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ABSTRA CT

The complete genomic sequence of a Nicaraguan plaque purified Spodoptera frugiperda nucleopolyhedro-virus (SfMNPV) genotype SfMNPV-B was
determined and compared to previously sequenced isolates from United States (STMNPV-3AP2) and Brazil (SfMNPV-19). The genome of SfMNPV-B
(132,954 bp) was 1623 bp and 389 bp larger than that of SfIMNPV-3AP2 and SfMNPV-19, respectively. Genome size dif-ferences were mainly due to a
deletion located in the SEMNPV-3AP2 egt region and small deletions and point mutations in STMNPV-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 STMNPV-B, two of them (sf39a and sf110a) had not been previously identified in the SSMNPV-3AP2 and SfMNPV-19 genomes and one (sf57a) was
absent in both these genomes. In addi-tion, sf6 was not previously identified in the STMNPV-19 genome. In contrast, SSMNPV-B and SfMNPV-19 both
lacked sf129 that had been reported in SSMNPV-3AP2. In an effort to identify genes potentially involved in virulence or in determining population
adaptations, selection pressure analysis was per-formed. 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 transmis-sion of these viruses in geographically distant populations. The function of ORF sf122 is being examined.
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1. Introduction

The fall armyworm, Spodoptera frugiperda (JE Smith) (Lepidop-
tera: Noctuidae) is a severe pest of maize, sorghum and rice in
tropical and subtropical areas of the Americas. Isolates of S. fru-
giperda multiple nucleopolyhedrovirus (SfMNPV) are known to
cause natural epizootics of disease and have been recognized as
potential control agents against this pest (Escribano et al., 1999;
Fuxa, 1982; Shapiro et al.,, 1991). A Nicaraguan isolate (STMNPV-
NIC) was selected for formulation and field trails in Honduras
and Mexico (Williams et al., 1999), and has been extensively stud-
ied at the genomic and phenotypic levels (Lépez-Ferber et al.,
2003; Simén et al., 2004, 2005b, 2008c¢). STMNPV-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 (Harrison
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et al., 2008). The SfMNPV-19 isolate, purified from a single larval
cadaver collected in Paramd State, southern Brazil, was selected
from 22 SfMNPV isolates collected in Brazil due to its high patho-
genicity against fall armyworm larvae (Barreto et al., 2005; Wolff
et al., 2008).

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 (Escribano et al., 1999), whereas in-
sects from a Colombian population were most susceptible to a
SfMNPV isolate from Colombia (O. Simén, unpublished data). Sim-
ilar findings have been observed by others working on different in-
sect-nucleopolyhedrovirus systems elsewhere (Erlandson et al.,
2007; Erlandson, 2009). This pattern is likely to be generated
through processes of host-pathogen co-evolution, in which selec-
tion favors viruses with high transmissibility in the local host pop-
ulation. 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 (Chen and Thiem, 1997; Chen et al., 1998; Popham et al.,
1998). In most cases, species-specific 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 also proven influential
in expanding host range or modifying virulence (Argaud et al.,
1998; Kamita and Maeda, 1997; Yang, 1998). Additionally, nucleo-
tide substitutions may lead to alterations in the activity of the en-
coded 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 (Harrison and
Bonning, 2004).

The availability of the complete sequences of isolates from the
same virus species from different geographical areas offers the pos-
sibility of another kind of analysis, based on a bioinformatics ap-
proach. In the present study, the complete sequence of an
SfMNPV-NIC genotype was compared with those of SfMNPV-
3AP2 and SfMNPV-19. Maximum-likelihood models of codon sub-
stitutions were used to test for selection on ORFs. The non-synon-
ymous to synonymous substitution rate ratio (w = dy/ds) provides a
sensitive measure of selection on amino acid sequences. We rea-
soned that comparative analyses of STIMNPV genomes from geo-
graphically 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. Materials and methods
2.1. Virus

The Nicaraguan SfMNPV isolate (STIMNPV-NIC) was initially col-
lected from larval cadavers collected from a maize field in Nicara-
gua. 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 purifica-
tion (Simoén et al., 2004) and the predominant genotype that pos-
sessed the largest genome (SfMNPV-B) was selected for bacmid
construction (Simén et al., 2008a).

