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The Southern armyworm Spodoptera eridania (Lepidoptera: Noctuidae) is native to the American tropics and a
polyphagous pest of several crops. Here we characterized a novel alphabaculovirus isolated from S. eridania,
isolate Spodoptera eridania nucleopolyhedrivurus CNPS0-165 (SperNPV-CNPSo0-165). SperNPV-CNPSo0-165 oc-
clusion bodies were found to be polyhedral and to contain virions with multiple nucleocapsids. The virus was
lethal to S. eridania and S. albula but not to S. frugiperda. The SperNPV-CNPSo0-165 genome was 137.373 bp in

size with a G + C content of 42.8%. We annotated 151 ORFs with 16 ORFs unique among baculoviruses.
Phylogenetic inference indicated that this virus was closely related to the most recent common ancestor of other

Spodoptera-isolated viruses.

1. Introduction

The Southern armyworm S. eridania (Cramer, 1782) (Lepidoptera:
Noctuidae) is a moth native to the American tropics [1] with larvae that
are extensively polyphagous [2]. In Brazil, S. eridania has become a pest
of expanding importance in crops of soybean, cotton, fruits, and weeds
[3-6] due to both tolerance to high density population and a high de-
gree of defoliation caused by feeding larvae [5,7]. The use of broad-
spectrum chemical insecticides is the main method to control S. eridania
[8], which can lead to selection of resistant pests and death of non-
target organisms (e.g. natural enemies, pollinators, and soil arthropods).
Moreover, as xenobiotics, chemical insecticides may cause bioaccu-
mulation and intoxication of human and other vertebrate animals [9].

Methods using biocontrol agents, like insect viruses, are important
options to complement or even replace pesticides in an integrated pest
management program [10,11]. Among the insect viruses found in
nature, members of family Baculoviridae have been used as effective
biopesticides [10]. For example, isolate 2D of the Anticarsia gemmatalis
multiple nucleopolyhedrovirus (AgMNPV-2D) has been applied since
early 1980s for biocontrol of the soybean pest Anticarsia gemmatalis in
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Brazil [12]. The success of the program in Brazil allowed the use of
AgMNPV-2D in other countries of South America, including Argentina,
Bolivia, Mexico, and Paraguay [12,13]. The family Baculoviridae con-
tains a diverse group of insect-specific viruses with circular double-
strand DNA genome, whose sizes range from 80 to 180 kbp and code for
90-180 genes [14]. The family is currently divided into four genera:
Alphabaculovirus and Betabaculovirus that contain members infectious to
larvae of lepidopterans (caterpillars of butterflies and moths), Gam-
mabaculovirus that contains members infectious to larvae of hyme-
nopterans (specifically sawflies, wasps with caterpillar-like behavior),
and Deltabaculovirus that contains members infectious to larvae of
dipterans (specifically mosquitoes) [14,15]. A hallmark feature of ba-
culovirus infection is the assembly of virions into occlusion bodies
(OBs), which protect the virions from environmental adversities [16].
The viral infection begins when the host feeds on substrates con-
taminated with OBs. Two viral phenotypes are produced during the
complete infection cycle. The occlusion-derived virus (ODV), which is
responsible for the primary infection, is released in the insect midgut
after dissolution of the OBs and infects the midgut epithelium cells.
Then, the infected cell produces the budded virus (BV), which is
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responsible for secondary infection and spreads the viral disease from
the midgut throughout the insect body [15,17]. At the end of the in-
fection, the larvae exhibit a weakened, melanized tegument and an
internal anatomy, which has been largely liquefied [18].

In a published study [19] a baculovirus isolated from the caterpillar
S. eridania (Spodoptera eridania nucleopolyhedrovirus isolate 251, or
SperNPV-251) was sequenced and characterized, but according to the
phylogeny and parameters of species demarcation, this virus was re-
lated to Spodoptera litura nucleopolyhedrovirus II (SpltNPV-II), a re-
presentative of an unclassified virus lineage. In this work, we char-
acterized a second baculovirus isolated from the Southern armyworm S.
eridania at the structural, biological, and molecular levels. The virus
was found in larval cadavers of S. eridania exhibiting symptoms of ba-
culovirus infection, which were obtained from the virus collection of
the Brazilian Agricultural Research Corporation (EMBRAPA, ‘Empresa
Brasileira de Pesquisa Agropecudria’) and named Spodoptera eridania
nucleopolyhedrovirus isolate CNPSo-165 (SperNPV-CNPSo-165). Ul-
trastructural and bioassay analysis of the OBs and sequence analysis of
the genome were carried out. This virus was found to be distinct from
SperNPV-251 and a representative of a novel tentative species inside
Alphabaculovirus.

2. Materials and methods
2.1. Virus sample and purification of OBs

Carcasses of S. eridania larvae with symptoms of baculovirus in-
fection found between the cities of Ibipora and Jataizinho (State of
Parana, Brazil) were sent to EMBRAPA in March 2011, and kept at
—20 °C until the purification of the OBs [20]. The insect cadavers were
homogenized with an equivalent volume of ddH20 (w/v), filtered
through cotton gauze, and centrifuged at 5000 xg for 10 min. The
supernatant was discarded, and the pellet was suspended in the same
volume of 0.5% SDS, and centrifuged at 5000 X g for 10 min. The
washing step was repeated three more times. The pellet was suspended
in 0.5 M NaCl, centrifuged at 5000 x g for 10 min and suspended in
2 ml ddH20. OBs were loaded onto a sucrose gradient (40-65%),
centrifuged at 130,000 x g for 3 h. OBs were collected as a band and
diluted five times with ddH20. The suspension were collected by cen-
trifugation at 7000 x g for 10 min, diluted in ddH,O (10° OBs / ml
ddH,0), and stored at 4 °C [20,21].

2.2. Electron microscopy

For SEM and TEM analysis, 100 pl of the OB-containing suspension at a
concentration of 10° OBs/mL ddH20 were used for preparation according
to previously published protocols [22]. For SEM, OBs (10° OBs/ml) were
treated with acetone 1 X and then incubated at 25 °C for 1 h. The solution
was loaded onto a metallic stub, dried overnight at 37 °C, coated with gold
in a Sputter Coater (Balzers) for 3 min, and observed in a SEM Jeol JSM
840A at 10 kV. For TEM, pellets of purified OBs were fixed in Karnovsky
fixative (2.5% glutaraldehyde, 2% paraformaldehyde, in 0.1 M, pH 7.2,
cacodylate buffer) for 2 h, post-fixed in 1% osmium tetroxide in the same
buffer for 1 h and then stained en bloc with 0.5% aqueous uranyl acetate,
dehydrated in acetone, and embedded in Spurr's low viscosity embedding
medium. The ultrathin sections were stained with uranyl acetate/lead ci-
trate and observed in a TEM Jeol 1011 at 80 kV. Nucleocapsids were
counted from five independent fields.

