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Resumo

Baculovirus sdo virus de DNA dupliéa circular capazes de infectar oralmente o
estagio larval de insetos. Atualmente, sdo usadoao controle bioldégico de insetos

praga e como vetores de expressao de proteinas heterdlogas. Pouco é sabido das bases
moleculares da interacdo do virus com o hospedeiro e de sua evolucdo. Os fatores
limitantes estdo associados ao numero de genomas segosnogn como a restricao

do cultivoin vitro de varias espécies virais. De fato, a base para o inicio de quaisquer
estudos moleculares mais detalhados de novas espécies de baculovirus ou de isolados
certamente se inicia com sequenciamento do genoma coetplecom oestudo de

genes encontrados. Dessa forma, neste trabalho, varios genomas de baculovirus isolados
no Brasil foram sequenciados e descritS8equenciamos e descreveni@gulovirus

isolados danandarovadamandicocaga broca da carde-aculcardo bicho da sedaja

lagarta polifaga Helicoverpa armigera do mandarovedo-mate entre outros
Concomitante a descricdo do genoma, caracterizamos estruturalmente algumas espécies,
avaliamos a taxa de mortalidade em situacdes controladas de infeccdo, bem como
caracterizamos alguns genes que permitiram um entendimento evolutivo mais amplo
das espécies descritas e de sua interacdo com o hospBdsicoevemos o primeiro
inibidor de serino protease de baculovirus capaz de bloguear a imunidade inata do
inseto hopedeiro e causar protecdo ao patbgenBncontramos 0 primeiro
betabaculovirus com uma proteina de fusdo de envelope de alphabaculoviruse a gp64
caracterizamos sua funcionalidadé&m disso, mostramos pela primeira vez o papel de
genes envolvidos no méw@lismo de nucleotideo e sua capacidade de alterar o
desempenho viraEm concluséo, baculovirus apresentam plasticidade genémica com
aguisicdes proeminentes de genes de varios organismos como outros virus de insetos,
bactérias e plantas. Além disso, perde genes ancestrais e duplicacdo sdo eventos
recorrentes. Tanto a genbmica quanto o estudo molecular basico de baculovirus tem
contribuido para a compreensdo de doencas associadas a humanos como céancer e
doencas virais cujo agente etioldgico apresenterga com DNA dupldita ou que

infectam primariamente o intestino médio de insetos, como herpesvirus e arboviroses,
respectivamente.

Palavraschave baculovirus, betabaculovirus, alphabaculovirus, genémica, evolugéo,
transferéncia horizontal de genes.
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Abstract

Baculoviruses are circular doukdéranded DNA viruses that are orally infectious to
larval stages of insects. Nowadays, they are used as biological control agents of
agricultural and forest pests and as vector for heterologous protein exprdgson.
understanding of both the molecular basis and the evolution of the virus/host interaction
is scarce due to the few numbers of sequenced genomes and the restriction in cultivating
several virus specie® vitro. In fact, the beginning of any moleculstudy of new
baculovirus species or isolates certainly pervades the whole genome sequencing.
Therefore, in this work, several genomes of baculoviruses isolated in Brazil were
sequenced and described. We sequenced and described baculoviruses isolated from
subject cadavers of the cassava hornwoiEmninfiyis ellg, the sugar cane borer
(Diatraea saccharalis the silkworm Bombyx mod, the bollworm Helicoverpa
armigerg, and the mate hornwornPérigonia luscqd Together with the genome
description, we charastized structurally some species, evaluated the mortality in
controlled infections, and characterized as well some genes to better understand the
novel species and their interaction with the host. We described the first baculoviral
serine protease inhibit@apable of blocking the insect immunity response and causing
pathogen protection. We found the first betabaculovirus harboring an alphabaculovirus
envelope fusion protein, a gp64 and we characterized its functionality. Furthermore, we
have shown for théirst time a role of genes related to nucleotide metabolism and it
ability of altering the virus fitness. In conclusion, baculoviruses present genomic
plasticity with great and recurrent acquisition of genes from several organisms including
other insect vuses, bacteria, and plant. Moreover, ancestral gene losses and duplication
are common events in baculovirus evolution. Both genomics and molecular biology of
baculovirus have contributed to the comprehension of htaesociated diseases such

as cancer andiral whereas the etiologic agent presents dsDNA genome or infects

primarily the insect midgut like herpexviruses and arboviruses, respectively.

Keywords: baculovirus, betabaculovirus, alphabaculoviius, genomics, evolution,
horizontal gene transfer.
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Capitulo 1. Introducéo

1. Baculovirus

Baculovirus sdo virus de DNA dupl#a circular capazes de infectar oralmente o
estagio larval de insetos das ordens Diptérosquitos da familia Culicidae)
Hymenopterdlarvas de vespa da familia Diprionidgele se comportam contagartas)

e Lepidoptergdmariposas e borboletaiRohrmann, 2013 No cenério mundial atual,
baculovirus sdo poderosas ferramentas para o controle bioldgico de populacdes de
insetos praga e vetores de expressao de proteinas heterdlogas, aléraatgaapm uso

potencial como entregadores para terapia géBigamers, 20Q&Ribeiroet al, 2015.