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 resus-
pended in bidistilled water. OB suspensions were quantified using
a bacterial counting chamber and stored at 4 °C until used.

2.2. 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 (Simén et al., 2010). The complete STMMPV-B
genome was cloned in a pBACe3.6 vector that includes a chloram-
phenicol resistance gene (Frengen et al., 1999). The pUC19 plasmid
was removed from pBACe3.6 by treatment with BamHI. pBluescript
KS-I with a modified polylinker that included the Ascl restriction
site, was inserted using T4 DNA ligase (New England Biolabs, Ips-

wich, MA). To include the Ascl restriction site in pBluescript KS-I
polylinker, the polylinker was amplified by PCR using two specific
primers. One of the primers included a Sacl and an Ascl restriction
site sequence, and a 20 nt homolog to the right arm of the poly-
linker, whereas the second primer included a 20 nt homolog to
the left arm of the polylinker, and Ascl and Kpnl restriction site se-
quences. The PCR product was double digested with Sacl and Kpnl
and cloned into pBluescript KS-I previously digested with these
two enzymes. Once the modified pBACe3.6 was obtained, this
and the STMNPV-B DNA purified by CsCl were digested with Ascl
and ligated overnight at 16 °C using the T4 DNA ligase (Simdn
et al., 2008a). 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 se-
lected in the presence of chloramphenicol. Colonies were selected
on chloramphenicol medium and bacmid DNAs were purified by
alkaline lysis. DNA was digested with Pstl for comparison with
the restriction profiles of each of the Nicaraguan SfMNPV geno-
types (Simon et al., 2004). The bacmid with the complete genotype
was selected for sequencing. Alkaline lysis and CsCl gradient puri-
fied bacmid DNA was used for sequencing (Sistemas Gendmicos
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. Se-
quence information was generated from 2304 reactions performed
on 1152 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 sequencer ABI PRISM. The DNA and deduced ami-
no acid sequences were compared against the updated GenBank/
EMBL, SWISS-PROT and PIR databases using BLASTn, (Altschul
et al, 1990; Pearson, 1990). SfMNPV-3AP2 (accession number
EF035042) and SfMNPV-19 (accession number EU258200) geno-
mic sequences were obtained from the GenBank database and pub-
lished sources. Sequence alignments and gene-parity plots were
performed using NCBI BLAST alignment tools (Altschul et al.,
1990) to examine genome organization and order of homologous
ORFs. SignalP (Bendtsen et al., 2004), TargetP (Emanuelsson et al.,
2000) and Virus-Ploc tools (Chou and Shen, 2008) were also used
to determine the nature of selected proteins of unknown function.

2.4. Analysis of selection pressures

PAML software package version 4 (Yang, 2007; http://aba-
cus.gene.ucl.ac.uk/software/paml.html) was used to estimate posi-
tive selection acting on SIMNPV 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 non-synonymous site (dy) and of
synonymous (silent) substitutions per synonymous site (ds). The
ratio of dy to ds, , is a measure of the magnitude of selection act-
ing on a gene. Genes with a value of w =1 are deemed to be sub-
jected to neutral selection, so that that non-synonymous
mutations have no effect on fitness. Genes with w < 1 are undergo-
ing negative or purifying selection, in which non-synonymous
mutations are eliminated at a faster rate than synonymous muta-
tions because of their deleterious influence on fitness. Finally,
genes for which w>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 fit-
ness. To achieve this, sequences were examined for the presence



