with
respect to the sf68 gene, to control for possible differences arising from the
different concentrations of inoculum that were necessary to initiate similar
prevalence of infection (LC90), expression of chitinase was reduced by 57% at
120 hpi in insects infected by Sf122null (Figure 6C), whereas expression of
cathepsin was reduced by 77% at 120 hpi (Figure 6D), compared to insects
infected by the viruses that expressed sf122.

Figure 6. Relative normalized expression of chitinase (A and C) and cathepsin (B and D) with
respect to the 28S rRNA (A and B), or the viral gene sf68 (C and D) in larvae infected with
Sfbac, Sf122null and Sf122rep viruses. A decrease in the expression of both genes in the
Sf122null virus was analyzed with respect to 28S rRNA. A similar reduction in chitinase
expression in Sf122null infected insects was observed at 120 hpi and in cathepsin expression
at 96 hpi when the viral sf68 gene was used as reference.
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DISCUSSION
The sf122 gene was identified as a gene undergoing positive selection in

the SfMNPV genome (14). In this study, the role of this gene on the selected
factors that modulate virus transmission was studied by producing a bacmid-based
recombinant lacking the gene and the corresponding repair virus. We identified
major roles for this gene in OB pathogenicity, ODV infectivity, OB production and
insect liquefaction that in combination are likely to have a dramatic influence on
insect-to-insect transmission in nature.
Transcription of sf122 began very late in infection and was only detectable
by RT-PCR between 72 and 120 hpi. Baculovirus late genes are usually structural
proteins or are involved in the late stages of the replication cycle, such as OB
morphogenesis or cellular lysis (1, 36). Accordingly, sf122 was expressed during
the same period as the polyhedrin gene.
Progeny OBs were produced after injection of deletion bacmid DNA,
although insect mortality was reduced 2-fold compared to those injected with Sfbac
and Sf122rep bacmid DNAs, suggesting a possible role of sf122 during the
SfMNPV initial cycle of infection or during the propagation of systemic infection. In
contrast, a major role for sf122 was identified when aspects of virus traits related to
insect-to-insect transmission were examined. OB pathogenicity (LC50), speed-of-kill
and production of OBs were all adversely affected by sf122 deletion. Given that the
DNA content of OBs was broadly similar among all the viruses (Figure 2B),
indicating a similar number of genomes and nucleocapsids were present in OBs,
the reduced pathogenicity of Sf122null OBs is likely to be related to the marked
reduction in ODV infectivity, determined in vitro (Figure 2D). This indicates that
SF122 is involved in primary infection of host midgut cells by ODVs.
Differences in the speed of kill of baculoviruses often affect the production
of OBs, which arises from the complex relationship between the duration of the
infection, the rate of replication of the virus and the growth and feeding behavior of
the insect larva (23, 37-38). However, contrary to the normally observed tendency,
deletion of sf122 increased the mean time to death by approximately 15%, but
resulted in a 3-fold reduction in OB production per larva. This suggests that the rate
of spread of the systemic infection to healthy cells in the insect, or the rate of
replication of the virus in infected cells, was reduced in Sf122null-infected larvae.
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Host liquefaction post mortem is considered to be a characteristic sign of
polyhedrosis disease (1). However, following Sf122null infection virus-killed larvae
did not melt at all. The host liquefaction process has been attributed to the activity
of virally encoded cathepsin and chitinase that are produced by many, but not all,
baculoviruses (6, 39-40). Both the chitinase and cathepsin genes are present in the
SfMNPV genome (13-15). As liquefaction was not observed in Sf122null infected
insects suggests a potential role of SF122 in the regulation of cathepsin and/or
chitinase. Deletion of sf122 clearly reduced the expression of both these genes late
in infection. As a coordinated temporal and spatial regulation of both these
enzymes is needed for terminal host liquefaction (41-42), the down-regulation
observed following sf122 deletion may be sufficient to interrupt the proper function
of these proteins.
Strong evidence for positive selection of sf122 (14) indicates that changes
in this gene are fixed faster than those of other genes. A deletion of five nucleotides
is present in the sf122 sequence of SfMNPV-B genotype with respect to those of
SfMNPV-3AP2 or SfMNPV-COL, resulting in an elongation of the putative SF122
protein. Furthermore, point mutations located in the SfMNPV-B gene, where
positive selection had been previously described (14), resulted in an important
change in the predicted protein secondary structure. We investigated whether
SfMNPV-3AP2 or SfMNPV-COL were able to produce host liquefaction, as
observed in insects that died following SfMNPV-B infection. Larvae infected with
SfMNPV-3AP2 from Missouri (United States), or SfMNPV-COL did not liquefy to
the same degree as Sfbac and Sf122rep infected insects, although the larval
integument was partially broken. Only one amino acid was altered in the SfMNPV3AP2 chitinase protein with respect to that of SfMNPV-B, whereas no differences
were observed in the cathepsin amino acid sequences between the different
isolates. Therefore, changes in the sf122 nucleotide sequence are associated with
different degrees of melting post mortem that influence the dispersal of OBs
released from virus infected insects (43). Similar results have been previously
reported for the fp25K gene and the anti-apoptotic p35 gene (44-46), although the
mode of action of these genes on insect liquefaction remains uncertain.
Differences in host melting may reflect adaptation of viruses to local host
populations and their ecology. Local baculovirus isolates usually are more infective
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against local pest populations than geographically distant isolates; the result of
insect-virus coevolution and adaptation processes (22, 47). The insect population
used in this study was from Honduras and refreshed with pupae from southern
Mexico; both countries situated close to Nicaragua, the point of origin of the
SfMNPV-B genotype. It is not surprising that genes affecting degradation of host
integument have been the subject of positive selection, as this viral trait directly
affects to the dissemination of progeny OBs and the likelihood of transmission (3,
7). In contrast, in viruses subjected to mass-production in the laboratory, the
melting characteristic is undesirable because it greatly hinders the collection of OBs
from virus-killed larvae (48).
Homologs of sf122 have been only found in Spodoptera exigua multiple
nucleopolyhedrovirus (se121), Spodoptera littoralis multiple nucleopolyhedrovirus
(splt126), Agrotis segetum multiple nucleopolyhedrovirus (agse133) and Agrotis
ipsilon multiple nucleopolyhedrovirus (agip140) (14). All these viruses are closely
related to SfMNPV and form a cluster of group II alphabaculoviruses by
phylogenetic analysis (49).
We conclude that sf122 plays a key role in SfMNPV infection. Its deletion
markedly affects OB pathogenicity and the infective titre of ODVs, speed of kill, and
the production of OBs. Furthermore, its deletion affects expression of the chitinase
and cathepsin genes and inhibits the degradation of the insect integument after
death with additional implications on the efficiency of insect-to-insect transmission.
Additional studies should focus on determining the specific role of sf122 in
modulating ODV infectivity and the rate of BV production and the dissemination of
systematic infection within the insect host.
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Members of the family Baculoviridae have been isolated from more than
700 species of arthropods (1). Wide diversity has been found within this virus
family, both in terms of different genotypes and isolates of the same baculovirus
species and also when comparing distinct baculovirus species (2-4). Several
mechanisms involved in the maintenance and generation of the diversity have been
proposed (2, 5). Furthermore, the physical structure of baculoviruses, that are
transmitted in the environment in the form of occlusion bodies (OBs) containing, in
turn, occlusion-derived-virions (ODVs), likely play a key role in the propagation of
this diversity.
Alphabaculovirus (lepidopteran-specific nucleopolyhedroviruses) constitute
a genus of the family Baculoviridae, characterized by the presence of polyhedrin as
the