O nome baculvirus, deriva do latinbaculoque significa bastdo, devido fmmatodo
nucleocapsidewiral (Rohrmann, 201)3 Durante um ciclo infectivo completos virus

produzmdois fendtipos(i)ov2ri on derivado de oclus«o ( OLC
der i v e dqueéiresponsave pela infeccdo oral e estaidonum corpo cristalino

protdé co chamado de corpo de ocl usikoviribpnOB, do
brotado (BV, do ingl °s, Obudded viriond) r

longo do corpo do inseto hospedgi@em & Passarelli, 2033

A rotadeinfec¢cdodo hospedeirge inicia com a larva ingerindo alimesi@.g.folha,
ramos, frutos, caulesu aguano caso de larvas de mosquitos filtradpmsmtaminade
por OBs. Os OBs atingem o intestino médio da larva e se dissglvamioem contato
com o pH alcalino do suco gastricdlém dos wviions, a solubilizacdo doOBslibera

enzimasque digerem amembrana peritréficado lGmen intestinal, e permita a



passagendas particulas infectivasm direcdo as células absortiv&DVs infectam
células colunares do intestino mégior fusdo diretaas microvilosidades &beram
nucleocapsideno citoplasmaO nucleocapsieoé entdodirecionado por filamentos de
actina para o nucleo, onde desmonta e expfegenoma viralpara a maquinaria

celular(Slack & Arif, 2007.

Inicialmente, durante a fase prococe da infecclaculorirus manipulen a célula
hospedeira causando o liggmento da expressao de proteidasélulaOoi & Miller,
1988. Toda a maquin& celular fica a mercé do virus, e trabalha a fim de produzir
progénieviral durante a fase tardia da infeccdo. Depois de replicadenoma viraé
montadoem nucleocapsieose direcionadgara a membrana da célula, de onde brotam
como BVs Os BVs espalam a infeccdo ao longo dmrpo do inseto hospedeim
estabelecendessa formaa infec¢do secundargstémicaDepois da fase de producao
de virus brotados, a célula infectada ativa uma cascata de grristardios virais
responseeis pela producdoedambos ODVs €Bs, encerrand@ssimo ciclo de

infecgdo(Rohrmann, 2013

A familia Baculoviridaeesta agrupada em quatro gé&se com base no alinhamento de

37 genes compartilhadogehle et al, 200§. Este agrupamento converge com O
espectro de hospedeiro e com caracteristicas morfoladpsa3Bs Representantes do
géneroAlphabaculovirusinfectan insetos da ordem Lepidoptera e apresentam OBs
poliédicos com tamanho de 8@000 nm.Estes podem ser agrupoados ainda em
grupo | ou grupo lIA primeira sugestao de agrupamento ocorreu com base em analise
filogenética da proteina formadora do corpo deis#d, a poliedrina (Zonottet al,

1993). Posteriormente, foi observado qugpo de proteina de fusédo ao receptor celular



do fendtipo BVtambém era diferente de acordo com o grigepresentantes do género
Betabaculovirusinfectam insetostambém da orde Lepidoptera, porénapresentam
OBs com a forma de granuleemelhantes a graos de aroom dimensfes de 500 nm

de altura e 200 nm de largu@s género$sammabaculovirug Deltabaculovirusséao
infectivos a Hymenoptera e Diptera, respectivamente e ampresesmtam OBs
poliédricos. Importante, hculovirus com OBs poliédricos sdo denominades d
nucleopolyhedrovirus (NPVs) enquanto que aquetes OBs granularesdo chamados

de granulovirus (GVs) e ambos os termos, antigamente reconhecidos como géneros
pardiléticos, sdo ainda usados na nomenclatura das espécies virais.

Quanto a anatomiados virions ODVs e BVs apresentam nucleocapsideos
estruturalmente semelhantestre si Dessa formaa principal diferenca estrutural
composicionak funcional dos viriong gerada pel@nvelopee por proteinas associadas
(Braconiet al, 2019. O envelope de BV apresenta uma regido peplomérica responsavel
pela ligacdo ao receptor da célula hospedeaitga principal proteina de fusdo de
envelope (EFP do i ngl °®°s O6envelope fusion proteint
grupo II, betabaculovirue deltabaculovus ou sua analoga funcionaldquirida
posteriomenteem alphabaculovirus grupo I, a proteina GiPi8érniou & Jehle, 20Q7
Jehle et al, 2009. As EFPs promovemendocitose adsortiva com receptores
desconhecidosa superficie dacélula hospedeira e, camme maturacdo acidica do
endossomp sofrem modificacdo estrutural queermite fusdo do envelope com a
membrana do endossoradiberacédo do nucleocapsideo no citoplasma da q&hdag

et al, 2014. Por outro lado, gmmabaculovirus(baculovirus infectivos para
hymenopteroshao codificam proteina de envelope analoga proteina F oua GP64

em seu genoma, e desfama parecen nao formar BVs durante o ciclo infectio



completo (Rohrmann, 2013 Quanto as ODVs, um complexo de proteinas de

membrana denominadas fatores de infequéioos( P I F, d per asinfeclivé s 0
factor o) S«O0 responss8vei s pel a fus«o dir e
microvilosidadeslas células do epitélio do intestino do inseto hospe@®iack & Arif,