of indels causing a frameshift and the affected codons were re-
moved from the alignments; indels that did not result in a frame-
shift were not eliminated. Sequence data were then fitted to
codon-based substitution models that allow @ to vary among sites
by using the CODEML application implemented in PAML. In the
simplest model MO (one ratio), it is assumed that the o ratio is
an average over all sites. The “nearly neutral” model (M1) allows
for conserved sites when 0<w <1 and completely neutral sites
when o = 1. The “positive selection model” (M2) adds a third class
to M1 in which w can take values >1. Model M3 (discrete) has three
classes with proportions po, p; and p, and wg, w1 and w, values
estimated from the data. Model M7 () assumes a beta continuous
probability distribution and does not allow for sites with w > 1,
model 8 (f and w) adds an extra class of sites to the M7 model
in which w can be greater than one. Models MO 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 y? distribution with the num-
ber of degrees of freedom calculated from the difference in the
number of parameters between the models. The comparison pro-
vides a P value that allows the null hypothesis (no positive selec-
tion, integrated in models MO, M1 and M7) to be accepted or
rejected. Positive selection can be only inferred when models M2,
M3 or M8 indicate codons with a w ratio >1 and the likelihood ratio
test of positive selection is significant at P < 0.05. Finally, a Bayes-
ian 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 evi-
dence of adaptive evolution.

3. Results and discussion
3.1. General characteristics of the Nicaraguan SfMINPV genome

The complete genome of the STMNPV-B plaque isolate com-
prised 132,954 bp, approximately 4 kb larger than the genome size
estimated for this isolate by REN analysis (Simén et al., 2005a), and
1617 and 389 bp larger than the SfMNPV-3AP2 and SfMNPV-19
genomes, respectively. These size differences among geographi-
cally distinct STMNPV isolates were accounted for almost entirely
by a deletion of 1428 bp located in the egt region of the SIMNPV-
3AP2 genome (Harrison et al., 2008) and by a series of point muta-
tions and short deletions or insertions that resulted in the addition
or deletion of codons in the SfMNPV-19 genome (Wolff et al.,
2008). The SfTMNPV-B genome sequence has a G+ C content of
40.30% compared to 40.20% and 40.26% for SfTMNPV-3AP2 and
SfMNPV-19, respectively (Harrison et al., 2008; Wolff et al,
2008). This value is also comparable to those of other group II
NPVs, including Spodoptera exigua MNPV (SeMNPV) (Ijkel et al.,
1999) or Mamestra configurata MNPV B (MacoNPV-B) (Li et al.,
2002).

The computationally-derived SfMNPV-B Pstl restriction map
was in agreement with the experimentally constructed physical
map from REN analysis performed previously for this isolate
(Simén et al., 2005a). However differences were observed in the
number and position of restriction sites along the STMNPV-3AP2
and SfMNPV-19 genomes, that resulted in Pstl 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 iso-
lates clearly represent strains of the same virus species. The

1428 bp deletion of the SIMNPV-3AP2 genome partially overlaps
the egt and sf27 ORFs. Their size is reduced to only 207 and 81 co-
dons, respectively, whereas the egt and sf27 genes of the SSMNPV-B
genome are 525 and 168 codons respectively (Supplemental mate-
rial, Table S1), in agreement with findings for the Brazilian isolate
(Tumilasci et al., 2003; Wolff et al., 2008). The baculovirus egt en-
codes 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
(OReilly, 1995; OReilly and Miller, 1991). 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 in-
crease the speed of kill of the virus with a corresponding reduction
in crop damage (Chen et al., 2000; OReilly, 1995; Slavicek et al.,
1999; Treacy et al., 1997). Harrison et al. (2008) suggested that
the deletion of most of the egt ORF in SIMNPV-3AP2 provided a po-
tential 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 in-
tact, possibly due to the absence of genes located elsewhere (Simé-
n et al,, 2004, 2005b). This deletion also affected the sf27 ORF of
SfMNPV-3AP2 (Table S1), an ORF that occurs only in group II NPVs
(Harrison et al., 2008; Ijkel et al., 1999; Jakubowska et al., 2006; Li
et al., 2002). 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.

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 SIMNPV-B (Fig. 1). The ortholog of sf57 in SeMNPV is
723 codons in length. Sf57 is a paralog of ac46 from Autographa cal-
ifornica MNPV (AcMNPV) that encodes an ODV envelope protein,
ODV-E66, that directs reporter proteins to the ODV envelope
(Braunagel et al., 2004; Hong et al., 1997). 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 (Ayres et al., 1994; Harrison et al., 2008; Ijkel et al., 1999; Ja-
kubowska et al., 2006; Li et al., 2002); based on sequence identity
values, sf115 was considered to be the ortholog of ac46. The biolog-
ical 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 SIMNPV-3AP2
and SfMNPV-19 (Table S1, Fig. 1). The expression and function of
this ORF are currently the subject of study.