2.3. Viral DNA purification, genome sequence, assembly, and annotation

Viral DNA was purified from 200 pl of the OB-containing suspension
(10'° OBs/mL of ddH,0) according to previous protocols [21]. The
viral genome was sequenced with the 454 Genome Sequencer (GS-FLX)
Titanium. The reads were trimmed and used for the de novo assembly
method in the software Geneious R9 [23] with a minimum pairwise
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identity of 98.4%. The open reading frames (ORFs) that started with a
methionine codon (ATG) and encoded polypeptides of at least 50 amino
acids were annotated using the same software and BLAST-X [24]. In
order to identify homologous regions (hrs) present in the genome,
DOTPLOT and Tandem Repeat Finder searches were performed using
the Geneious R9 program to analyze the composition of the repeat re-
gion. The genomic DNA sequence was submitted to GenBank under the
accession number MT040195.

2.4. Baculovirus phylogeny and species demarcation criterion

For phylogenetic analysis of baculoviruses, the MAFFT alignment
[25] was carried out upon the nucleotide sequence of the 38 baculoviral
core genes obtained from 93 baculovirus genomes (Supplementary
Table 1). Afterwards, the alignments were concatenated and used to
infer a maximum likelihood tree by using the Fast-tree method [26] and
a Shimodaira-Hasegawa-like test [27]. To verify whether this virus
corresponds to a new species, the nucleotide distances was estimated
using the adjusted Kimura-2 parameter from partial sequences of three
conserved baculovirus genes, including lef-8, lef-9 and polyhedrin [28].

2.5. Gene content analyses

Each ORF found in the genome sequence was submitted individually
to BLASTX [24] in order to find the identity to other baculoviruses. The
ORFs with no BLAST matches were submitted to HHpred and SMART
[29,30] to search for conserved domains. Moreover, the complete
genome of the novel virus was compared to other alphabaculoviruses
through the construction of syntenic maps using the progressive Mauve
algorithm implemented in the software Geneious R9 [23]. In order to
compare the gene content of the SperNPV-CNPSo-165 genome and
other related baculoviruses, the genomes of several Spodoptera-isolated
alphabaculoviruses were re-annotated according to the same criteria
used for the novel virus and constructed a Venn Diagram (http://
bioinformatics.psb.ugent.be/webtools/Venn/) to represent the number
of ORFs shared between SperNPV-CNPSo-165 and the closest relatives.

2.6. In silico characterization of the baculovirus odv-e66 gene

A homolog of the baculoviral chondroitinase gene odv-e66 was identi-
fied in the SperNPV-CNPSo-165 genome (SperNPV-ORF-124). To under-
stand the evolution and acquisition of the odv-e66 gene, the genome context
was evaluated in relation to the genome of closely related species for each
homolog found. Phylogenetic analyses based on the predicted amino acid
sequence of odv-e66 were performed using sequences retrieved from the
BLASTX. The sequences were aligned by the MAFFT method [25] and the
alignment used for phylogenetic inference with the PHYML method [31]
under the substitution models LG + G (2.11). The optimal model was
predicted by the MEGA7 software [32].

2.7. Insects and bioassays

S. eridania, S. frugiperda, and S. albula caterpillars used in this work
were obtained from laboratory colonies established in 2015 with insects
collected in the city of Londrina (Parana, Brazil). As previously de-
scribed, early third-instar caterpillars were fed ad libitum by an artificial
diet contaminated with the virus [33,34]. The insects were kept at
26 = 1.5 °C, with relative humidity of 75 = 10% and photoperiod of
14:10 (L:D). The assays with S. eridania were performed in triplicate
using six virus concentrations (n = 45 per concentration) 2.0 X 103,
6.0 x 10% 18.00 x 10% 54.00 x 10°% 162.00 x 10° and
486.00 x 10° OBs/ml and an untreated group (n = 44) was set up as
control. The S. frugiperda caterpillar assays were performed using five
virus concentrations (n 30 insects per concentration) 1 X 106,
1 x 10% 1 x 10%, 1 x 10% and 1 x 102 OBs/mL and an untreated
group (n = 40) was set up as control. The S. albula caterpillar assays
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were performed using five virus concentrations (n 20 insects per
concentration) 5 X 10°% 2.5 x 10% 1.25 x 10° 0.62 x 10° and
0.31 x 10° OBs/mlL and an untreated group (n = 20) established as
control. Mortality was determined after 12 days. The results were
analyzed by Probit in PoloPlus version 1.0. The LC50s were considered
significantly different based on the non-overlap of the 95% confidence
limits.

3. Results and discussion
3.1. Virus isolation and OBs ultrastructure

In 2011, dead S. eridania larvae were collected in soybean crops
with clear symptoms of baculovirus infection, including tree top disease
behavior and tegument discoloration and liquefaction (data not
shown). The virus was catalogued in the EMBRAPA virus collection and
called Spodoptera eridania NPV isolate CNPSo-165 (SperNPV-CNPSo-
165). Ultrastructural analysis of purified OBs by SEM showed OBs with
a predominantly polyhedral shape (Fig. 1A). The OB size was a mean
diameter of 2.7 * 0.4 ym. TEM analysis showed OBs occluding virions
with several nucleocapsids per envelope, with a mean of 5.8 = 2.6
nucleocapsids/envelope (Fig. 1B). The calyx, an electron-dense struc-
ture that surrounds mature polyhedra, was also observed (Fig. 1B, black
arrow). All structures observed were similar to those observed pre-
viously in other alphabaculovirus OBs [35-37].

3.2. Virus etiology confirmation and bioassays

To confirm the infection etiology, we carried out a dose-mortality re-
sponse bioassay in a laboratory colony of S. eridania. We confirmed that the

2.0pm

Fig. 1. Characterization of the SperNPV-CNPSo-165 isolate from dead Southern
armyworm larvae with symptoms of baculovirus infection. (A) Scanning elec-
tron micrograph of SperNPV-CNPSo-165 OBs reveals their polyhedral shape
(scale bar = 5.0 ym and 2.0 pym). (B) Transmission electron micrograph of
SperNPV-CNPSo0-165 OBs showing embedded virions (white arrow) with mul-
tiple rod-shaped nucleocapsids (black arrowhead) per ODV envelope (white
arrowhead). The calyx is pointed by the black arrow (scale bar = 2.0 um and
200 nm).
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Table 1
Dose-mortality response of third instar larvae of Spodoptera eridania infected
orally with SperNPV-CNPS0165.

Species n® Slope LCso Fiducial limits

(OB/ml) (95%)
S. eridania 315 1.039 * 0.126 1.04 x 10° 7.07 x 10°-16.76 x 10°
S. albula 200 1.360 *+ 0.335 7.35 x 10> 3.66 x 10*-11.53 x 10?