2007. Esta fusdo culmina na liberacdo de nucleocapsideos no citoplasma celular.
Importante, ODVs de Alphabaculovirus podem confinar um ou mdltiplos
nucleocapsideos e sgmr issorespectivamest denomi nados SNPV (do i
NPVO) ou MNPV (do i(Rdpinéns,,20160ngahht evplltie e NP V)

os fatores moleculares que geram tais fen6tipos ndo sao claros; entretanto, ja se é sabido

que em MNPVsapés fusdo do OD¥om a microvilosidadeum nicleocapside@ode

estabeleae a infeccdo na célula colunar e os outros podem sofrer transcitose e

atravessar a célula paraciar a infeccao secundariRohrmann, 2014

A construgdo da histéria evolutiva da familgaculoviridae permeia o estudo
sistematico do virugjuanto asua caracterizacdo estruturgbatologia @ inseto e da
célula hospedeira bewpmo gendmica e protedmica do viru3e fato, abasepara o
inicio de quaisquerestudosnolecularesnais detalhadode novas espécies virais de
isoladoscertamentese inicia comsequenciamento do genoma complétssim com o
avanco das técnicas de sequenciamento de alto desempenos, genomas de
baculovirussurgem de forma crescemgermitindoum entendimento mais proficuo da
historia evolutiva ddamilia viral. Além disso, é importante salientar que a@ados
gerados conmsequenciamentinfluenciam diretamente no uso de baculovirus como
agentes de controle biologicdeem como em seumelhoramentocomo vetor de
expressao heterélogd?or exemplo, @élise da estabilid&ad genética de isolados

temporais ou mutacdes associadas a perda ou ganho de virulénordos@acoes



obtidas coma genbmica de baculovirugie contribuenmpara o uso do virus como
controlador bioldgicoAlém disso, a descoberta e caracterizagcdo de gelasonados
a desempenho viral podeperfeicoar a producdo de proteihaserdlogasAtualmente,
existem mais de 100 genomas de baculovirusiesecjadose disponiveis no Genbank.
Entretanto, apengsuco maisle 60 sdadeespécies inéditagté o inicio dste trabalho
(03/2012) existiam somente dois genomasle baculovirus isolados no Brasil
seqienciadose publicadoso baculovirusda espéciéAnticarsia gemmatalis multiple
nucleopolyhedrovirug AGQMNPV) (Oliveira et al, 200§ e o isolado brasileird9 da
espécieSpodoptera frugiperda multiple nucleopolyhedrovi(88MNPV) (Woalff et al,

2009.



2. Objetivos gerais

A fim de contribuir com o conhecimento mais amplo da diversidade viral de
microrganismos isolados no Brasil, este trabalbwe por objetivosequenciar e
caracterizar novas espécies ou isolados de baculovirus brageinoiseispatologico,

molecuar, filogenético e estrutural.



. Objetivos especificos

Sequenciar e descrever o genoma do primeiro isoladeasidtico da espécie
Bombyx mori nucleopolyhedrovird8mNPV), caracterizar estruturalmente o virus,
analisar a historia evolutiva de gene® (local de maiordivergéncia entre 0s

isolados)e a diversidade genética da populacéo viral isolada (Capitulo 2).

Sequenciar e descrever o genoma do betabaculovirus da eEp@cigis ello
granulovirus(ErelGV), caracterizar estruturalmente e analisar a filogenia de &ir

de alguns genes adquiridos por transferéncia horizoatdliplicacagCapitulo 3).

Identificar um baculovirus isolado deelicoverpa armigeradurante o primeiro
surto nacional da praga, sequenciar e descrever o genoma completo, caracterizar
estrutualmente e identificar a diversidade nucleotidica da populacdo sequenciada

(Capitulo 4) Além disso, comparar a patogenia do virus a uma cepa comercial.

Caracterizar funcional e filogeneticamente umibidor de serino proteas€do
inglés, serpin selne potease inhibitod ) identificado no bacul
Hemileuca species nucleopolyhedrovi(biespNPV) (Capitulo b projeto principal

do Doutorado Sanduiche

Sequenciar e descrever o genoma do betabaculovirus da efpétiaca
saccharalis granuleirus (DisaGV), caracterizar estruturalmente e analisar a
filogenia do virus e de alguns genes adquiridos por transferéncia horizontal como

uma proteina GPCR vinda de inseto e um proteina de fusdo de envelope nunca



observada em betabaculovirus (CapitulcA8m disso, aracterizar funcionalmente
a proteina de fusédo de envelope, gp64, encontrada no genoma de DisaGV (Capitulo

7).

Sequenciar e descrever o genoma do baculoviesigonia lusca single
nucleopolyhedrovirugPeluSNPY, caracterizar estruturalmteno virus, estabelecer
filogenia e analisar a histéria evolutiva de um gene especial de metabolismo de
nucleotideo encontrado. Além disso, entender o papel deste gene na infecgo viral

analisar sua funcionalidag€apitulo 8)
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Capitulo 2. Complete genome sequence of the first nefssian isolate ofBombyx

mori nucleopolyhedrovirus

1. Abstract

Brazil is one of the largest silk proders in the world. The domesticated silkworm
(Bombyx moi was formally introduced into the country in the twentieth century and
the state of Parana is the main national producer. During larval sBagesyi can be
afflicted by many different infectiousigkases, which lead to substantial losses in silk
production. In this work, we describe the structure and complete genome sequence of
the first norAsian isolate oBombyx mori nucleopolyhedrovirygBmNPV), the most
important silkkworm pathogen. The BmNHBfazilian isolate is a nucleopolyhedrovirus
with singly enveloped nucleocapsids within polyhedral occlusion bodies. Its genome
has 126,861 bp with a G+C content of 40.4%. Phylogenetic analysis clustered the virus
with the Japanese strain (BmNH\3). As expeted, we have detected ifpapulation
variability in the virus sample. Variation along homologous regions (HRs)bamd
genes was observed; there were seven HRs, deletlmo-ef and division obro-a into

two ORFs. The study of baculoviruses allows # better understanding of virus
evolution providing insight for biological control of insect pests or protection against

the pernicious disease caused by these viruses.