main

protein

nucleopolyhedroviruses

forming

the

OBs.

(MNPVs) are those

Within
that

this

genus,

comprise one

multiple
or

more

nucleocapsids within the ODVs. This characteristic structure allows the presence of
copies of distinct genotypes of an isolate within the same virion (co-envelopment)
or/and within the same OB (co-occlusion). The coexistence of genotypes that
naturally occur in virus isolates within the same ODV has been demonstrated
previously (6). This provides an advantage to the virus, as it guarantees the
transmission of genotypic diversity, even during periods of low pathogen density.
Furthermore, this physical association among genotypes favours the interaction
between the component genotypes and therefore has implications for virus
evolution.
Sometimes crops are susceptible to infestation by more than one species
of insect and, therefore, as baculoviruses are closely linked to their insect hosts, it
is logical to believe that more than one species of baculovirus may coexist in the
same crop. This is the case of Spodoptera exigua and Spodoptera frugiperda,
whose geographical distributions have overlapped in the Americas for more than a
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century (7). In addition, similar population structures have been found in
baculovirus isolates infecting these insect species: the S. exigua multiple
nucleopolyhedrovirus

(SeMNPV)

and

the

S.

frugiperda

multiple

nucleopolyhedrovirus (SfMNPV) (7). However, nothing is known about how viruses
interact in these cases, although co-infection by two different species of
baculoviruses has been described, both in vivo and in vitro (8-10). The results
presented in Chapter II provide new insights into baculovirus interactions. There, I
show that two different nucleopolyhedroviruses can be transmitted in the viral
progeny forming part of the same virus particle, despite an important degree of
phylogenetic distance existing between them. Co-occlusion of different baculovirus
species in the same OB and co-envelopment into the same ODV will facilitate cotransmission and co-infection of cells and thereby facilitate the transfer of genetic
material between viruses, leading to new genetic and phenotypic characteristics of
the virus progeny and provide a unique and previously unrecognized mechanism
for virus evolution.
Furthermore, coinfestation of a crop by more than one insect species
represents a problem for the development of baculoviruses as biopesticides. The
restricted host range of this viral family has been considered as a great advantage
from a biosafety perspective, as they are not harmful to vertebrates or non-target
arthropods and therefore can be applied safely in agriculture (11-12). Furthermore,
the importance of this feature increases even more when compared to chemical
pesticides, which have been implicated in human health issues and represent a
hazard to wildlife (13-14). However, what happens when several insect species are
present on crops? It would be useful to prepare insecticide compositions based on
baculoviruses containing more than one virus species, in order to avoid separate
applications of bioinsecticide. This was the principal problem addressed in the
present thesis. To study this issue, a method for the production of mixed-virus OBs
and mixed-virus ODVs containing more than one baculovirus species was
developed. This method is protected by the European patent application
PCT/EP2013/069678 (15) and allows the construction of new baculovirus
populations, containing more than one baculovirus species, whose host range may
be the sum of the host ranges of the parental viruses used. Furthermore,
production of mixed-OBs and mixed-ODVs using only one insect species would
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reduce costs compared to the use of different insect colonies for producing distinct
viruses, so that this method may be advantageous during the production of
biological insecticides.
Chapters III and IV focus on the phenomenon of superinfection exclusion,
which is based on the ability of an already infected-cell/organism to become
refractive to a second infection. This effect has been studied in different host-virus
pathosystems (16-19). However, there is no common mechanism for different
viruses; rather, specific mechanisms acting at different stages of the infection have
been described for distinct virus species (18-22). Whilst this thesis was being
developed, two different papers were published that demonstrated the existence of
superinfection exclusion in infections performed with Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) in vitro (9, 23). Both studies used
occlusion negative viruses marked with fluorescent proteins and based their results
on the lack of fluorescent signal from the second virus in superinfected cell
cultures. In contrast, in our study, fluorescent proteins were located in the p10
locus, in such way that the polyhedrin gene was not disrupted and occlusion
positive-viruses were produced. Furthermore, results in Chapter III show that
exclusion to a second infection is a progressive process in which a sharp decrease
is observed in the signs of infection caused by the second virus, affecting not only
the number of coinfected cells, but also the level of protein expression due to the
second virus infection. This suggests that exclusion may involve complex changes
in the cellular environment that results in a series of obstacles for the second virus
to complete its cycle. Although the causes for the exclusion remain unclear, my
results show that disruption of actin filaments by treatment with cytochalasin D
(CD), a drug known to inhibit actin polymerization (24), resulted in the suppression
of exclusion. The actin cytoskeleton has been demonstrated to have a key role
