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The genome of Spodoptera frugiperda multiple nucleopolyhedrovirus (NPV) was inserted into a bacmid
(Stbac) and used to produce a mutant lacking open reading frame 29 (Sf29null). Sf29null bacmid DNA was
able to generate an infection in S. frugiperda. Approximately six times less DNA was present in occlusion bodies
(OBs) produced by the Sf29null bacmid in comparison to viruses containing this gene. This reduction in DNA
content was consistent with fewer virus particles being packaged within Sf29null bacmid OBs, as determined
by fractionation of dissolved polyhedra and comparison of occlusion-derived virus (ODV) infectivity in cell
culture. DNA from Sfbac, Sf29null, or Sf29null-repair, in which the gene deletion had been repaired, were
equally infectious when used to transfect S. frugiperda. All three viruses produced similar numbers of OBs,
although those from Sf29null were 10-fold less infectious than viruses with the gene. Insects infected with
S£29null bacmid died ~24 h later than positive controls, consistent with the reduced virus particle content of
S£29null OBs. Transcripts from Sf29 were detected in infected insects 12 h prior to those from the polyhedrin
gene. Homologs to Sf29 were present in other group II NPVs, and similar sequences were present in ento-
mopoxviruses. Analysis of the §f29 predicted protein sequence revealed signal peptide and transmembrane
domains, but the presence of 12 potential N-glycosylation sites suggest that it is not an ODV envelope protein.
Other motifs, including zinc-binding and threonine-rich regions, suggest degradation and adhesion functions.

We conclude that Sf29 is a viral factor that determines the number of ODVs occluded in each OB.

Nucleopolyhedroviruses (NPVs) (Baculoviridae) cause fatal
disease in arthropods. Several have been commercialized as
biopesticides to control insect pests, particularly Lepidoptera
(27, 40). During virus infection, NPVs produce two virion
phenotypes, occluded and nonoccluded forms, which have dif-
ferent roles. When an insect consumes foliage contaminated
with occlusion bodies (OBs), occlusion-derived virions
(ODVs) are released by alkali disruption of the OB protein
matrix in the insect midgut (13). The ODVs infect midgut cells
by interaction with the cell surface proteins (24), virus enve-
lope fusion with plasma membranes, and entry of nucleocap-
sids. Some of the nucleocapsids that have entered cells traverse
the newly infected cell and are exported directly to the hemo-
lymph via budding. Nonoccluded virus, produced subse-
quently, also buds out of the infected cell to allow cell-to-cell
transmission of virus throughout the host (14). This virus phe-
notype is known as budded virus. Later, virions containing one
or more nucleocapsids are occluded in protein matrices to
form the OBs, which remain in the nucleus until death of the
infected insect. These are then dispersed in the environment to
achieve insect-to-insect transmission (14).

The isolation of individual virus genotypes by plaque puri-
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fication in cell culture (31, 47) and in larvae by low-dose in vivo
cloning (41, 52) has indicated that wild-type NPV populations
are genetically heterogeneous (41, 47). Examination of geno-
typic variants has facilitated the characterization of wild-type
populations, including the evaluation of their respective ge-
netic and biological properties, contributing to our under-
standing of the diversity and evolution of these viruses (7, 21,
41, 47). The consequences of genetic heterogeneity in wild-
type isolates for the phenotypic characteristics of the popula-
tion have not been examined in great detail. Closely related
genotypic variants do not usually show large differences in
major phenotypic traits (54), although on occasions, small dif-
ferences in the genomes of these variants may affect important
biological attributes such as pathogenicity, virulence, produc-
tivity, or even host range (6, 21, 41, 47).