Key-words: Bombyx mori complete genome; baculovirus; BmNPV isolate; mtra

isolate dversity.
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L., de Souza Andrade, M., Brancalhao, R. M., Bao, S. N. & Ribeiro, B. M. (2014).
Complete genome sequence of the first -Asian isolate of Bombyx mori

nucleopdyhedrovirus.Virus Genegl9, 477484.

2. Introduction

The Baculoviridaeis a diverse family of insect viruses with circular doustianded
genomic DNA(Rohrmann, 2013 They aredivided phylogenetically into four genera:
Alpha Beta Gamma and Deltabaculovirus (Jehle et al, 2006. Both Alpha and
Betabaculovirugproduce occlusionderived virions (ODVs) and budded virions (BVS)
during a complete infection cyc(&lack & Arif, 2007. ODVs are orally infectious and
are protected within a crystalline protein matrix called occlusion body (OB). After
ingestion of contaminated food hige larvae, the OB dissolution releases ODVs that
infect primarily the insect midgut epithelfXu et al, 2010Q. BVs are produced early in
the replicative cycldWanget al, 2010 and disseminate from the midgut to the entire
insect body(Washburnet al, 2003. In the end of infection, thiarvae die and release
OBs to the environment. The environmental stability of ODVs in OBs, the host
specificity, and the lethality of infection make baculoviruses important pathogens for

both beneficial and pest inse¢&ummers, 2006/asyl'ieva & Lebedynets, 2091

Almost five hundred alphabaculovirus have been desciibalieet al, 200§ and the
genomes of more than sixty have been fully sequefiRedrmann, 2013 Among these
genomic data, there are ten Asiaplates found to infect the genBe@mbyxL. 1758

(Lepidoptera: Bombycidae). Two were isolated frBmmandarina(BomaNP\‘S1 and
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-S2) (Chenget al, 2012 Xu et al, 2010 the silkworm found in nature, and eight were
isolated from the domesticated silk thread produBermori (BmNPV-T3, -Cubic, -
Indian, -Zhejiang,-Guangxi,-C1, -C2, and-C6) (Chenget al, 2012 Fanet al, 2012

Gomiet al, 1999 Xu et al, 2013.

B. moriis able to weave a big cocoon for protection during metamorp(iaigliarajan

et al, 201)). This structure is composed of a single thread and can be used for fabric
manufacture(BlossmanMyer & Burggren, 2009 Human intervention directed the
insect evolution by inbreeding and artificial selection in order to increase silk
production(Doreswamy & Gopal, 2033 As a result, the imago becaminable to fly,

mate, or even feed by itself. In other words, the domesticated silkworm is completely
dependent on humans for survival and has therefore become part of human culture
(Ball, 2009. The history of silk is not restricted to the Asia. Brazil in South America is
one of the largest commercial silk producers in the world. In 2009, almost five tons of
cocoons were produced, according to the EMATER (Brazilian Govern@mmpany

of Technical Assistance and Rural Extengidnterestingly, fourteen different strains of

B. mori have been identified in Brazil and biological assays have demonstrated that a
Brazilian BmNPV (called here BmNRRBrazilian) was found infecting thesdifferent
commercial strains (Brancalhaoet al, 2009. BmNPV is the major cause of silk
production losses and is a serious problem for sericulture in Brazil and in all other silk
producing countrie@Brancalhacet al, 2009 Pereiraet al, 2013. Therefore, in order to

better understand this important pathogen, we describe here the complete genome

sequence ahe BmNPV-Brazilian.
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3. Materials and Methods

3.1.Insect infection

Fourthinstar B. morihybrid caterpillars were obtained from the silk industry (Fiacao de
Seda BRATAC S.A., Parand, Brazil) and raised on fresh mulberry |elstoesq sp) as
previously desebed (Pereiraet al, 2009. BmNPVwas obtained from infectddl. mori
hybrid caterpillars found in Parana state in Bréir a n ¢ a | h Rfth jnsta? larQa2
were starved for 24 hours after ecdysis and fed on mulbeafydiscs(2 cm diameter)
with 20 pl of viral suspension at a concentration of &xIDBs/ml for virus
amplification as previously describéRibeiro Ldeet al, 2009. Following complete

ingestion, caterpillars were placed in individual plastic cups.

3.2.Virus purification, Bm -5 cell infection, and DNA extraction

Insect cadavers were collected and homogenized hatsame volume of d@dB (w/v),
filtered through three layers of gauze, and centrifuged at %0§®@r 10 min. The
pellet was washed three times with SDS 0.5% (w/v) and once with NaCl 0.5 M
followed by centrifugation at 7,000 x g for 10 min for each waghirhe last washed
resulting pellet was resuspended in @@Hloaded onto a continuous-B6% sucrose
gradient, and centrifuged at 104.00Qy for three hours at 4 °C. The OB band was
collected, 3fold diluted in ddHO, and centrifuged at 7,000 g for 15 min at 4 °C.
Purified polyhedra (100OBs/ml) were dissolved in an alkaline solution and used for
both Bm5 cell monolayer infection and to extract DNA. Extells were maintained at

28 °C in TNMFH (GIBCO BRL Life Technologies), supplemented with 10% fetal
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bovine serum (Invitrogen, Carlsbad, CASA). DNA was extracted according to
OO0 Re etlal (@'Reilly et al, 1992 from ODVs. The quantity and quality of the
isolated DNA were determined Islectrophoresis on a 0.8% agarose gel (data not

shown).