during baculovirus infections (24-28). Hence, its implication in the superinfection
exclusion process would not be surprising, although further work should be
performed to clarify this issue. Additionally, the existence of the superinfection
exclusion effect can be generalized across the Alphabaculovirus genus, and is not
exclusive to AcMNPV, but also includes heterologous baculoviruses. This is
another point in which differences in the superinfection exclusion phenomenon are
found among viruses. Whereas in some viral families exclusion only acts against
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homologous strains (18, 29), a phenomenon of heterologous interference has been
described in other virus species (30-31).
The phenomenon of superinfection exclusion is related to the existence of
a temporal window, in which a cell can be coinfected. The existence of the temporal
window allows the interaction between viruses and, thereby, has important
implications in virus evolution. In the particular case of alphabaculoviruses, apart
from favouring viral interaction, it also allows the transmission of different
genotypes and/or virus species within the same virus particle (OB and/or ODV) in
the viral progeny when a cell/insect is coinfected. In this thesis, the existence of the
window was demonstrated both in vivo and in vitro (Chapters III and IV). On the
other hand, the closure of that window (superinfection exclusion) prevents
competition between viruses by protecting the first infecting virus from others, even
if it is the least adapted virus, as it is shown in Chapter IV. Hence, from an
ecological standpoint, the existence of the temporal window in baculovirus
infections favors the interaction and recombination of less specialized viruses with
possible competitors, enabling a possible exchange of genetic material and the
production of progeny viruses with novel genotypes and phenotypes. Furthermore,
the temporal control of this window benefits the transmission and maintenance in
the environment of less specialized viruses, by inhibiting subsequent infection by
possible more specialized and/or better adapted competitors. In this respect, it is
important to note that the less adapted virus in one particular host species may be
the better adapted virus in a different host, as can be seen for AcMNPV and
SfMNPV in S. exigua and S. frugiperda larvae (Chapter IV).
However, there is an important difference in the superinfection exclusion
phenomenon observed in infections performed in vitro and in vivo. The results in
Chapter III show that, at cellular level, a total exclusion is established. When the
time lag between infections is 20 hours, a frequency of dual infected cells of 1% or
less is detected and, when time lag is longer than 24 hours, no cells infected by the
second virus are observed. In contrast, a total exclusion to a second infection was
not detected in vivo. Superinfections of larvae in Chapter IV were performed 12,
24, 48 and 72 hours post-first infection. These time points may be too short, taking
into account that cells need around 20-24 hours to become totally refractive and
that the virus takes around 48 hours to infect most of the tissues of the larva (32-
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33). However, the fact that the proportion of AcMNPV:SfMNPV in the OBs is
maintained nearly constant and close to 1:1000 in the virus progeny obtained from
larvae first-infected with SfMNPV and superinfected with AcMNPV at those time
points, no matter the time lag between infections. This suggests that total exclusion
will not be established in vivo, allowing the second virus infection to remain
permanently at very low levels and thus facilitating the interactions between the
viruses.
From a practical standpoint, the results in Chapter IV demonstrate that it is
possible to obtain mixed-OBs and mixed-ODVs with a particular viral proportion by
simply varying the time lag between inoculations, so that the method of production
shown in Chapter II was improved. Furthermore, with the pair of viruses used in
this study, no differences in the pathogenicity or transmission of the viral progeny
were observed when comparing co-occluded OBs with the equivalent mixture of
OBs, suggesting that each virus replicates in an independent manner. However,
when studying virus interactions, generalizations are rarely possible and each hostvirus pathosystem requires detailed study (34).
The second part of the thesis (Chapters V, VI, VII and VIII) focused on
SfMNPV. The Nicaraguan isolate of this virus (SfMNPV-NIC), originally described
by Escribano and coworkers (35), is one of the most studied SfMNPV isolates (6,
36-37). The complete sequence of the largest and predominant genotype of the
SfMNPV-NIC, named as SfMNPV-B (37-38), allowed comparisons to be made with
other baculoviruses sequenced, especially with the sequences of other SfMNPV
isolates (Chapter V) (39-40). In the last few years, numerous baculoviruses have
been completely sequenced. This has allowed the identification of core genes
present in all the baculoviruses sequenced and genes present in all the
alphabaculoviruses sequenced to date (41-43), in addition to the development of a
proposal for a new classification based on the phylogenetic distance between
viruses (43), the identification of genes undergoing selection pressure (44-45), and
unique genes with no homologs in other baculoviruses (46-47), etc. This
information has greatly increased our knowledge on baculovirus biology and has
helped to identify genes that may be important for the general characteristics of the
baculoviruses (e.g. core genes), or for the structure or the biological activity of a
particular group of viruses (e.g. genes common to a specific group), or that may