Two insertions were found in the STMNPV-B genome. The lon-
gest insertion, 74 bp in length was located in the intergenic re-
gion 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, sug-
gesting 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 sfi31, resulting in a putative product of
299 amino acids, compared to 279 in the other two isolates (Ta-
ble S1) (Harrison et al., 2008; Wolff et al., 2008) or 278 residues
in SeMNPV (Ijkel et al., 1999). Sf131 is the ortholog of ac136, that
encodes the P26 protein. Acp26 is a non-essential gene for
AcCMNPV replication in vitro (Rodems and Friesen, 1993) or
in vivo (Simén et al., 2008b), and its deletion had no substantial
effects on the infectivity of ACMNPV OBs. SfMNPV isolates pos-
sess 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 (Simén et al., 2008b).
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Fig. 1. Gene parity plot comparing ORF content and order of the complete genome of the Nicaraguan isolate of the Spodoptera frugiperda MNPV (SSMNPV-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.

Within the SfMNPV-19 genome a deletion of 186 bp located in
the 5’ region of the dutpase gene (sf53) was detected when com-
pared with the SfMNPV-B and SfMNPV-3AP2 genomes. In
SfMNPV-19 the dutpase gene consisted of 124 aa, which is 21 aa
shorter than that in SfMNPV-B and SfMNPV-3AP2 (sf54) (Table
S1). Wolff et al. (2008) indicated that the non-coding region lo-
cated immediately upstream from the SfMNPV-19 dutpase gene
was poorly conserved and suggestive of a mutation hotspot.

Finally, a deletion of 192 bp was detected in hr8 located imme-
diately after the sf128 gene (lef-6) in the STMNPV-B genome. The ef-
fect 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 (Ijkel et al., 1999), five in Agrotis segetum NPV (Ag-
seNPV) (Jakubowska et al., 2006) and four in MacoNPV (Li et al.,
2002). 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 (Possee and Rohrmann, 1997) 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 SSMNPV-B genome dispersed
along the genome in intergenic regions (Table S1). This pattern
concurs with the distribution of hrs found in SSMNPV-3AP2 (Harri-
son et al., 2008) and SfTMNPV-19 (Wolff et al., 2008).

Other point mutations and short deletions or insertions that re-
sulted 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 STMNPV-B genome, defined as
methionine-initiated ORFs encoding putative proteins of more
than 50 aa and with minimal overlapping with adjacent ORFs (Ta-
ble S1). 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 (Fig. 1).
SfMNPV-B presented three ORFs (sf39a, sf57a and sf110a) that were
not detected in the genomes of SfMNPV-3AP2 (Fig. 1A) and
SfMNPV-19 (Fig. 1B). These three ORFs did not overlap adjacent
ORFs. The sf57a gene encodes a protein comprising 53 aa and is in-
cluded in the 310 bp deletion present in the SfMNPV-3AP2 and
SfMNPV-19 genomes. In contrast, we did not observe major in-
ter-genomic differences (deletions or insertions) at the nucleotide
level in the sf39a or sf110a regions that resulted in the deletion of
these genes in SEMNPV-3AP2 or SIMNPV-19. However, both sf39a
and sf110a were located downstream and upstream from homolo-
gous regions hr4 and hr7, respectively. Harrison et al. (2008) and