3.3.Ultrastructural analyses

For Scanning Electron Microscopy (SEM), OBsY@Bs/ml) were treated with acetone

1 X and then incubated at 25 °C for 1 hour. The solution was loaded in 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 Transmission Electron Microscopy

(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-fped in 1%

osmium tetroxide in the same buffer for 1 h and then standalocwith 0.5% aqueous

ur anyl acetat e, dehydrated i n acetone, ar
embedding radium. The ultrathin sections were contrasted with uranyl acetate/lead

citrate and observed in a TEM Jeol 1011 at 80 kV.

3.4.Genome sequencing, annotation and analysis

BmNPV-Brazilian (hereafter designated as Brazilian) genomic DNA was sequenced

with the 488 Genome Sequencer (GS) FLXE Standard
Korea). The singend reads were analyzed using Geneioug(l6earseet al, 2019.

Firstly, all the reads were trimmed to remove sequencingtadand low quality

regions (@R0), and then assembldd novausing a minimum overlap parameter of 200
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nt and minimum overlap identity of 98%. The resulting contigs were mapped on the
genome of BmNPVI3 isolate (hereafter designated d8) (Table 1) (Chenget al,

2012 Fanet al, 2012 Gomi et al, 1999 Xu et al, 2013 Xu et al, 201Q. Next, the
consensus sequence was used in a refeganded alignment to obtain the consensus
genome of our isolate. The Genbank accessiomber isKJ186100.Frame shifts at
homopolymeric regions introduced by the 4B54o0sequencing method were corrected
manually. For genome annotation, only open reading frames (ORFs) with at least 150
nucleotides (nt) were considered. The homologous ipoteere identified using blastp
(Altschul & Lipman, 199). For phylogenetic analysis, a MAFFT alignmékatoh et

al., 2002 was carried out with whole genome sequences ofBalnbyxisolate
baculoviruses available in Genbank (Table 1) and the AcMiEBVgemme
(L22858.1). This alignment was manually inspected and poor aligned regions(at least
50% of gaps) were deleted. The resulting alignment was approximately 127 kb long.
Maximum likelihood tree was inferred using RAxN8tamatakiset al, 200§ and
PhyML (Guindonet al, 2010, under the Tamurllei model selected by jModelTest
2.1.4 (Darriba et al, 2012. The branch support was estimated by non parametric
bootstrap analysis with 100 repetitioiStamatakiset al, 200§ and Shimodaira
Hasegawdike test (Anisimova et al, 201]). Moreover, a gene comparison was
performed using alBombyxisolate baculovirus (Table 1). This dataset was compared
using CGView Comparison TogRArdissorAraujo et al, 2013 and the resuit were
plotted using CIRCOS Moreover, single nucleotide polymorphisms (SNP) were
detected using Geneious 6.0. To perform this analysis the trimmedwessisnapped

to the Brazilian isolate genome and the SNP were identified using the following

parametrsp-value for the sequence error of 15L& minimum coverage of 20 reads,
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and a minimum variant frequency of 0.25. The lowerpghalue is, the morekely the

SNP represents an authentic variation.

4. Results

4.1.Ultrastructural analyses andB. mori-derived cell infection

In this work we described the first ndwsian isolate of the baculovirus species
BmNPV. The baculovirus was infecting a strain of thi&wssrm B. mori reared in

Brazil for silk industry (Fig. 1a). OBs were purified from larvae cadavers and used for
ultrastructural analyses. We observed skugleluded virions inside the protein matrix

by Transmission Electron Microscopy (TEMFig. 1c) andpolyhedral OB shape by
Scanning Electron Microscopy (SEMgi¢. 1f). In general, the OBs presented size of 2

to 4 um with a regular shape. Immature OBs were also observed among the sample with
spaces for ODV occlusion (Fig. 1f, inset). BmNPV is infectitwuiB. moriderived cells

such as the strain B (Grace, 196). Therefore, we used ODVs released from alkaline
solutiontreated OBs to infect B cells. Infected cells presented typical features of
baalovirus infection(Rohrmann, 2013with nuclear hypertrophy and cell rounding
(data not shown) and at late time pwdgection several polyhedra were observed inside
the cell nucleus (Fig. 1bdnterestingly, as previously describ@r an c a | b We , 2002
also observedODVs with multiple nucleocapsidg=ig. 1d) and few irregulashaped

polyhedra Fig. 1e).
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Fig. 1 Silkworm strain reared in Brazil, cell infection, and ultrastowal analysis of
occlusion bodies (OBs) from BmNPBrazilian isolate.a A silkworm reared in the
Brazilian silk industry feeding on a mulberry ledf.Bm-5 cells infected with the
Brazilian isolate at 72 h p.ic. TransmissiorelectronmicrographrevealsOB with single
nucleocapsidgnc) within. d Polyhedracontainingboth single and multiple embedded
rod-shaped nucleocapsidswithin single ODVs (arrowhead).e Scanning electron
micrographof atetrahedralOB observedn our samplef SeveralOBs with polyhedral

shapeandaninsetshowingimmatureOBswith holesfor ODV occlusion.
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4.2.Genome features, phylogenetic analysis, and gene comparison

The 454 sequencing produced approximately 23,000 serglereads. After size and
quality trimming, 18,240 reads (aage size of 496 nt) were assembtirl novowith
coverage of 46.7 = 12.9. The genome has a size of 126,861 bp and a G+C content of
40.4%, which is close to the average size of 127,159 + 1,158.5 Borabyxisolated
viruses (Table 1). The pairwise idegtibetween BmNPMBrazilian and the remaining
isolates varied from 97.9 to 96.3 (Table 1). Our phylogenetic analysis shows that both
BmNPV isolates and BomaNPRS1 form together a weupported monophyletic clade

(Fig. 2), as previously describgXu et al, 201Q9. Moreover, the newly sequenced
Brazilian isolate clustered with BmNPYV3 strain, originally isolatedfrom Japan(Fig.