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modulate the unique characteristics or host range of a particular virus (genes under
selection pressure or genes unique for a particular virus). A clear example of this is
the identification of a new per os infectivity factor in lepidopteran specific
baculoviruses, SF58, following the complete sequencing of a non-per os infective
SfMNPV genotype (48).
Two isolates of SfMNPV were completely sequenced in 2008: SfMNPV3AP2 from the United States and SfMNPV-19 from Brazil (39-40). Comparison of
SfMNPV-B with these viruses revealed high homogeneity among SfMNPV isolates,
with approximately 99% of nucleotide sequence identity among them (49).
SfMNPV-B had the largest genome of the three isolates. The main difference
between SfMNPV-B and SfMNPV-3AP2 is a deletion affecting the sf27 and the egt
genes in the latter virus, that were responsible for the fast-killing phenotype of the
US isolate (50). These genes are located in a hypervariable region previously
described in SfMNPV (7, 37). In contrast, point mutations and short deletions and
insertions are responsible for the difference in size between the genomes of
SfMNPV-B and the SfMNPV-19. SfMNPV-B presented three ORFs (open reading
frames) that were not detected in the other isolates, namely sf39a, sf57a and
sf110a. These ORFs have been found to be specific to the Nicaraguan isolate and
their function has yet to be studied.
Selection analysis (51) performed on different viruses has identified
positively selected sites in proteins of high importance during viral infection or virus
evolution (52-55). In SfMNPV, these types of analysis revealed three genes
potentially subjected to diversifying selection: sf49 (pif-3), sf57 (odv-e66a) and
sf122. Both pif-3 and odv-e66a are important during baculovirus primary infection,
i.e. infection of midgut cells in the insect (56-57). This is a crucial stage in
baculovirus transmission, as it determines virus entry into the organism and
constitutes a prerequisite to systemic infection. Hence, among the genes
undergoing positive selection in the SfMNPV, it only the function of the sf122 gene
remained unclear, which also presented the strongest evidence of positive
selection.
To date, most of the gene characterization performed in baculoviruses has
focused on AcMNPV, and most of the genes of AcMNPV have already been
studied (58-59). There is, however, far less information on other baculoviruses. In
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order to increase our knowledge of gene function in SfMNPV a set of unusual
genes were functionally characterized. Examples of different types were chosen: i)
a unique gene with no homologs in other baculoviruses sequenced, but common to
all the completely sequenced SfMNPV isolates (sf32, Chapter VI); ii) three genes
with homologs in all lepidopteran-specific baculoviruses and in other insect viruses
(sf68, sf95 and sf138; Chapter VII) and iii) a gene undergoing positive selection
(sf122, Chapter VIII).
Unique genes in baculoviruses are those that have no homologs in other
baculoviruses sequenced to date. This special feature makes them candidates to
play an important role in the biological characteristics of the virus. The number of
unique genes varies between baculoviruses. For instance, 24 unique ORFs were
identified in the genome of Chrysodeixis chalcites NPV (ChchNPV) (47), 20 unique
ORFs were identified in Helicoverpa armigera NPV (HaNPV) (60), whereas only
three genes are unique to AcMNPV (44, 59). In this thesis, I investigated the role of
sf32 (Chapter VI), a gene present in the three fully sequenced SfMNPV isolates
but with no homologs in other baculoviruses sequenced to date. The main effect of
the deletion of this gene was an increase in the size and DNA content of OBs,
which was attributed to an increase in the number of nucleocapsids contained
within ODVs. This reorganization of the virus content of OBs was associated with a
reduction in the production of OBs per larva, whereas the oral pathogenicity (mean
lethal concentration), virulence (speed-of-kill), dynamics of BV production and the
number of ODVs occluded within OBs were not affected. Hence, the unique sf32
gene might be directly or indirectly involved in nucleocapsid organization during
ODV assembly and occlusion. Certain parallels are found with the role of ac43 of
AcMNPV in the virus replication cycle (61). Homologs to ac43, in contrast to sf32,
are present in most of the alphabaculoviruses. Its deletion also resulted in an
increase in the size of OBs and a reduction in the production of OBs, without
affecting the BVs production. However, deletion of the ac43 gene in AcMNPV is
also linked to an increase in the number of single nucleocapsids enveloped within
ODVs (61). The fact that both genes have similar effects on OB size and OB
production may indicate the existence of certain genes in baculoviruses whose
function is related to OB morphogenesis, a process that needs to be optimized to
achieve high transmissibility of the virus. Chapter VI also presents a new
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methodology to determine the viral content within OBs using qPCR based on SYBR
green fluorescence. Results obtained by qPCR were similar to those obtained by
transmission electron microscopy (TEM), constituting a rapid and affordable
technique to develop this type of studies in which only a global viral content within
an OB is desired.
Unlike sf32, the study of sf68, sf95, sf138 and sf122 genes revealed clear
evidence of virus adaptation to the host. Changes in the sequence of these ORFs
are reflected in the phenotypic characteristics of the virus, in such way that the
biological activity of the virus in its natural host is improved. In the case of sf68,