Wolff et al. (2008) considered both regions as hrs, whereas in the
SfMNPV-B genome two methionine-initiated ORFs larger than 50
aa were identified. In contrast, the SSMNPV-B and STMNPV-19 gen-
omes lacked the STMNPV-3AP2 ORF129 homolog. Harrison et al.
(2008) identified sfi29 comprising 122 codons between nt
117,291 and 117,659 in polyhedrin sense orientation. Sf130 encodes
a 94 aa polypeptide, located between nt 117,372 and 117,656 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 be-
tween nt 117,345 and 117,350 in SfMNPV-3AP2 and nt 118,934
and 118,340 in SfTMNPV-B (Fig. 2). This comprises an AAATTT se-
quence present in the STIMNPV-3AP2 genome, whereas a TATGCGC
sequence is present in SIMNPV-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 (Ij-
kel et al., 1999), Spodoptera litura MNPV splt28 (Pang et al., 2001)
or AcCMNPV ac29 (Ayres et al., 1994), suggesting that the sf129
ORF described by Harrison et al. (2008) 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 ob-
served among the different genomes in this region. All the other
ORFs were conserved between all genomes and showed a high de-
gree of predicted amino acid sequence conservation. In general,
nucleotide sequence identities were at least 99.5% with few gaps.

SIMNPV-3AP2

1 atgataacat taactitgac gaaggtgata aactitatga taaasaataa aacaaattta
tactattgta attgaaacty cttoccactat ttgasatact attttttatt ttgottaaat

61 tgtgasaaac agtcttttta tttaaaaatt ggtcgagocca aagttgagaa actccattct
acacttttty tocagaaaaat aaatttttaa ccagcoctoggt ttocaactcott tgaggtaaga

121 catcttgtga agtttgtcat cgatetogge aatctocttt tggtoccttty tgattoghtt
gtagaacact tcaaacagta gectagagccg ttagaggaaa accaggaaac actaagcaas
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d a £ p m 1 h 1 n =a e 1 £ l g h d v £ w
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241 gagtttctgt cgcaccgatt cgtotttget cttoettgtaa goctocggagy cgtagatatt
ctocaaagaca gogtggoctaa goagaaacga gaagaacatt cggagoctoc goatctataa
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The fall armyworm is a migratory pest that is distributed from
Argentina to the United States, with a correspondingly high likeli-
hood of virus dispersal along the insect’s migratory routes. This
may explain the high similarity found among the different SSMNPV
genomes from these areas; high levels of gene conservation were
observed between SfMNPV-3AP2 and SfMNPV-19 despite the geo-
graphical separation of their points of isolation. STIMNPV-3AP2
purified from a wild-type population is a single genotype with a
deletion in the egt region. Harrison et al. (2008) also reported the
presence of different genotypes within the wild-type population
that presented similar deletions to those found in the STMNPV-
NIC isolate (Fig. 3). Genotypes that lacked oral infectivity and egt
minus genotypes were present in both isolates (Harrison et al.,
2008; Simon et al., 2004). It seems that the STMNPV 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 (L6pez-Ferber et al., 2003; Simén et al., 2005b,
2008c). 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 (Yang, 1998) performed on vertebrate virus
genes has identified positively selected sites in regions involved
in host immune response and receptor binding (Holmes et al.,
2002; Twiddy et al., 2002; Woelk et al., 2001; Woelk and Holmes,
2001). Analysis of variable selection performed among amino acid
sites in HIV genes (Yang et al., 2003), Trypanosoma brucei essential
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Fig. 2. Sequence comparison between sf129-sf130 gene regions of SSMNPV-3AP2 and SfMNPV-B genomes.
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Fig. 3. Schematic representation of the gene order in the genotypes present within the Nicaraguan isolate of SSMNPV. 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 STMNPV-B genome that point to their directions of transcription.

surface proteins (Emes and Yang, 2008) and M proteins of influ-
enza A virus (Furuse et al., 2009) revealed sites involved in the
adaptive evolution of these intracellular parasites. This technique
could help to identify baculovirus genes involved in species-spe-
cific 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 trans-
mission. In the present study, pairwise comparisons and models
that allow changes in the value of «» among codon sites were used
to evaluate selection on genes from geographically distinct
SfMNPV genotypes.

Following the pairwise approach in PAML, the average w-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 (Harri-
son and Bonning, 2003, 2004). 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 (« close to 0), requiring that this
kind of analysis be complemented with models that allow for het-
erogeneous w values among different codon sites (Harrison and
Bonning, 2003). In this second analysis, ORF alignments were fitted
to six models, MO, M1, M2, M3, M7 and M8 (Harrison and Bonning,
2003, 2004). Models M2, M3 and M8 identified positively selected
sites in several ORFs. However, the null hypothesis models (MO,
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 er-
rors following re-sequencing (Fig. 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) (Ijkel
et al., 1999), Agrotis ipsilon NPV (agip140) (Harrison, 2008), Ag-
seNPV (agse133) (Jakubowska et al., 2006) and SpItNPV (splt126)
(Pang et al., 2001).