2 Number of insects tested.

virus was lethal to S. eridania larvae with a LCso of 1.04 x 10° OB/mL
(Table 1) towards 3rd instar larvae. The infected caterpillars exhibited a
yellowish, easily ruptured tegument with melanotic pigment (data not
shown) of the sort typically seen with other baculovirus infections [18]. We
also tested the ability of SperNPV-CNPSo-165 to kill larvae of other species
of the Spodoptera-complex, including S. frugiperda and S. albula. The isolate
was not able to orally infect S. frugiperda, although was found to be lethal to
S. albula with a LCsq of 735 OBs/mL in a much lower OB concentration than
that observed for S. eridania. It is not clear why S. albula is more susceptible
to SperNPV-CNPSo0-165 OBs than the own S. eridania. In Brazil, population
of S. eridania had become more common than S. albula (personal commu-
nication). Until now, we did not observe high prevalence of SperNPV in S.
eridania population (data not shown). Importantly, both species have a very
similar size and based on that we could assume that they use the same food
amount. The host range of baculovirus may vary according to the viral
species isolate; for instance, some isolate may be infectious to more than 20
hosts (e.g. AcMNPV, [38]) whereas others only infect a single host [39]. The
ability to kill both S. eridania and S. albula may reflect the close degree of
relatedly between these species [40]. We found statistical difference be-
tween the lethal concentrations observed for these two insects.

3.3. Features of the SperNPV-CNPSo-165 genome sequence

Sequencing of the SperNPV-CNPSo-165 produced almost 10,000
reads with a mean size of 762.8 + 214.3 bp and coverage of 40 X. The
reads were assembled into one single circular genome contig of
137.373 bp in size with a G + C content of 42.8%. The genome is in a
range of the genome size and nucleotide distributions reported for other
alphabaculoviruses (Supplementary Table 1). 151 ORFs potentially
encoding proteins of 50 or more amino acids were identified and an-
notated (Supplementary Table 2), covering 88.54% of the genome,
whereas 11.46% of the genome was found to be intergenic space.
Among the annotated genes, we identified the 38 currently defined
baculovirus core genes, 26 genes shared between alpha- and betaba-
culovirus genomes [41], and several auxiliary genes. Interestingly, re-
garding the intergenic spaces, the genome presented no typical homo-
logous region, besides six direct repeats, four repeat regions, and two
short repeats were found. Direct repeats were called dr1-6 and varied
from 67 to 148 bp. Most of the drs (dr2-6) consist of only two repeats at
the same direction with size varying 32-77 bp (data not shown). Only
drl consisted of four concatenated repeats of 32 bp long. The repeat
regions were called ReapRegl-4 and varied in size from 303 to
1.001 bp (Table 2). While other Spodoptera sp. NPVs possess hrs, a
small number of other baculoviruses (RanuNPV [16], UrprNPV [21],
and also betabaculoviruses like ErelGV [42] have been reported not to
contain them. We inspected the percentage of both coding regions and
intergenic spaces for each of the SperNPV-CNPSo165-related alphaba-
culovirus genomes and found that the novel virus is one of the three
virus with the highest percentage of coding region (Supplementary
Table 3).

3.4. Baculovirus phylogeny

We inferred the phylogenetic relationship of SperNPV-CNPSo-165
to other baculoviruses from core gene nucleotide alignments. The



D.T. Rodrigues, et al.

CuniNPV

—o< Y (3 taxa)
—’<ﬁ (25 taxa)

OpbuNPV
SIMNPV-G2

[ SpliNPV-1956
_{: MyunNPV-KY310

LeseNPV
HaNPV-G4

—*—< ol (28 taxa)

MacoNPV-A90/2
[ }MacoNPV-B
MbMNPV-K1

AgseNPV-A
AgipMNPV
AgseNPV-B
SpexNPV-244.1
SeMNPV-QD
SfMNPV-19
SperNPV-CNPSo0165
SeMNPV-US1
SperNPV-251
SpItNPV-II
PespNPV
C MyunNPV#7
TnNPV
ChchNPV
ChinSNPV-IF
ChinNPV#1
RanuNPV
L ManeNPV-T2
UrprNPV
CrpeNPV
AdhoNPV
AdorNPV
PeluSNPV
ey
OrleNPV
EupsNPV
SujuNPV
BusuNPV
HytaNPV
EcobNPV-A1
ApciNPV
HespNPV
LafiNPV
LdMNPV
LyxyMNPV

Baculoviridae genera:

— Alphabaculovirus
— Betabaculovirus

— Gammabaculovirus
— Deltabaculovirus

Branch support:

<0.9 o
>09t010 @

0.3

Fig. 2. Baculovirus phylogeny. The phylogeny shows that SperNPV-CNPSo-165
is an alphabaculovirus closely related to other Spodoptera-isolated viruses. The
novel virus shares a common ancestor with a branch containing SeMNPV,
SpItNPV-II, and SperNPV-251. The maximum likelihood tree was inferred based
on the concatenated nucleotide sequences of the 38 core genes from several
selected baculovirus genomes (Table S1) using the FastTree method. The
branch support was determined by the SH-like method (black and grey closed
circles). Some branches were collapsed for clarity: alphabaculovirus group 1,
betabaculovirus (pink), gammabaculovirus (orange), and deltabaculovirus
(CuniNPV, light blue). CuniNPV was used to root the tree. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

phylogenetic tree exhibited a topology with a single branch containing
all alphabaculoviruses as that observed for other previously published
core gene baculovirus trees. SperNPV-CNPSo-165 clustered in a highly
supported clade with SpexNPV-244.1, SeMNPV-QD, SfMNPV-19,
SeMNPV, SpltNPV-II, and SperNPV-251. These viruses are part of a
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Fig. 3. Species demarcation criterion with the adjusted Kimura-2 parameter
(aK2P) and gene content analysis of SperNPV-CNPSo-165 and other closely
related viruses. (A) aK2P based on the concatenated fragments of partial polh/
lef-8/1ef-9 of the SperNPV-CNPSo-165 cluster. The distances were calculated
using MEGA (Kimura 2-parameter model) [32], based on the species de-
marcation criteria [28]. In red, we show SperNPV-CNPSo-165 values that fulfill
the criterion to establish a new species (more than 0.072 substitution/site). (B)
Venn diagram comparing the gene content among SperNPV-CNPSo-165 and its
closest relatives (SeMNPV-US1, SeMNPV-QD, SfMNPV-19, and SpltNPV-II). The
gene content was compared by BLASTX to find homologs. A total of 243 genes
were found: 122 were shared among all four virus genomes, and 16 were found
only in the SperNPV-CNPSo-165 genome. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

group of alphabaculovirus isolated solely from noctuid hosts. The
SperNPV-CNPSo-165 isolate is closely related to the most recent
common ancestor (m.r.c.a.) of the SeMNPV and SpltNPV-II viruses
(Fig. 2). The most closely related alphabaculovirus to SperNPV-CNPSo-
165, based on the nucleotide pairwise identity among the core genes,
was found to be SeMNPV-US1 with 77.8% of identity, whereas the most
distant alphabaculovirus was EppoNPV with 48.1% identity (Supple-
mentary Table 1).