sf95 and sf138, the adaptation observed is to the host species, S. frugiperda.
However, adaptation of a SfMNPV isolate to a particular host population was
observed in the case of sf122.
As indicated with the studies of selection pressure, bioinformatic tools
have been used in order to identify important genes in different fields, for instance,
to relate gene mutations and disease (62-64). For example, comparisons between
sequences of members of the family Baculoviridae and insect-specific Poxviridae
(subfamily Entomopoxvirinae) revealed the existence of a family of genes, present
in both families and absent in viruses infecting hosts other than insects, known as
the “11K” family of genes (65). Within the family Baculoviridae, the “11K” genes can
be grouped into type 145 and type 150, that are named according to the
corresponding ORFs of AcMNPV (ac145 and ac150) (65). In the SfMNPV
sequence, three members of this family were found: one type 145 (sf138) and two
type 150 (sf68 and sf95) (Chapter VII). The fact of having homologs in other insectspecific viruses makes them candidates as being important in insect-virus
relationships that have evolved to exploit the host machinery in the most effective
manner (65). My results, together with previously published studies on members of
this family (66-67), revealed an important role of the ac145-like genes during the
primary infection of baculoviruses, whereas the ac150-like genes are important for
spreading the infection, also known as secondary infection. The functionality of
these genes varies slightly depending on the virus-insect host system investigated,
with greater variation in the type 150 than in the type 145 genes. This is also
reflected in the gene sequences, with the type 150 group less statistically robust
than the type 145, due to the variability present in the former (65). The origin of the
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observed diversity may rest in coevolutionary processes of each host-pathogen
system, as viruses are continuously evolving in response to evolutionary changes
in their hosts (68). Hence, these processes constitute a natural source of diversity
and divergence (68). Changes are naturally generated in genes and, as long as
they are fixed due to the adaptive advantage(s) that they may confer, greater
divergence between homologs is created.
A more specific case of adaptation to the host was found during study of
the sf122 gene. Two different variants of the SF122 protein were found after
analyzing the sequences of different SfMNPV isolates (Chapter V). A deletion of
five nucleotides abolishes the stop codon present in the SfMNPV-3AP2 and
SfMNPV-19 isolates and causes an extension of the protein in SfMNPV-B.
Furthermore, two amino acids were found to be positively selected in this protein
(Chapter V). In Chapter VIII, it is shown how sf122 deletion severely compromised
the biological activity of the SfMNPV-B virus, decreasing the pathogenicity, speed
of kill, production of OBs and ODV infectivity. However, the most remarkable result
was the lack of liquefaction in dead larvae infected by the deleted virus. This
degradation of the integument in virus-killed larvae is of great importance for the
transmission of the virus (69-70). To date, liquefaction has been attributed to the
action of two proteins: chitinase and cathepsin (71). Both genes encoding these
proteins are present in the SfMNPV genome (39-40, 49), suggesting a hypothetical
role of the sf122 in their regulation. Study of the temporal expression of these
genes in larvae infected with a sf122-deleted virus revealed a reduction in
cathepsin expression during the final stages of the infection and a less marked
decrease in expression of the chitinase gene, with respect to larvae infected with
the complete virus. This down-regulation observed after sf122 deletion may be
enough to interrupt the proper function of these enzymes, as a coordinated
temporal and spatial regulation of both proteins is needed for terminal host insect
liquefaction (72-73). Finally, it was observed that isolates carrying the short variant
of the SF122 protein, SfMNPV-3AP2 and SfMNPV-COL, did not produce the same
degree of liquefaction than SfMNPV-B in the experimental S. frugiperda population,
suggesting an adaptation of the SfMNPV-NIC isolate to our laboratory insect
colony. Despite having been initially collected from dead larvae in Nicaragua, the
SfMNPV-NIC has been submitted to an uncertain number of passages in the
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laboratory colony before sequencing (49). This insect population originated from
Honduras has been refreshed periodically with pupae from southern Mexico. Both
countries are close to Nicaragua. Whether SfMNPV-NIC initially carried the SF122
long variant or whether it was generated while performing serial passages in the
laboratory insect colony remains unclear. This kind of viral adaptation of a particular
isolate to a local host population has been previously described in baculoviruses
(74-75). However, this effect had not been observed so clearly in gene function.
Results obtained for the sf122 gene confirm that performing studies of selection
pressure are an excellent strategy to identify genes that are important in the virus
infection cycle and to locate candidate genes that are subjected to influential
processes of adaptation.
Finally, in this thesis I aimed to generate an important and highly original
contribution to the understanding of baculovirus biology, of the interactions among
different species baculoviruses within coinfected hosts, and of how their genetic
content contributes to their biological activity, their potential as biological
insecticides, and their adaptation to the host insect.
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CONCLUSIONES