2). This foundis compatible with a virus introductidrom Japan to Brazil. Annotation

of the Brazilian genome resulted in 143 ORFs with more than 150 nt. As shown in
Figure 3 and Table S1, most of these ORFs are shared amom®pritiwyxisolated
viruses, as well as with ACMNPV. The only unique ORF waBim&Br)Orf-26, which
encodes a putative protein of 80 amino acids with no homologous in GenBank. Most
variations were due to deletions and insertions on homologous repeat regions (hr) (Fig.
3, green color and Table S2) abdculovirus repeated orfbro) genes(Fig. 3, red
color). Seven HRs were identified in the BmNMBYazilian genome. We found a large
deletion in HR2L compared to the other isolates. HR2L and HR2R flank both the
Bm(Br)Ort26 and thefgf gene (Fig. 3). Even presenting high number of insestaom
deletions, the identity among the HRs remained high among the isolates during pairwise
alignment analyses (Table S2). The lowest global identity was observed for HR4L with
74.9% of identity and an average size of 364.55.5 bp. Both Guangxi and Zfeng

isolates presented a complete synapomorphic deletion of the HR2L. On the other hand,
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the closest relative to the Brazilian isolate (isolate T3) presented two insertions and no
deletion at that same HRRegarding theébro gene variability, a notable jpact was a
division of bro-a into two ORFs lfro-al: Bm(Br)Orf23 andbro-a2: Orf-24) (Fig. 3, in

red color), due to a single nucleotide polymorphism that introduced a stop codon
(TAG). To confirm this, we searched carefully among the reads and identfiedt ®f

75 reads presenting the stop codamnoducing polymorphism (TCG to TAG) into the

bro-a coding region, suggesting it as an authentic polymorphism.

Table 1L Bombyxisolated genomes used in this study

Virus-Strain  Size (nt) Id (%) Country Refererce Accession number

BmNPV isolates

Brazilian 126,863 100 Brazil This work KJ186100
T3 128,413 97.2 Japan [16] L33180.1
Guangxi 126,843 97.9 China [20] JQ991011
Zheijiang 126,125 97.6 China [20] JQ991008
C1 127,901 96.3  South Korea u/d KF306215
C2 126,406 97 South Korea u/d KF306216
C6 125,437 96.6  South Korea u/d KF306217
Cubic 127,465 96.3 China [19] JQ991009
India 126,879 97.9 India [21] JQ991010
BomaNPYV isolates
S1 126,770 979 China [22] FJ882854.1
S2 129,646  93.7 China [23] JQ071499.1

u/d - unpublished data.
a- identity related to whole genome of BmNBYazilian isolate by MAFFT Alignment (25)
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Fig. 2 Maximum likelihood tree foBombyxisolated baculoviruses. The phylogenetic
inference is based on the MAFFT alignment among the whaterge using PhyML
method (27). The AcCMNPV is used as outgroup. The Brazilian (in bold) isolate is
closely related to the Japanese plagotated virus, T3. The branch support is

estimated by &himodairaHasegawdike test (29)
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Fig. 3 Gene comparisonf the BmNPVBrazilian isolate with all th&ombyxisolated
baculoviruses. The heat map shows a comparison between both all CDS from Brazilian
isolate and from alBombyxisolated baculoviruses. The identity (from O to 100%) is
plotted in shades of bluerfthe ten inner circles. From the outermost ring: T3, Guangxi,
Cubic, S1, India, C1, S2, C2, C6, Zhejiang. H&te plotted in green only for the
Brazilian isolatebro genes are in red, and tBen(Br)Orf26 (without homologues in

NCBI) is highlighted in prple. Only the isolates Brazilian, T3, and Guangxi present the

bro-b gene.
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4.3.The gain and lossof bro genes

The distribution ofbro genes along the phylogeny and a gene context analysis are
shown in Figure 4. Four major observations can be draw fronditisbution: {) the
most recent common ancestor (MRCA) of AcCMNPV d&wmbyxisolatedviruseshad
the bro-d gene (Fig. 4aandFig. 4b)(ii) bro-a, bro-c, andbro-e were probablygained
by the MRCA of all Bombyxisolatedviruses(Fig. 4a); (iii) bro-e was lost in several
isolates(Fig. 4aand4b); (iv) bro-b wasgainedby the MRCA of theisolatesBrazilian,
T3, Guangxiand Zheijiang, and was subsequentlyost by Zheijiang (Fig. 4a and 4b).
Thus,bro-a, bro-c andbro-d wereconservedn all Bombyxisolatedviruses,exceptfor
bro-a in both C6 (partialdeletion)andBrazilian (split in two ORFs,asdescribedcabove)
isolates.The bro-b and bro-e were presentonly in a small numberof isolates.Such
patternof geneevolutionis compatiblewith multiple eventsof geneduplicationand
losses,as previously suggestedoy Kang et al. (Kang et al.,, 1999. A phylogenetic
analysisusinganalignmentof all predictedBRO proteinsconfirmedthatbro-a andbro-
c arecloselyrelatedaswell asbro-b andbro-e (Fig. S1). Therefore,it is reasonable¢o
assumethat bro-b originatedprobablyfrom a bro-e duplicationeventin the ancestral
lineage of the isolatesBrazilian, T3, Guangxi and Zheijiang. Conversely,the bro-e
evolutionary history was probably the result of one ancestralgain followed by six
independentiossesin severalisolates (Fig. 4a). This independentioss scenariois
corroboratedoy the genecontextanalysis which showedthat all isolateswith bro-e,

completeor vestigial,presentedhe samegenomiccontext(Fig. 4b).
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Fig. 4 bro genes occurrence amoBgmbyxisolated baculoviruses. Gain, partial loss,
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bro-d, andbro-e genes.
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4.4.Intra -isolate diversity in BmNPV-Brazilian