3.5. Species demarcation criteria

We investigated whether SperNPV-CNPSo-165 is a representative
member of a new species inside genus Alphabaculovirus. Comparative
analysis using the adjusted Kimura-2-parameter (aK2P) substitution
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Table 2

Gene content and BLAST. Characteristics of the Spodoptera eridania nucleopolyhedrovirus isolate CNPS0165 (SperNPV-CNPS0165) genome: number, position,
nucleotide and amino acid size of each ORF and homology search. Predicted ORFs are compared with homolog genes in four related genomes: Spodoptera litura
nucleopolyhedrovirus II (SpltNPV-II), Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV-US1), Spodoptera frugiperda nucleopolyhedrovirus isolate 19
(SfMNPV-19), and Spodoptera exigua multiple nucleopolyhedrovirus isolate QD (SeMNPV-QD) and also Autographa californica multiple nucleopolyhedrovirus clone
C6 (ACMNPV-C6).

ORF Name Position Size (nt) Size (aa) SeMNPV-US1 SeMNPV-QD SfMNPV-19 SpItNPV-II AcMINPV

ORF ID(%) ORF ID(%) ORF 1ID(%) ORF 1ID (%) ORF ID (%)

1 polyhedrin 1 > 741 741 247 1 97.6 1 94.72 1 97.15 1 97.56 8 85.95

2 pp78/83 820 < 2215 1396 465 2 64.79 2 61.19 2 65.99 2 78 9 27.93

3 pk-1 2271 > 3103 833 278 3 84.39 3 74.55 3 75.94 3 90.23 10 42.54

4 hoar 3144 < 542 2277 759 4 76.25 4 52.30 4 50.85 4 7791 - -

- Direct region 1 - - - 135 - - - - - - - - - - -

5 ac152-like 5785 > 6,09 306 102 - - - - - - - - - -

6 sperNPV-ORF-6 6221 > 7924 1704 568 - - - - - - - - - -
Direct region 2 - - - 150 - - - - - - - - - - -

- Direct region 3 - - - 126 - - - - - - - - - - -

7 odv-e56(pif-5) 8161 > 9282 1122 374 6 84.70 5 63.17 8 68.28 7 82.53 148 48.69

8 me53 9529 > 10,635 1107 369 7 75.72 6 60.12 9 67.43 8 80.06 139 25.22

9 SperNPV-ORF-9 11,143 > 11,292 150 50 - - - - - - - - - -

- Direct region 4 - - - 75 - - - - - - - - - - -

- Repeat region 1 - - - 303 - - - - - - - - - - -

10 SperNPV-ORF-10 12,151 > 12,303 153 51 - - - - - - - - - -

11 f protein 12,498 > 14,54 2043 681 8 87.21 7 63.12 11 73.44 10 83.03 23 24.73

12 l6 14,646 < 14,936 291 97 9 83.52 8 61.29 12 65.26 11 87.50 130 31.46

13 p24 14,981 < 15,625 645 215 10 76.99 9 69.81 13 73.58 12 79.26 129 32.54

14 SperNPV-ORF-14 15,822 > 16,103 282 94 11 60.75 10 72.22 14 61.76 13 92412 - -

15 lef-2 16,066 > 16,707 642 214 12 76.06 11 61.21 15 64.93 14 79.62 6 40.09

16 38.7 kDa 16,749 < 17,891 1143 381 13 70.36 12 56.85 16 62,40 15 70.65 13 26.86

17 lef-1 17,891 < 18,541 651 217 14 79.63 13 64.11 17 64.62 16 7824 14 43.98

18 SperNPV-ORF-18 18,585 > 19,016 432 144 15 73.23 14 48.31 18 57.36 - - - -

19 cathepsin 19,004 < 20,011 1008 336 16 91.30 15 88.13 19 89.12 17 90.80 127 56.21

20 chitinase 20,061 > 21,773 1713 571 19 86.27 16 84.29 21 82.17 18 89.98 126 64.43

21 SperNPV-ORF-21 21,81 < 22,124 315 105 20 42.11 - - - - 137 34.95 - -

22 SperNPV-ORF-22 22,09 > 22,272 183 61 - - - - - - - - - -

23 SperNPV-ORF-23 22,342 > 22,797 456 152 21 54.67 - - - - 20 57.72 - -

24 nad-glutamate dehydrogenase 23,205 > 23,495 291 97 - - - - - - - - - -

25 SperNPV-ORF-25 23,659 > 25,008 1,35 450 23a 68.97 - - - - 21 73.56 - -

26 37 25,121 > 25915 795 265 25 90.38 17 79.51 23 86.29 22 89.84 64 57.98

27 ptp-2 25,912 < 26,404 495 165 26 78.79 18 59.35 24 64.38 23 83.44 - -

28 egt 26,516 > 28,093 1578 526 27 87.67 19 71.60 25 76.18 24 87.24 15 46.46

29 SperNPV-ORF-29 28,147 > 28,323 177 59 - - - - - - - - - -

30 SperNPV-ORF-30 28,284 > 28,838 555 185 28 76.19 20 46.99 26 64.13 25 73.08 - -

31 SperNPV-ORF-31 28,863 > 29,516 654 218 29 61.06 - - 27 50.46 29 61.61 - -

32 SperNPV-ORF-32 29,55 < 32,09 2541 847 30 66.32 21 49.76 28 46.11 30 67.87 - -

33 SperNPV-ORF-33 32,257 > 32,877 621 207 31 61.23 22 41.92 29 60.50 31 66.99 - -

34 pkip 32,953 < 33471 519 173 32 64.85 23 66.86 30 66.86 32 70.76 24 26.28

35 SperNPV-ORF-35 33,514 < 33,843 330 110 33 61.61 25 56.76 - - 33 60.36 - -

36 arif-1 33,845 < 3475 906 302 34 67.97 26 43.65 32 53.55 35 60.31 21 24.65

37 pif-2 34,692 > 35,843 1152 384 35 86.02 27 71.17 33 79.57 36 90 22 60.39

38 pif-1 35,961 > 37,475 1515 505 36 71.85 28 50.19 34 65.03 37 74.47 119 47.69

39 ac120-like 37,472 > 37,72 249 83 37 68.35 29 55.74 35 61.25 38 69.01 120 31.58

40 fef 37,73 < 38,863 1134 378 38 66.08 30 43.95 36 47.12 39 79.89 32 24.65

41 SperNPV-ORF-41 39,092 < 39,214 123 41 - - - - - - - - - -

42 SperNPV-ORF-42 39,279 > 39,989 711 237 40 65.13 31 53.65 37 60.34 41 70.89 - -

43 alk-exo 40,04 < 41,281 1242 414 41 66.59 32 53.30 38 61.95 42 65.62 134 38.27

44 SperNPV-ORF-44 41,836 > 42,015 180 60 - - - - - - - - - -

45 SperNPV-ORF-45 42,064 < 42,219 156 52 - - - - - - - - - -

- Repeat region 2 - - - 1002 - - - - - - - - - - -

46 SperNPV-ORF-46 42,882 < 43,217 336 112 42 69.23 33 57.80 39 71.43 43 7477 - -

47 ac18-like 43,216 > 44,37 1155 385 43 80.26 34 64.06 40 65.49 44 80.16 18 24.48