1.

La coinfección de un insecto por dos especies diferentes de alphabaculovirus
resulta en la producción de OBs mixtos y ODVs mixtos, conteniendo cada uno
ambas especies virales. Además, la cooclusión dentro del mismo OB y
coenvuelta dentro de un mismo ODV no depende de la distancia filogenética
existente entre los virus.

2.

En células de Spodoptera frugiperda previamente infectadas por un
alphabaculovirus, se establece una exclusión a la infección por parte de un
segundo virus alrededor de 20-24 horas después de la primera infección. Este
proceso es progresivo y consiste tanto en interferencia homóloga como
heteróloga. Aunque las causas de la exclusión a una superinfección son
desconocidas hasta el momento, la inhibición de la polimerización de los
filamentos de actina mediante tratamiento con citocalasina D (CD) resultó en la
supresión de la exclusión y, consecuentemente, permitió la infección con éxito
del segundo virus.

3.

La exclusión a una superinfección se establece también en larvas de
S. frugiperda, inhibiendo la infección del insecto huésped por un virus
competidor, más adaptado y más específico. Sin embargo, a diferencia de lo
observado en cultivos celulares, no se observa una exclusión total in vivo.
Cuando la primera infección se realiza con el virus más específico para ese
huésped en particular, el segundo virus persiste en niveles muy bajos en la
progenie viral, permitiendo a ambos virus interaccionar entre ellos.

4.