During plague assay purification of the Nicaraguan isolate
(SINIC) of Spodoptera frugiperda multiple NPV (SfMNPV)
wild-type population, nine genotypes could be differentiated by
their DNA restriction patterns (47). Three genotypes were not
infectious per os, which in two of them was attributed to the
absence of the peroral infection factor genes, pif and pif-2. The
remaining genotypic variants showed various levels of per os
infectivity (47). Among the pathogenic variants, two viruses
with small genome deletions were more infectious than the
original SfNIC-B genotype (SINIC-F and SfNIC-I) (48).
SENIC-F lacked open reading frame 3 (ORF3) to ORFS8 of the
SfNIC variable genomic region, while SfNIC-I lacked ORF2 to
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TABLE 2. Logit regression and time-to-death analysis for the SfB, Sfbac, $29null, and $f29null-repair bacmids compared with the StTWT
isolate in second-instar Spodoptera frugiperda larvae

Logit regression”

Time to death?

LCsq (OBs/ml)
Virus 95% Confidence

95 Confidence

Relative P Mean (h) limit
Mean limit potency :
Low High Low High
SIWT 2.9 x 10° 1.7 x 10* 48 x 10* 1.0 110 a 105 116
SfB* 9.3 X 10° 55%10° 1.1 x 10° 0.31 <0,001 120 a 114 125
Sfbac 1.0 X 10° 6.1 x 10* 1.7 % 10° 0.28 <0.001 123 a 116 130
S£29null 1.5 X 10° 8.2 x10° 29 % 10':’ 0.02 <0.001 157 b 147 167
Sf29null-repair 2.1 X 10° 1.2 X 10° 35X 10 0.13 <(.001 132 a 125 140

“ Logit regressions were fitted using the GLIM program with a common slope of 0.7847 + 0.0695 (mean * standard error). A test for nonparallelism was not
significant (x* = 6.374, df = 4, P = 0.173). Relative potencies were calculated as the ratio of effective concentrations relative to the SfWT isolate. P values were
calculated by a ¢ test of the differences between regression intereepts compared to that of the SfTWT isolate.

» MTDs were estimated by Weibull analysis (8). MTDs labeled with different letters were significantly different.

€ SfB data are from reference 48,

Predicted protein sequence analysis. Amino acid sequence
comparison of SF29 revealed that this protein is present in
group II NPVs and an EPV. The SF29 showed the highest
degree of similarity with the ORF30 of S. exigua MNPV (66%).
Surprisingly, the SF29 protein shares a high degree of similar-
ity in the catalytic conserved region with two copies of this gene
in AmEPV (genus Betaentomopoxvirus): ORF3 (45%) and
ORF258 (45%) (1). Both ORFs are predicted to encode pro-
teins (16). Phylogenetic analysis revealed that similar SF29
proteins in group 11 NPVs and EPVs originated from a com-
mon ancestor and clearly separated a long time ago (data not
shown).

Analysis of SF29 revealed at least 12 probable N-glycosyla-
tion sites, as well as domains characteristic of extracellular
proteins such as a signal peptide, a transmembrane domain,
and an intracellular domain (Fig. 5A). The putative amino acid
sequence of SF29 showed high similarity with a region of a
metalloprotease from Vibrio spp. that included a HEXXH
zinc-binding motif characteristic of metalloproteases (18, 55),
and this region is also conserved in AmEPV ORF3 (Fig. 5B).
A threonine-rich region was also identified near the C termi-
nus (Fig. 5A) that is present in different bacterial pathogens,
including Vibrio spp., Anthrax spp., Pseudomonas spp., Legio-
nella spp., and Serratia spp. (18), and which plays an important
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FIG. 4. OB production values in larvae infected with SEWT, Stbac,
Sf29null, and Sf29null-repair bacmid DNAs (100 ng/wl). Values above
the bars indicate means. Mean values followed by the same letter do
not differ significantly (Mann-Whitney test, P > 0.05). Error bars
indicate standard deviations.

role in adhesion to cell membrane glycoproteins, as described
for the herpesviruses (25).

Temporal expression of $f29. Temporal regulation of the
Sf29 transcript was examined by RT-PCR using total RNA
isolated from S. frugiperda larvae that had been orally infected
with SfWT. The very late-transcribed gene Sfpolh was included
for reference. Total RNA extracted from S. frugiperda larvae at
different intervals postinfection was treated with DNase prior
to RT-PCR assay. Control amplilications performed to ensure
‘the absence of contaminant DNA proved negative (data not
shown). Single RT-PCR products of the expected size were
obtained following amplification of Sf29 and Sfpolh. An §f29
amplification product was detected at a very low level at 12 hpi,
increased at 48 hpi, and remained at a steady state up to 96 hpi.
Similarly, an Sfpolh amplification product was detected at a
very low intensity at 24 hpi, increased at 48 hpi, and remained
at a steady-state level up to 96 hpi (Fig. 6). Transcription of
5129 commenced 12 h before that of Sfpolh.