As previously described, the 454 sequen@hghe Brazilian isolate resulted in 18,240
reads that were used to assembly the complete genome. However, this reads also
provided information at genotypic variation within the isolate. Although the sequencing
coverage of 46.7 = 12.9, we were able tontdg 404 SNPs, ignoring insertions and
deletions associated frequently with 4»#osequencing errors. As shown in Fig. S2,
most polymorphism observed was synonymous (67%). It was possible to observe a high
number of SNPs iBm(Br)Ort74 (p95 with 23 SNP¥ Bm(Br)Orf15 (f protein with

13 SNPs)Bm(Br)Ort83 (dnahelicase with 11 SNPs), an8m(Br)Ort71 (gp41 with

9 SNPs).

5. Discussion

In this study, the genome of a BmNPV strain isolated in Brazil was sequenced and
compared to distincBombyxisolated baculoviruses. The Brazilian strain is closely
related to the strain T3, a Japanese isolate. The sericulture introduction history in Brazil
is not clear. Some documents point to Japanese immigrants as the first formal silk
producers in the country. Hereyrofind has suggested that both caterpillar and virus

could have been introduced from Japan to Brazil.

Most of genomic divergences among BmNPV isolates were in &ifésalso inbro
genes. Both regions were previously identified as primary areas of dicergéthin
genomes oBombyxisolated baculovirusefXu et al, 2013. Here,we observed HR

size variance in the genome of BmNBvazilian. HRsare imperfect palindromic
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sequences with size and location highly variable. The Brazilian isolate presented seven
HRs with a large deletion in the HR2L which has been identified as theunssble
HR in BmNPV genome¢Xu et al, 2013. HRs are believed to playles in genome

replication, recombination, and gene transcrip{lRohrmann, 2013

Sequenceplasticity is also true for bro genes being a constanttrait for baculovirus
genomeevolution. These features are observed among different baculovirus species
such as in virus isolated frorhlelicoverpa armigeraand Spodoptera frugiperda
(Harison & Popham, 20080gemboet al, 2009 Rowley et al, 2011 Simonet al,
2011 Zhanget al, 2013. In this work, we found that tHero-a gene is divided into two
ORFs. Previous work foundnsertions and deletions insidero-a, during gene
comparison between BmNPV3 and other plagupurified BmNPV solates(Panget

al., 2007. Moreover, the isolate BmMNRE6 presents a partial deletion at the carboxi
terminal ofthe bro-a gene, suggesting that this region is probably not required for virus
viability. In the specificcaseof Bombyxisolatedbaculovirusesgenomeinsertionsand
deletions(indels) of bro genesare quite common(Kang et al., 1999 (Fig. 3). These
indels havebeenimplicatedin viral pathogenicity genomereplicationcapacity,and/or

viral genetranscriptiorkinetics(Xu etal., 2013 Zemskovetal., 2000. Sincebro genes
presenta high repetitivecontent,the phylogeneticreconstructiorcanbe misinterpreted
basedonly in the genesequencehencewe also looked at the loci of the genes.The
AcMNPV genomaeis closesto Bombyxisolatedbaculovirusesindpreset only onebro
gene,a homologousto bro-d (Fig. 4b). In fact, the Bombyxisolatedbaculovirusbro
genescould beresultof severalduplicationeventsthatoccurredonly afterthe ancestral

split of theselineages.The bro genesbelongto a uniqguemultigenic family (Bideshiet

al., 2003. AcMNPV, asexplainedabove,containsonly a singlebro genein its genome
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(Ayres et al.,, 1994. On the other hand, the Spodoptera exigua multiple
nucleopolyhedrovirugSeMNPV) completelylacks bro genes(Wf et al., 1999 andin
Bombyxisolatedvirusesthe amountof bro genesvaries (Fig. 4). Interestingly,some
BRO proteinsarepresenin boththe cytoplasmandnucleiof infectedcells (Gongetal.,
2003 Kang et al.,, 1999. They have nucleic acid and nuclesome association
capabilities(Zemskovet al.,, 2000, a singlestranded DNA (ssDNA) binding motif
(Zemskovet al, 2000, and can also be present or not as a component of the virion
structure(Braconiet al, 2014 Denget al, 2007 Gonget al, 2003 Pereraet al, 2007
Wanget al, 201Q Xu et al, 2013. However,the specific functionsof bro genesand
their protein productsare still unknown.Specificbro genesseemso be crucial for the
virus replication,consideringthe evolutionwith its own host, suchasbro-d andbro-c

genenf BmMNPV (Kangetal., 1999 conservedn all isolateg(Fig. 4A).