48 SperNPV-ORF-48 44,417 < 44,809 393 131 44 75.70 35 62.50 41 63.20 45 85.38 - -

49 m2 44,937 > 45,878 942 314 45 85.94 36 74.44 - - 46 87.86 - -

50 calix,pep 45,942 < 46,925 984 328 46 86.83 37 79.75 44 86.87 47 92.68 131 41.49

51 ac117-like 47,062 < 47,358 297 99 47 73.79 38 59.60 45 52.04 48 71.43 117 34.31

52 sod 47,485 < 47,94 456 152 48 84.78 40 75.50 47 82.24 51 86.49 31 68.71

53 SperNPV-ORF-53 48,131 > 48,49 360 120 49 35.09 - - - - 52 75.38 - -

54 pif-3 48,595 > 49,161 567 189 50 80.95 41 69.68 48 76.02 53 86.91 115 51.88

55 SperNPV-ORF-55 49,161 > 49,586 426 142 51 74.47 42 34.92 49 56.93 54 7413 - -

56 SperNPV-ORF-56 49,698 > 51,2 1503 501 52 74.51 43 54.22 50 62.38 55 71.34 - -

57 SperNPV-ORF-57 51,238 > 51,918 681 227 53 84.65 44 79.04 51 83.33 56 86.46 - -

58 nrkl 51,958 < 53,043 1086 362 54 67.13 45 61.62 52 57.42 57 66.76 - -

59 SperNPV-ORF-59 53,091 < 53,381 291 97 - - - - - - - - - -

- Direct repeat 5 - - - 90 - - - - - - - - - - -

60 SperNPV-ORF-60 53,791 > 54,003 213 71 - - - - - - - - - -

61 dutpase 54,065 > 54,496 432 144 55 87.41 46 77.46 53 66.67 58 8531 - -

(continued on next page)
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Table 2 (continued)

ORF Name Position Size (nt) Size (aa) SeMNPV-US1 SeMNPV-QD SfMNPV-19 SpItNPV-II AcMNPV

ORF ID(%) ORF ID(%) ORF 1ID(%) ORF 1ID (%) ORF ID (%)

62 SperNPV-ORF-62 54,674 > 55,327 654 218 - - - - 54 3397 59 34.74 - -

63 pl3 55,39 > 56,238 849 283 56 83.58 47 74.63 55 82.67 60 84.64 - -

64 SperNPV-ORF-64 56,262 < 57,031 771 257 - - - - - - - - - -

65 ac108-like 57,129 < 57,464 336 112 58 81.82 49 68.13 57 79.59 62 89.11 108 38.81
66 odv-ec43 57,477 < 58,547 1071 357 59 96.63 50 88.76 58 94.66 63 97.75 109 44.05
67 pif-7 58,531 < 5871 180 60 60 94.87 51 74.58 59 83.78 64 83.05 110 44.12
68 vp80 58,707 < 60,368 1662 554 61 62.61 52 55.39 60 68.95 65 63.26 104 23.43
69 p45 60,404 > 61,522 1119 373 62 90.56 53 82.31 61 86.48 66 92.50 103 52.20
70 pl2 61,512 > 61,823 312 104 63 74.53 54 76 62 85.53 67 79 102 29.49
71 p40 61,852 > 63,009 1158 386 64 86.67 55 77.60 63 82.08 68 87.57 101 41.71
72 p6.9 63,08 > 63,319 240 80 65 - 56 - 64 - 69 - 100 -

73 lef-5 63,322 < 64,155 834 278 66 88.49 57 78.10 65 85.87 70 91.30 99 49.10
74 38k 64,054 > 64,953 900 300 67 84.67 58 73.49 66 83.89 71 92.33 98 47.56
75 ac150-like 65,048 > 65,41 363 121 68 54.10 59 39.36 67 36.29 72a  60.98 150 30.43
76 bro-a 65,341 < 66,423 1083 361 - - 60 33.23 68 56.73 72 70.03 2 41.44
77 pif-4 66,559 < 67,068 510 170 69 90.34 61 81.07 70 92.41 74 91.12 96 51.46
78 dna helicase 67,037 > 70,714 3678 1226 70 82.90 62 76.55 71 7438 75 83.58 95 41.89
79 odv-e25 70,789 < 71,439 651 217 71 91.67 63 85.19 72 90.74 76 94.44 94 46.01
80 pl8 71,436 < 71,912 477 159 72 82.35 64 82.91 73 75.16 77 84.42 93 48.70
81 p33 71,922 > 72,68 759 253 73 94.84 65 86.51 74 90.87 78 96.43 92 53.28
- Short repeat 1 - - - 39 - - - - - - - - - - -

82 lef-4 73,003 < 74,412 1,41 470 74 73.38 66 64.41 75 75.11 79 75.85 90 44.98
83 vp39 74,411 > 75,391 981 327 75 96.30 67 71.08 76 84.74 80 97.14 89 43.48
84 cg30 75,704 > 76,789 1086 362 76 52.17 68 27.36 77 29.10 81 55.06 88 30.88
- Direct repeat 6 - - - 66 - - - - - - - - - - -

85 vp91 76,894 < 79,29 2397 799 77 69.77 70 62.15 78 67.96 82 72.60 83 39.50
86 ac82-like 79,337 > 79,96 624 208 78 71.01 71 67.30 79 70 83 71.23 82 36.15
87 ac81-like 79,866 > 80,537 672 224 79 91.53 72 75.94 80 84.90 84 95.21 81 61.83
88 gp41 80,506 > 81,495 990 330 80 96.80 73 93.92 81 94.26 85 96.62 80 54.46
89 ac78-like 81,508 > 81,873 366 122 81 58.46 74 67.50 82 63.64 86 66.94 78 74.07
920 Vif-1 81,875 > 82,99 1116 372 82 97.38 75 94.48 83 96.51 87 98.26 77 68.10
91 SperNPV-ORF-91 83,484 < 83831 348 116 - - - - - - - - - -

92 SperNPV-ORF-92 84,237 < 84,401 165 55 - - - - - - - - - -

93 SperNPV-ORF-93 84,476 > 84,775 300 100 - - - - - - - - - -

94 p26 a 84,859 < 85,608 750 250 87 82.40 76 66.27 85 77.63 90 85.02 136 20.71
95 iap-2 85,636 < 86,574 939 313 88 63.58 77 59.39 86 60.13 91 67.60 71 29.44
96 mtase 86,417 < 87211 795 265 89 75.37 78 61.17 87 65.15 92 7418 69 49.34
97 pif-6 87,258 < 87,656 399 133 20 85.84 79 76.47 88 84.07 93 82.40 68 47.66
98 lef-3 87,709 > 88,848 1,14 380 91 68.06 80 57.92 89 69 94 75.68 67 29.69
99 desmoplakin 88,918 < 91,026 2109 703 92 67.04 81 47.38 90 59.93 95 66.48 66 38.46
100  dna polymerase 91,07 > 94,234 3165 1055 93 80.61 82 74.12 91 76.54 96 81.19 65 45.53
101 ac75-like 94,251 < 94,64 390 130 94 83.72 83 85.27 92 64.04 97 91.47 75 28.89
102 ac76-like 94,651 < 94,908 258 86 95 94.12 84 90.59 93 97.65 98 94.12 76 40
103  SperNPV-ORF-103 95,02 > 95,343 324 108 96 44.64 84b 47.92 94 50.49 99 52.29 - -