DISCUSSION

The role of $f29 in the structure and replication of SESMNPV
was studied by producing virus mutants lacking the gene using
bacmid technology and the A Red homologous recombination
system. The Sf29null bacmid virus had eightfold-fewer ODVs
per OB, which resulted in a lower virus DNA content. How-
ever, no difference in infectivity between viruses lacking or
retaining Sf29 was observed when genomic DNA was used to
infect insect larvae by injection. This suggested that once inside
the virus-infected insect, the Sf29 deletion mutant was fully
replication competent. These results are consistent with earlier
studies in which a number of SfTMNPV mutants lacked various
amounts of DNA in the region of Sf29 and displayed reduced
infectivity as a consequence (34, 47, 48).

The presence of fewer ODVs in each Sf29null occlusion
suggests that the SF29 protein could be involved in ODV
formation or packaging. Currently, we can only speculate
about SF29 function, as we have no experimental data on its
location in virus particles or virus-infected cells. We do know
that multiple encapsidation within virus particles, the occlusion
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process, a diverse viral protein composition, and the structure
of the tegument all contribute to the complexity of ODVs (50).
Braunagel et al. (3) identified 44 ODV-associated proteins in
AcMNPV ODVs. When sequences and annotated genomes of
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FIG. 5. (A) Schematic representation of the SF29 protein and its domains. The signal peptide, the transmembrane domain, the intracellular
domain, the threonine motif, and the zinc-binding site homolog to metalloproteases are indicated. (B) Comparison between the catalytic conserved
regions (Zn binding motifs) of Vibrio cholerae (Vch) (TTEMBL accession number A3EN11), AmEPV ORF3 (Am3) (PubMed accession no.
NC_002520), and SfMNPV SF29 (Sf29) (27% and 25% identity and 43% and 45% similarity in putative amino acid sequence with Vibrio cholerae
metalloprotease and AmEPV ORF3). The catalytic conserved region of the M9A metalloproteases family (IPR002169 MERQPS) is shaded in
gray. The zinc-binding site (HEXXH motif) is shaded in gray with white letters. Consensus symbols: !, [or V; $, Lor M; %, For Y; #, N, Q, E,

NPVs are compared, it becomes apparent that a large number
of the genes encoding ODV-associated proteins are conserved
(20, 49). However, an increasing number of differences be-
tween group I and II NPVs in the conservation of ODV and
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FIG. 6. Temporal expression of SEIMNPV Sf29 and polyhedrin (Sfpolh) genes. RT-PCR analysis of $f29 and Sfpolh was performed on total RNA extracted
[rom inlccted larvae al indicated times postinfection. Transcript amplifications were perlormed using primers $£29.1 and S(29.2 [or §f29 and primers Sfpolh.1
and Sfpolh.2 for Sfpolh. The same amount of RNA was used for both Sf29 and Sfpolr amplifications. M, molecular DNA marker of 100 bp Stratagene.
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envelope proteins is becoming apparent (10, 49), and it is
possible that SF29 is an additional example of an ODV-asso-
ciated structural protein that is restricted to group II NPVs.

Proteins located in the ODV envelope have transmembrane
motifs (49). Hydrophobic transmembrane motifs are involved
in membrane insertion and anchoring and are features of cer-
tain virion membrane proteins (23, 50). SF29 possesses a
prominent transmembrane domain, which is characteristic of
surface proteins. However, the major ODV envelope proteins
do not have N-terminal membrane insertion signal peptides,
and ODV proteins are almost never N glycosylated (4). SF29
has a predicted signal peptide motif and at least 12 potential
N-glycosylation sites, which might suggest that it is not located
in the ODV envelope. One exception to this is the Spodoptera
litura MNPV ORF137 ODV envelope protein, which has been
shown to be N glycosylated (56).