The evidence of positive selection for pif-3 was stronger than
that of odv-e66a but weaker than that of sf122. Estimation of w
=0.150 as an average across all sites (MO) suggested that pif-3
was being subjected to purifying selection (Table 1). However,
analyses using models that allow w 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 2). Models M2, M3 and M8 consistently identi-
fied a positively selected site (61C). The w-values were very high
for all three models in approximately 0.5% of the codon sites
(e > 150), indicating a very strong degree of positive selection for
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Fig. 4. Multiple sequence alignment of the deduced proteins with positively selected sites from the three STMNPV 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 3).

this site in pif-3. Furthermore, using 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 3).

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 (Braunagel and
Summers, 2007; Fang et al., 2009; Harrison et al., 2010). These
genes encode factors that are essential for per os infection (Fang
et al.,, 2006, 2009; Faulkner et al., 1997; Harrison et al., 2010; Kikh-
no et al., 2002; Pijlman et al., 2003). Peroral infection occurs fol-

lowing a two step process (Horton and Burand, 1993); beginning
with ODV binding to specific host cell receptors (Haas-Stapleton
et al., 2004; Slack et al., 2008), 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 com-
plex on the AcMNPV ODV surface, and that P74 is associated with
this complex that appears to have an essential function in virus en-
try (Peng et al., 2010). PIF-3 could therefore be influential in deter-
mining host range or infectivity at the level of midgut cell binding
and internalization of ODVs.



Table 1

Selection analysis of SSMNPV-B ORF49, SfMNPV-B ORF57 and SfMNPV-B ORF122 and the corresponding ORFs in STMNPV-3AP2 and SfMNPV-19.

ORF (gene) MO (one ratio) M1 (neutral) M2 (selection) M3 (discrete) M7 (B) M8 (f and )
Sf49 (pif-3) =0.15074 Do = 0.94369, Po =0.99504, g = 0.000 Po =0.00001, mg=0.000 p =0.00500 Do = 0.99504
o =0.000
InL: —-879.621  p, =0.05631, p1=0.00000, w; =1.000 p1=0.99503, w; = 0.000 q =0.04990 p1=0.00496,
w1 =1.000  =150.747
InL: —877.050 P2 = 0.00496, P2 =0.00496, InL: —877.198  InL: —871.537
7 =150.745 w2 =150.750
InL: —871.537 InL: —871.537
Sf57 (odv-e66a) =0.33816 po=0.81264, Po=0.98427, wg = 0.059 Po=0.97511, wo =0.00000 p=0.00500 Do =0.98428
o =0.000
InL: p1=0.01873, p1 =0.00000, w; =1.000 p1=0.01799, q=0.02028 p1=0.01572, » = 38.386
—2892.990 wy =1.000 1 =15.7487
InL: —2886.976 p2=0.01573, »,=38.380 p,=0.00690, InL: InL: —2875.251
3 =59.6440 —2886.990
InL: —2875.251 InL: —2875.237
Sf122 =0.15199 Po=0.90199, po=0.98165, Do = 0.00000, g =0.00000 p=0.00500 Do =0.9722
(unknown) o =0.000 o =0.07217
InL: —-492.320 p, =0.09801, p1 =0.00000, w; = 1.00000 p;=0.09816, q=0.04780 p1=0.0277, » = 999.000
wy =1.000 w1 =0.07217
InL: —489.437 p>=0.01835, p>=0.01835, InL: —489.437  InL: —481.948
7 =696.701 7 =696.706
InL: —480.945 InL: —480.945

 ratios greater than 1.0 and corresponding proportions of sites are in bold face.