104  lef-9 95,379 < 96,893 1515 505 97 90.80 85 96.97 96 92.06 100 91.24 62 64.61
105 fp-25k 96,956 > 97,546 591 197 98 95.36 86 91.24 97 94.85 101 95.82 61 62.96
106 p94 97,697 < 99,814 2118 706 99 45.15 87 36.48 98 3347 102 4172 134 21.86
107  ac60-like 99,981 > 100,247 267 89 100 86.76 88 73.13 99 86.36 103 8824 60 46.77
108  ac58/59-like 100,252 > 100,827 576 192 101 91.30 89 90 100 91.43 104 91.30 59 49.09
109  ac57-like 100,82 < 101,374 555 185 102 69.57 90 62.13 101  69.23 105 7213 57 37.50
110  SperNPV-ORF-110 101,308 > 101,463 156 52 - - - - - - - - - -

111 ac56-like 101,525 < 101,806 282 94 103 60.22 91 47.22 102 50 106 61.22 56 34.62
112 ac55-like 101,724 > 101,981 258 86 104 57.89 92 40.54 103 4247 107 6585 55 33.33
113 vpl054 102,087 < 103,115 1029 343 105 81.10 93 72.14 104 71.30 109 85.09 54 42
114 lef-10 102,976 < 103,203 228 76 106 81.67 94 68 105 77.33 110 88 53a 46.67
115  SperNPV-ORF-115 103,187 > 103,393 207 69 107a 73.53 95 55.88 106 63.64 111 73.53 - -
116  SperNPV-ORF-116 103,412 > 104,422 1011 337 107 71.91 96 49.85 107 55.42 112 6836 - -
117  ac53-like 104,429 < 104,845 417 139 108 89.05 97 70.59 108 8175 113 9197 53 47.79
118  ach2-like 104,905 > 105,456 552 184 109 76.32 98 50.56 109 53.76 114 66.12 52 22.73
- Repeat region 3 - - - 426 - - - - - - - - - - -

119  SperNPV-ORF-119 106,029 < 106,427 399 133 - - - - - - - - - -
120  iap-3 106,221 > 107,066 846 282 110 57.29 99 42.62 110 4342 115 61.32 27 26.88
121  bjdp 107,111 < 108,22 1,11 370 111 64.37 100 43.36 111  61.20 116 64.78 51 23.43
122 lef-8 108,328 > 110,985 2658 886 112 87.09 101 79.39 112 86.37 117 89.23 50 61.82
- Short repeat 2 - - - 39 - - - - - - - - - - -

123 ac43-like 111,086 < 111,256 171 57 113 80.49 102 50.98 113 6250 118 86.27 43 42.55
124 odv-e66 111,266 < 113,184 1,92 640 114 63.91 103 41.97 114 55.22 119 67.33 46 29.03
125 p47 113,223 > 114,431 1209 403 115 84.58 104 75.25 115 83 120 84.83 40 52.61
126  ac112/113-like 114,572 > 115,252 681 227 116  47.56  105° 22 116 3457 121  40.20 113 61.52
127  acl14-like 115,352 > 115,942 591 197 117 50 105" 29 117 35.87 122° 55 114 30.43
128  SperNPV-ORF-128 116,091 > 116,621 531 177 117 27 105° 26 118° 35 122° 31 - -
129  nudix 116,674 > 117,402 729 243 118 93.84 106 80.99 118" 88 123 9274 38 61
130 LEF-11 117,303 > 117,725 423 141 119 72.12 107 67.62 119 72.64 124 7477 37 34.74

(continued on next page)
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Table 2 (continued)

Genomics 112 (2020) 3903-3914

ORF Name Position Size (nt) Size (aa) SeMNPV-US1 SeMNPV-QD SfMNPV-19 SpItNPV-II AcMNPV

ORF ID(%) ORF ID(%) ORF 1ID(%) ORF 1ID(%) ORF ID (%)
131 pp31/39k 117,724 > 118,638 915 305 120 72.60 108 49.51 120 68.16 125 73.25 36 33.11
132 SperNPV-ORF-132 118,706 > 118,987 282 94 121 56.76 109 32.22 121  55.56 126  60.82 - -
133  SperNPV-ORF-133 119,023 < 119,25 228 76 122 72.86 110 52.11 122 59.70 127  65.67 - -
134  Ubiquitin 119,251 < 119,508 258 86 123 95.71 111 86.25 123 96.05 128  96.05 35 77.63
135  ac34-like 119,548 > 120,099 552 184 124 77.42 112 67.40 124  73.45 129a 81.41 34 32.98
- Repeat region 4 - - - 969 - - - - - - - - - - -
136  ac26-like 121,309 < 121,695 387 129 125 77.27 113 53.21 125 61.19 129  76.92 26 33.33
137 dbp 121,787 > 122,749 963 321 126 69.72 114 52.84 126  62.85 130 7383 25 30.32
138  lef-6 122,766 > 123,266 501 167 127 56.08 115 81.08 127  79.45 131 88.31 28 42.65
139  ac29-like 123,308 < 123,568 261 87 128 84.42 116 65.52 128  62.79 132 93.02 29 31.43
140 p26b 123,711 > 124,517 807 269 129 73.33 117 59.32 129  67.05 133 76.40 136 32.10
141 pio 124,578 > 124,856 279 93 130 86.36 118 75.36 130 78.33 134 86.96 137 32.35
142 p74 (pif-0) 124,947 < 126,899 1953 651 131 84.10 119 67.84 132 77.08 135 87.85 138 57.12
143  SperNPV-ORF-143 127,002 > 127,268 267 89 - - - - 133 3286 136 86.36 - -
144 ie-1 127,383 < 129,371 1989 663 132 63.51 120 48.25 134  56.92 139 71.40 141 31.60
145  acl46-like 129,401 > 130,045 645 215 133 70.56 121 45.97 135 61.43 140 69.48 146 32.39
146  acl45-like 130,075 < 130,353 279 93 134 92.39 122 82.02 136  86.52 141 92.94 145 43.53
147  odv-ec27 130,374 < 131,222 849 283 135 92.55 123 86.62 137  90.11 142 93.97 144 54.33
148  odv-el8 131,281 < 131,529 249 83 136 91.46 124 80.23 138 7831 143 96.34 143 83.33
149 p49 131,54 < 132,922 1383 461 137 92.19 125 89.57 139 93.48 144  95.87 142 50.85
150  ie-0 132,934 < 133,653 720 240 138 84.93 126 66.36 140 7273 145 84.40 147-0 30.41
151 rrl 133,774 < 136,314 2541 847 139 65.58 127 58.21 141 32.78 146  66.79 - -

2 Region with identity with SperNPV-CNPS0165-ORF128.

model applied on selected regions of lef-8, lef-9, and polh showed that
the SperNPV-CNPSo-165 fulfills the criterion to establish a novel ba-
culovirus species. A virus isolate may represent a new species if the
number of substitution per site is higher than 0.072 [28]. In a previous
work, the Spodoptera eridania nuclepolyhedrovirus isolate 251
(SperNPV-251) was described as isolated from S. eridania larvae [19].
The virus sample was deposited in an insect virus collection at the
USDA-ARS in October 1974. Importantly, we found that SperNPV-251
is related to another currently unclassified isolate, SpItNPV-II that may
together represent a novel species. On the other hand, SperNPV-CNPSo-
165 shows a aK2P-based pairwise distance of 0.168 (Fig. 3A). Even
being isolated from the same host, SperNPV-CNPSo0-165 was found to
present higher global pairwise nucleotide identity with SeMNPV, iso-
lated from S. exigua than SperNPV-251 (Supplementary Table 1).