Amino acid sequence comparisons revealed that SF29 has a
high degree of identity/similarity with two AmEPV proteins
encoded by ORF3 and ORF256 (1, 16). Phylogenetic analysis
confirmed that the SF29 homolog in group II NPVs and in
EPVs likely evolved from a common ancestor. In contrast to
baculoviruses, poxviruses do not replicate in the nucleus. The
EPV particles and proteins are located in the cytoplasm of
infected hemocytes (30, 42). This could suggest that if protein
function of SF29 is conserved across virus families, then it will
not be found in baculovirus ODVs or even the nucleus. The
inner nuclear membrane is presumed to be the source of ODV
envelopes (22, 23). The ODV envelope proteins that originate
in the endoplasmic reticulum are targeted to the inner nuclear
membrane, which blebs off as ODV envelope precursor mi-
crovesicles in the nuclear ring zone (22, 23). Transcription of
Sf29 begins 12 h before that of polyhedrin, so it may be a late
gene product. Without defining studies using aphidicolin to
block virus DNA replication, we cannot unambiguously assign
early or late status to the gene. ODV envelope proteins result
from late transcripts (46), suggesting that a late SF29 could be
located in the ODV envelope.

The presence of a threonine-rich region, which plays an
important role in adhesion to cell membrane glycoproteins and
cell matrix proteins of bacteria (25, 43), suggests an alternative
role for SF29 protein. The lower ODV content of deletion
mutant OBs could be a result of the adhesion capacity of this
protein (18, 39), which may aggregate virions during the pro-
cess of OB formation, SF29 contains a catalytic domain that
includes a zinc-binding motif (HEXXH), suggesting that this
protein could also have protease activity. The putative amino
acid sequence of SF29 indicated similarities to metallopro-
teases (clan MA) of the M9A family, particularly the Vibrio
cholerae metalloprotease (27% identity and 43% similarity).
Metalloproteases are involved in matrix protein degradation
and adhesion (18, 53, 55). The presence of a zinc-binding motif
and catalytic domain in SF29 suggests that this protein may
possess both protease and hemagglutination activities. This
double characteristic may designate SF29 a putative novel
NPV enhancin. The enhancins are metalloproteases (32),
which degrade mucins, the major proteins of the peritrophic
membrane, or increase the fusion efficiency with midgut cells
through interaction between the viral envelope and the cell
plasma membrane, increasing the infectivity of baculoviruses
in a number of lepidopteran hosts (2, 32, 51). To date, en-
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hancins have been described in many granuloviruses, in which
they are localized in the granule matrix (19, 45). Although
recent reports have identified enhancins in some group II
NPVs (2, 9, 33), these proteins differ from SF29 in being late
gene products and are located in ODV envelopes in associa-
tion with nucleocapsids (51). However, it is difficult to see how
an enhancement-like function could be reconciled with the
reduced virus content in OBs observed in this study.

Finally, although SF29 deletion affects pathogenicity, it is
unlikely to have a role similar that of to a number of other
baculovirus gene products described as viral pathogenicity fac-
tors (35, 38, 57). Ac23 and pe38 are transcribed early in infec-
tion and are not essential for viral replication or pathogenesis,
but they play an important role in accelerating mortality in the
host. The role of 4c23 remains unclear, but its presence on
budded virions suggests that it may be involved in cell-to-cell
transmission in the infected host (35). Deletion of pe38 re-
sulted in a reduction in oral infectivity of OBs by nearly sev-
enfold but had no effect on budded virus infectivity (38). How-
ever, loss of pe38 function had no discernible effect on the
numbers of ODVs within occlusions (38), in contrast to our
observations on the Sf29 deletion bacmid.

In conclusion, SF29 appears to be a protein with a role in
determining the number of virus particles within OBs. Future
studies need to address whether it is an early or late gene
product, via transcription studies with inhibitors of virus DNA
replication, and whether or not it is a structural protein, by
proteomic analysis of ODVs and OBs.
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