El intervalo de tiempo entre infecciones es un factor crucial a tener en cuenta
cuando se quieren producir OBs y ODVs mixtos, ya que afecta directamente a
las proporciones de cada especie viral presentes en la progenie viral y a la
prevalencia de ODVs con presencia de ambos virus. ODVs mixtos y OBs
mixtos, compuestos por el nucleopoliedrovirus múltiple de Autographa
californica (AcMNPV) y el nucleopoliedrovirus múltiple de S. frugiperda
(SfMNPV), presentan la misma patogenicidad (concentración letal media) que
la mezcla de OBs equivalente y ambas especies virales están presentes en la
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progenie viral en la misma proporción, independientemente de la naturaleza
del inóculo (mezcla de OBs u OBs mixtos).
5.

La secuenciación completa del genotipo más largo de un aislado del SfMNPV
procedente de Nicaragua (SfMNPV-B) reveló un alto grado de similitud (99%)
con otros aislados de la misma especie viral previamente secuenciados
procedentes de Estados Unidos (SfMNPV-3AP2) y de Brasil (SfMNPV-19).
Tres de los marcos abiertos de lectura (ORFs) presentes en estos aislados
están sometidos a presión de selección positiva: sf49 (pif-3), sf57 (odv-e66a) y
sf122, siendo las evidencias de diversificación mayores para el sf122.

6.

El gen único sf32 del SfMNPV es un gen temprano cuya deleción resulta en
OBs un 18% mayores en diámetro, que a su vez contienen un 62% más de
ADN, lo cual está relacionado con un aumento del 17% en número de
nucleocápsidas dentro de los ODVs. La producción de OBs de insectos
infectados con el virus delecionado (Sf32null) se redujo en un 39% en
comparación a insectos infectados con el virus completo (Sfbac). En cambio,
no se encontraron diferencias significativas en la patogenicidad (concentración
letal media), virulencia (tiempo medio de mortalidad) o producción de viriones
brotados (BVs) in vivo entre ambos virus. La proteína SF32 puede estar
implicada en la organización de las nucleocápsidas durante el ensamblaje de
los ODVs y el proceso de oclusión.

7.

Un virus con una deleción en el gen sf138 (Sf138null), un homólogo al gen
ac145 del AcMNPV, fue aproximadamente 15 veces menos infectivo que el
virus completo (Sfbac) tras infectar oralmente larvas del segundo estadio de
S. frugiperda. Esta deleción provocó un descenso de 100 veces en el título
infectivo de los ODVs. La adición de un abrillantador óptico al virus Sf138null
no recuperó la actividad del virus original. En cambio, virus con deleciones en
los genes sf68 (Sf68null) y sf95 (Sf95null), homólogos al gen ac150 del
AcMNPV, fueron aproximadamente 9 horas más lentos tras infectar larvas del
segundo estadio de S. frugiperda, produciendo consecuentemente un aumento
en la producción de OBs/larva.

8.

Los genes del tipo ac145, como el sf138, pueden ser importantes durante la
infección primaria de los alphabaculovirus. En cambio, los genes del tipo
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ac150, como el sf68 y el sf95, pueden tener un papel importante en la
propagación de la infección dentro del insecto. Ambos tipos de genes actúan
de una manera dependiente de la especie de huésped infectada.
9.

La deleción del gen sf122 en el SfMNPV-B (Sf122null) produjo un descenso de
15 veces en la patogenicidad oral del virus (en términos de concentración letal
media), extendió el tiempo medio de mortalidad en 20 horas y causó una
reducción en la producción de OBs de 3 veces. Los ODVs del virus Sf122null
fueron más de 100 veces menos infectivos que aquellos del virus completo.
Además, larvas infectadas con el virus Sf122null no mostraron liquefacción
post mortem, probablemente debido a una reducción en la expresión de los
genes virales chitinasa y cathepsina observada en larvas infectadas con el
virus delecionado.

10. Diferentes variantes de la proteína SF122 están presentes en los distintos
aislados del SfMNPV. El virus SfMNPV-B, el cual contiene la variante larga de
la proteína, produjo una licuefacción total en las larvas de la población de
huésped del ensayo. Sin embargo, los virus SfMNPV-3AP2 y SfMNPV-COL,
los cuales contienen la variante corta de la proteína, sólo produjeron una
licuefacción parcial. Procesos de adaptación al huésped pueden afectar a la
función del gen sf122, diversificando su secuencia entre distintos aislados del
SfMNPV y motivando la presencia de cierta presión de selección actuando
sobre él.
11. Finalmente, los resultados descritos en los capítulos II y IV de esta tesis han
contribuido a la solicitud de la patente europea PCT/EP2013/069678.
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1.