3.6. Genomic structure and gene content analysis

For genomic comparison, we carried out a MAUVE analysis among
the genome of all closely related Spodoptera-infecting alphabaculo-
viruses (i.e. SpexNPV-244.1, SperNPV-251, SeMNPV-US1, SeMNPV-QD,
SfMNPV-19, and SpltNPV-II) and we found strict collinearity with no
inversions among the genomes (data not shown). A gene content ana-
lysis was also performed based on BlastX results. ORF content is shown
in Table 2. A gene content comparison was also carried out among the
SperNPV-CNPSo0-165 and its closest relatives, including SeMNPV-US1,
SeMNPV-QD, SfMNPV-19, and SplitNPV-II and represented by a Venn
diagram (Fig. 3B). A total of 243 different ORFs were found. 122 ORFs
were shared among the species, which includes the 38 genes found in
all baculovirus genomes. Sixteen ORFs were found only in the SperNPV-
CNPSo0-165 genome. Sixteen ORFs (SperNPV-ORF-6, ORF-9, ORF-10,
ORF-22, ORF-24, ORF-29, ORF-41, ORF-44, ORF-45, ORF-59, ORF-60,
ORF-91, ORF-92, ORF-93, ORF-110, and ORF-119) were found to be
unique to SperNPV- CNPSo-165. Database queries with most of these
unique ORFs yielded matches with several non-viral species (Supple-
mentary Table 3) and only three (SperNPV-ORF-22, SperNPV-ORF-44
and, SperNPV-ORF-91) exhibited no significant similarity with any se-
quence in a database. SperNPV-ORF-6, ORF-9, ORF-22, ORF-44, ORF-
92 and ORF119 contained transmembrane domains with no predicted
signal peptide (Supplementary Table 3). Moreover, some unique ORFs
were located within the repeat regions, including dr2 and dr3 (ORF-6),

dr4 (ORF-9), dr5 (ORF-59) and, repeat region 2 (ORF-44 and ORF-45)
(Table 2). ORFs occurring inside repeat regions are generally unstable
and can differ significantly from isolate to isolate of the same virus;
however, when the individual reads were analyzed, most present the
coding sequences stable and we have chosen to annotate them.

3.7. The evolution of odv-e66 in baculovirus

Most noctuid-infecting viruses commonly harbor two copies of odv-
e66, which encodes an occlusion-derived virus envelope protein, ODV-
E66. This transmembrane protein is homologous to chondroitinase AC
[46] and possesses the ability to degrade non-sulfated chondroitins and
chondroitin sulfate C, but not chondroitin sulfate A [42]. The odv-e66
presents an important role in the penetration of the PM during oral
infection by degrading chondroitin and may be related to specificity of
baculoviruses [14,42,43].

Unlike other Spodoptera spp.-infecting NPVs, SperNPV-CNPSo-165
only contains a single copy of odv-e66. To evaluate the presence, dis-
tribution, and evolution of odv-e66 genes, a BLASTX query was carried
out with the SperNPV-CNPSo0-165 sequence. 91 baculovirus sequences
were identified, including 71 from alpha- and 20 from betabaculo-
viruses. An additonal 35 sequence matches were identified with e-value
less than 10~ *. Twenty-four out of 35 were found in members of the
polydnavirus genus Bracovirus, while an additional five derived from
members of the related large DNA virus families Nudiviridae and
Hytrosaviridae. Other sequences were from several species of bacteria
and we selected some with active chondroitin lyases. This may indicate
a putative HGT from bacteria to large insect dsDNA viruses, as pre-
viously postulated [42]. Many pathogenic bacteria (e.g. streptococci)
produce extracellular chondroitinase, which are thought to play a role
to facilitate the spread of the organism in host tissues [44]. Moreover,
several phages are also known to synthesize a bound form of hyalur-
onidase. It has been suggested that the function of this viral factor al-
lows an easier penetration into the hyaluronan bacterial capsule by the
phage and indeed to the cell surface of the host [45]. Interestingly,
active site of chondroitin lyases is composed by three conserved re-
sidues and are largely described for bacteria [45]. After MAFFT align-
ment of baculovirus predicted protein sequences and some Bacteria
sequences, we found that the active site is maintained in several ba-
culovirus with most of the residues being conserved (Fig. 4, asterisk and
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Fig. 4. MAFFT alignment of the predicted amino acid sequence of odv-e66 focusing on its active site of several baculovirus and other organisms, including bacterium,
polydnavirus, nudivirus, and hytrosiviruses. The active site is composed by three conserved residues N, H, and Y based on bacterium characterization, which are
highlighted by asterisk and black box. Clade 1 and Clade 2 belongs to a baculovirus clade that likely underwent an independent duplication during genome evolution.
Clade 1 presented substitutions of N to Y/F and H to D.

black box highlights the the conserved residues, N, H, and Y). Inter-
estingly, when the gene is duplicated in the baculovirus genome, the
second copy lose its active site in two residues, N to Y/F and H to D
(Clade 1). This finding reinforces that the predicted protein sequence of
odv-e66 is likely an active enzyme in most of the analyzed baculoviruses

[42].

We carried out a phylogenetic inference using sequences from
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baculovirus, other large dsDNA insect viruses, and bacteria (Fig. 5).
Large dsDNA viruses formed a monophyletic clade, which could likely
depict one putative entrance from bacteria to this viral group (Fig. 5). It
is not clear which events took place in the dipteran and hymenopteran
baculovirus genomes as both groups lack odv-e66 homologs in their
genomes; therefore, we focused solely on the evolutionary history of
lepidopteran baculoviruses. Alphabaculovirus and betabaculovirus
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Fig. 5. Phylogenetic inference of odv-e66. Phylogenetic inference with the sequences of nudivirus (pink), alphabaculovirus (light blue), and betabaculovirus (red),
large dsDNA viruses form a monophyletic clade, as well as branches of baculovirus, representing an entry of the bacteria to this group. Some branches were collapsed
for clarity: Bacteria (green), hytrosavirus (grey), hymenopteran (brown), alphabaculovirus group 1(dark blue), betabaculovirus (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

branches formed a well-supported monophyletic clade (Fig. 5). How-
ever, the presence of mixed taxa along the tree branches reinforces
several events of gains and losses in the evolution of odv-e66 inside
baculovirus.