Table 2
Likelihood ratio statistics (2Al) for the comparison of models with variable o values among sites.
ORF Probability values
MO vs. M3 (df =4) M1 vs. M2 (df=2) M7 vs. M8 (df =2)
sf49 (pif-3) 3.019e-03 4.034e—-03 3.483e-03
sf57 (odv-e66a) 3.656e—07 8.089e-06 7.977e—-06
sf122 (unknown) 1.421e-04 2.510e—-04 5.592e-04

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

Table 3
Sites identified as evolving under positive selection in models M2 and M8.
ORF Positively selected sites
sf49 (pif-3) 61C
sf57 (odv-e66a) 663T, 664D, 666L, 667R, 671Q

sf122 (unknown) 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 fol-
lowing 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 (C-terminus removed)
ACGTGCCATCCAATTTTTTTACATATGGCGTATGACACGCGTTTCGTGTCATTTTTAAATG
ACACGAAACGCGTTTGA 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,

For odv-e66a the evidence of positive selection was also strong.
The average w value (0.33816) indicates that purifying selection
dominates the evolution of the odv-e66a. Model M3 (discrete) sug-
gests a proportion of sites (~1.8%) under weaker diversifying selec-
tion with w; =15.7487 and a smaller proportion (~0.7%) under
stronger diversifying selection with @, =59.6440. Under M2 and
M8, the estimates suggest that ~1.6% of sites are evolving by posi-
tive selection with w values ~38 (Table 1). All models that allow
for positive selection sites reject the null hypothesis in the likeli-
hood ratio tests (Table 2). BEB analysis of models M2 and M8 iden-

tified positively selected sites consisting of the same five residues
with probabilities greater than 95% (Table 3).

The odv-e66 is a late gene that encodes for an ODV envelope
protein, that redirects protein trafficking to the ODV envelope
(Braunagel et al., 2004; Hong et al., 1997). 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 charac-
terized 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 indepen-
dently 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 AcCMNPV ODVs (Ijkel
et al., 1999; Li et al., 2002). The biological significance of the pres-
ence of these two copies in some members of baculoviruses is un-
known. 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 alter-
ations in the activity of the encoded protein, facilitating the adap-
tation to a new host species and/or overcoming host defenses.

Finally, analysis of the M2, M3 and M8 models for ORF sf122 re-
sulted in extremely high w values that are usually obtained when



ds tends to zero. The average w value (~0.152) in MO indicates rel-
atively strong purifying selection acting on sf122 (Table 1). MO, M1
and M7 models were rejected by likelihood ratio tests (Table 2).
BEB analysis of M2, and M8 identified three sites as being posi-
tively selected, but only one (96E) with probabilities greater than
95% (Table 3).

Sf122 encodes a putative protein 139 aa in length of unknown
function that is present in some members of group Il 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), SpItNPV 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 pre-
sented local areas of homology in different regions along the pro-
teins of other organisms, suggesting that those regions could be
related to specific protein domains. SF122 is a small putative pro-
tein of around 16.7 kDa, without conserved domains. SF122 Tar-
getP 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 deter-
mine the function of this protein in STMNPV.

In summary, the likelihood ratio test rejected the null model in
each of the three comparisons for the three positively selected
genes: MO (one ratio) against M3 (discrete), M1 (neutral) against
M2 (selection), and M7 (p) against M8 (B and w) (Table 2). 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 diver-
sification for these viruses. Diversifying selection may favor altera-
tions in the activity of the encoded protein, facilitating the
adaptation to a new host species or overcoming the immune re-
sponse in the novel host. Experiments are in progress to determine
the possible function of these three proteins, particularly the un-
known protein SF122. The three geographical SSMNPV genotypes
differ significantly in a number of biological activities that have di-
rect relevance to their use as biological insecticides (Harrison et al.,
2008; Wolff et al., 2008; Simén et al., 2004).

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 hypoth-
esis, positive selection, is likely correct. This probability decreases
in accuracy when a low number of sequences are analyzed (Ani-
simova et al., 2001). 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 (Harrison and Bonning, 2003).
Selection analysis that includes sequences from other SfMNPV iso-
lates or even from other NPV genomes may help to identify a great-
er diversity of viral genes that are subjected to positive selection.
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