Co-infection of an insect by two different alphabaculovirus species results in
the production of mixed OBs and mixed ODVs, each containing both viruses.
Furthermore, co-occlusion within the same OB and co-envelopment within the
same ODV does not depend on the phylogenetic distance existing between
the parental viruses.

2.

Exclusion to a second virus infection is established in Spodoptera frugiperda
cells around 20-24 hours after infection by an alphabaculovirus. This process
is progressive and involves both homologous and heterologous interference.
Although the causes for the superinfection exclusion remain unclear at the
moment, disruption of actin filaments by treatment with cytochalasin D (CD)
resulted in the suppression of the exclusion and, consequently, successful
infection by the second virus.

3.

Exclusion to superinfection is also established in S. frugiperda larvae,
inhibiting host infection by a better adapted, more host specific, competitor
virus. However, in contrast to cell cultures, total exclusion was not observed in
vivo. When first infection was performed by the most host-specific virus, the
second virus persisted at very low levels, allowing interactions between both
viruses.

4.

The time interval between infections is a crucial factor when producing mixed
OBs and ODVs, as it affects the proportions of each virus in the OB progeny
and the prevalence of co-enveloped ODVs. Mixed-ODVs and mixed-OBs
composed by Autographa californica multiple nucleopolyhedrovirus (AcMNPV)
and S. frugiperda multiple nucleopolyhedrovirus (SfMNPV) present similar OB
pathogenicity (50% lethal concentration) than the equivalent mixture of OBs
and both virus species are present in the virus progeny in similar proportions
independent of the nature of the inocula (OB mixtures or mixed-virus OBs).

5.

The complete genome sequence of the largest genotype of an SfMNPV
isolate from Nicaragua (SfMNPV-B) revealed a high degree of similarity
(99%) with other isolates of the same virus species previously sequenced
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from United States (SfMNPV-3AP2) and from Brazil (SfMNPV-19). Three
ORFs (open reading frames) were identified undergoing positive selection:
sf49 (pif-3), sf57 (odv-e66a) and sf122, with evidence of diversifying selection
being strongest in sf122.
6.

The unique sf32 gene of SfMNPV is an early gene whose deletion results in
OBs 18% larger in diameter, containing 62% more genomic DNA, which was
related to an increase of 17% in the number of nucleocapsids within ODVs.
The production of OBs of insects infected by the deleted virus (Sf32null) was
reduced by 39% compared to those infected with the complete virus (Sfbac).
In contrast, no significant differences were detected in OB pathogenicity
(median lethal concentration), speed-of-kill or budded virus production in vivo
between both viruses. The SF32 protein could be involved in nucleocapsid
organization during ODV assembly and occlusion.

7.

A virus containing a deletion of the sf138 gene (Sf138null), a homolog to the
ac145 gene of AcMNPV, was approximately 15-fold less infective than the
complete virus (Sfbac), when second instar S. frugiperda larvae were orally
infected. This deletion resulted in a 100-fold reduction in ODV infectious titer.
Addition of an optical brightener to the Sf138null virus did not recover the
activity of the parental virus. In contrast, viruses including deletions in the sf68
gene (Sf68null) and the sf95 gene (Sf95null), homologs to the ac150, were
approximately 9 hours slower in speed of kill when infecting second instar
S. frugiperda larvae, with a corresponding increase in the production of
OBs/larva.

8.

The ac145-like genes, such as sf138, may be important in the primary
infection by alphabaculoviruses. In contrast, ac150-like genes, such as sf68
and sf95, may have a role in the spreading of the infection within the insect.
Both genes act in a host-dependent manner.

9.

Deletion of the sf122 gene in SfMNPV-B (Sf122null) resulted in a 15-fold
decrease in the oral pathogenicity (in terms of median lethal concentration),
extended the speed-of-kill by 20 hours and caused a 3-fold reduction in OB
production. ODVs of the Sf122null virus were more than 100-fold less infective
that ODVs of viruses containing the sf122 gene. Furthermore, larvae infected
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with Sf122null did not show post mortem liquefaction, probably due to a
reduction in chitinase and cathepsin expression observed in larvae infected by
the deleted virus.
10. Different variants of the SF122 protein are present in SfMNPV isolates. The
SfMNPV-B virus, containing the long SF122 variant, produced total larvae
liquefaction in the host population tested. However, the SfMNPV-3AP2 and
SfMNPV-COL viruses, containing the short SF122 variant, only produced
partial host liquefaction in the insect population. Adaptation processes to the
host may affect sf122 gene function, diversifying its sequence between distinct
SfMNPV isolates and revealing selection pressures acting upon it.
11. Finally, the studies described in Chapter II and Chapter IV of this thesis have
contributed to a European patent application (PCT/EP2013/069678).
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