The most parsimonious history of odv-e66 in lepidopteran baculo-
viruses portrait 30 steps based on gene phylogeny (Fig. 5), gene loci
within the genomes (Fig. 6A), and gene distribution among baculo-
viruses (Table 3 and Fig. 6B): 13 deletions, 16 acquisitions, and one
duplication were found. We numbered the steps in Fig. 6B from 1 to 30
and summarized it in Table 3. We found one transfer (which could be
plesiomorphic or autapomorphic) in the ancestor of alpha and beta-
baculoviruses (Fig. 6B, step 1, black square). Only homologs of ArraGV
and OxocNPV were placed outside of the baculovirus clade, which
could indicate independent acquisitions during evolution or a high
genetic divergence. The gene locus reinforces the first hypothesis of
being acquired independently (Fig. 6B). The odv-e66 phylogeny re-
constructed partially the evolution of baculovirus, which portrays an
intensive gene flow and events of HGT among members of
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Baculoviridae. The duplication of odv-e66 took place in a single clade of
noctuid-infecting baculoviruses. Interestingly, the Independent losses in
this clades took place in the lineages of SperNPV-CNPSo-165, AgseNPV-
A, and PespNPV (Fig. 6B, steps 28 and 29). Both lineages lost the an-
cestral gene and retained the duplication (as confirmed by the genomic
context, Fig. 6A). PespNPV lost the duplicated copy of odv-e66 and
retained the ancestral gene (Fig. 6B, step 28). A very interesting event
took place in the m.r.c.a. of the noctuid-isolated granulovirus with big
genomes [47], including MyunGV, SpfrGV-008, MolaGV, TnGV, HaGV,
and XecnGV (Fig. 6B, steps 3 and 4). The gene loci reinforce the m.r.c.a.
acquisition (data not shown). The m.r.c.a lost the ancestral odv-e66
gene (Fig. 6B, black square) and reacquired it from alphabaculovirus
(Fig. 6B, green square). This is reinforced by the gene phylogeny
(Fig. 5). ArraGV was the unique lineage of betabaculoviruses with two
odv-e66 copies. From the gene phylogeny, the ArraGV copies seemed to
be acquired independently, one from an unknown source and the other
one from Alphabaculovirus group I. The genomic context of the gene
reinforces the hypothesis of independent acquisition (data not shown).
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Fig. 6. Genomic context of odv-e66 and evolutionary analyses of odv-e66, a bacterial-related chondroitinase gene homolog. (A) Evolutionary steps with gain, loss, and
duplication events for odv-e66 inside the family Baculoviridae. Based on the hypothetical phylogeny trees and genomic context, the history of odv-e66 and presence in
members of lepidopteran-infecting baculovirus are presented. Table 3 summarizes the evolutionary hypothetical events. Gain is depicted by the square on the line
and loss the square above the line. (B) Genomic context of the two copies of odv-e66 (odv-e66 A and odv-e66 B) according to evolutionary gene analysis and
duplication event in closely related species of SperNPV-CNPSo-165. The arrowheads represent the direction of the genes in the genome. Arrows with similar colors

describe gene orthology.

The inability of SperNPV-CNPSo0-165 to infect orally S. frugiperda could
be in part explained by the fact that the SperNPV-CNPSo-165 genome
lost one of the copies of odv-e66, a gene whose protein product is be-
lieved to be implicated in virus host specificity. Moreover, the virus
protein is related to a clade in which the two out of three residues in the
active site are changed, N to Y and H to D. Therefore, the retained copy
of SperNPV-CNPSo0-165 is not clear and must be investigated in further

studies.
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4. Conclusion

In this work, we characterized a novel baculovirus isolated from the
Southern armyworm S. eridania, Spodoptera eridania nucleopolyhe-
drovirus CNPSo-165 (SperNPV-CNPSo0-165). The virus was found to be
more lethal to larvae of S. albula than S. eridania and not able to kill S.
frugiperda, all three important agricultural Brazilian pests inside the
Spodoptera-complex. The isolate seemed to be a member of a new



D.T. Rodrigues, et al.

Genomics 112 (2020) 3903-3914

Table 3

Description for odv-e66 events that likely took place in lepidopteran-isolated baculovirus genomes presented in Fig. 6.
Step  Lineage/hypothetical m.r.c.a.” Event in odv-e66 gene evolution Square colour
1 m.r.c.a of alpha and betabaculovirus Acquisition from an undisclosed source Black
2 HycuGV Independent loss Black
3 m.r.c.a. of MyunGV, SpfrGV-008, MolaGV, TnGV, HaGV, and Loss of the ancestral gene Black
4 XecnGV Acquisition of an alphabaculovirus-related gene Green
5 m.r.c.a. of ClasGV and ClanGV Independent loss Black
6 ArraGV Independent loss Black
7 Independent gain from alphabaculovirus Blue
8 Independent gain from undisclosed source Orange
9 m.r.c.a. of ClanGV-B and ErelGV Independent loss Black
10 OpbuNPV Independent loss Black
11 Independent gain from betabaculovirus Red
12 m.r.c.a. of group 1 alphabaculovirus Loss of the ancestral gene Black
13 Acquisition of a betabaculovirus-related gene Pink
14 MaviMNPV Independent loss Pink
15 OxocNPV Independent loss Pink
16 Independent gain from undisclosed source (besides being relalted to one of the copies  Blue

from ArraGV)

17 m.r.c.a. of CyunNPV and DekiNPV Loss of the ancestral gene acquired by group 1 alphabaculovirus Pink
18 Reacquisition of an alphabaculovirus-related odv-e66 Beige
19 CoveMNPV Independent loss Pink
20 DijuNPV Independent loss Pink
21 m.r.c.a. of CrpeNPV, AdorNPV, and AdhoNPV Loss of the ancestral gene Black
22 Acquisition of a betabaculovirus-related gene Red
23 CIbiNPV Independent loss Black
24 OrleNPV-77 Independent gain from the alphabaculovirus duplication gene Yellow
25 HytaNPV Independent gain from a betabaculovirus source Orange
26 EcobNPV-Al Independent gain from a betabaculovirus source Orange
27 m.r.c.a. of several noctuid-infecting alphabaculoviruses Independent duplication Yellow
28 PespNPV Independent loss of the duplicated gene version Yellow
29 AgseNPV-A Independent loss of the ancestral gene version Black
30 SperNPV-CNPSo-165 Independent loss of the ancestral gene version Black

@ Hypothetical most recent common ancestor.

tentative species inside Alphabaculovirus, closely related to the m.r.c.a.
of SeMNPV-US1, SpltNPV-II, and SperNPV-251 viruses with a genome
of 137.373 bp in size, G + C content of 42.8% and 151 annotated ORFs.
SperNPV-CNPSo0-165 genome harbored only one copy of odv-e66,
whereas its closely related viruses present two copies. The evolution of
odv-e66 in baculovirus presented several events, including gene loss,
gain, and duplication. Overall, the study of baculovirus allows a better
understanding of the virus family evolution, providing important in-
formation for the development and improvement of tools for biological
control and biotechnology.
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