We also found genomic diversity in our sample. The genotypic variation among viruses
isolated from the field, in this situah, from the silk industry, is a common feature of
baculoviruseqCraveiroet al, 2013. We did not plaqugurify the virus in order to
access its diversity. Plagusolated viruses do not reflect ifp@pulation heterogeneity

and may also introduce errors or privilege genotypes duningitro cell replication,
changing drastically the virus diversity or introducing new errtnsfact, the 454
sequencing may cause errors reflecting in a false variability. Therefore, we consider
variation base on minimum coverage of 2@ld, a minimum variant frequency of 0.25
with ap-value for the sequence error of 1] @neaning that the chance to see a variant
by chance is 0.0001%. Intspecific diversity might somehow be reflected in
phenaypic features, for example the capacity of a single nucleopolyhedrovirus, as

BmNPV isolates are, to occlude more than one nucleocapsid per \&igrilf, in the
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same OB is possible to see multiple and single ODVs, showing this is not a
contamination) oproduction of abnormathaped polyhedrd{g. 1c). Interestingly, we
found high number of SNPs in the gemp@§, dnahelicase andgp41which are core
genes in the familBaculoviridae(Garavaglieet al, 2012. However, the impact of this
diversity in virus replication or pathogenicity is not clear. P95 has shown to be essential
for BV production and nucleocapsid assempfang et al, 2013 being an ODV
associated structural prote{Braunagelet al, 2003 and a component of thger os
infectivity factor (PIF) complexPenget al, 2012. Moreover, DNAhelicase is an
essential protein for virus replicatig@noet al, 2012 Rohrmann, 2013and GP41 is a
tegumentassociated glycoprotein important for BV production and virus spread
efficiency (Ono et al, 2012. Conversely, previous work has showed that different
BmNPV isolates had a higledree of sequence divergence in ORFs, which are not core
genes, but otherwise might play an important role in the virus evol(i§oret al,

2013. For instancef protein, which is shared only amoAtphaandBetabaculovirus,

was found to present high level of SNPs as We#iravaglieet d., 2012. The protein is
believed to be a neessential remnant protein in BmNRWe viruses (Group |
Alphabaculoviru¥ playing a role only on the virus pathogenicftyung et al, 2003.
Therefore, the SNPs found might have influence in the adaptation of the virus to new

strains ofB. morior other insect hosts.

6. Conclusion

The most informatig way of accessing robust information about the evolutionary
history of a virus is sequencing its whole genome. Overall, BmNPV is a good model for

the study of baculovirus genome evolution since this virus is associated with an insect
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that has been domesited and reared by man for more than 3,000 years. Here, we

described the first genome of a rAsian isolate of the baculovirus species BmNPV.
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9. Supplementary Materials

bro-e

bro-b

Fig. S1 Phylogenetic anafis of Bro proteins found iBombyxrelated viruses and
AcMNPV. The maximum likelihood phylogenetic tree was inferred using a MAFFT
alignment (25) of all Bro proteins and PhyML (27)he proteins clusters are

highlighted in gray.

31



25

20 -
¥ synonymous

H nonsynonymous

-
ol

=
o

Number of substitutions

o

109 e ——
122 EE——
126 EEE—
f44 |E——
90) I
195
78) ——

72)
15)
83)

rf
e-Q j—
orf 130 me—

pk-1 (orf 3)
orf10

hhhhhhhh

o
of
of
of

orf
gen2/pk2 orf 1

P95 (or
F protein (or
dna helicase (orf
P40 (or

lef-9 (orf 54)

Fig. S2Polymorphisndistribution along the different genes of the Brazilian isolate. The number of polymorphisms is shown-axiheTYie
synonymous changes are shown in gray andsyaonymous in black. The different genes are shown in theiin decreasing order of

polymorphisms. We included both common gene name (when present) and the orf number in the BraNlRv genome.

32



Table S1.Characteristics of the BmNP\/Brazilian isolate genome. Predicted ORFs are compared
with homologues in BmMNPVT3 and AcMNPV-CB6.

Orf  Gene name Positiort Size (aa) BmNPV-T3 ACMNPV
ORF I1d°(%)  ORF Id°(%)
1 polh 1 > 738 245 1 100 8 86.1
2 orf1629 768 < 2,387 539 2 95.9 9 86.5
3 pk-1 2,386 > 3,210 274 3 99.2 10 94.8
4 3,236 < 4,258 340 4 97.9 11 93.2
5 4593 < 558 331 5 98.8 13 92.1
6 lef-1 5,468 < 6,280 270 6 98.9 14 94.1
7 egt 6,397 > 7,917 506 7 99.2 15 96
8 7,930 > 8,091 53 7a 100 - -
9 bv/odve26 8,057 > 8,746 229 8 99.1 16 96.1
10 8,715 > 9,347 210 9 99.1 17 95.7
11 9,377 < 10,447 356 10 98.4 18 94.2
12 10,449 > 10,781 110 11 100 19 90.9
13 arif-1 10,968 < 12,284 438 12 96.4 20/21 88.5
14 pif-2 12,321 > 13,469 382 13 98.7 22 92.9
15 f protein 13,572 > 15,596 674 14 98.7 23 88.4
16 pkip 15,627 < 16,136 169 15 99.4 24 91.7
17 dbp 16,176 < 17,129 317 16 100 25 95.9
18 17,205 > 17,594 129 17 99.2 26 93.8
19 iap-1 17,596 > 18,471 291 18 94.9 27 92.4
20 lef-6 18,476 > 18,997 173 19 99.4 28 93.6
21 19,115 < 19,330 71 20 100 29 93
22 19,385 < 20,803 472 21 996 30 95.5
23 bro-al 20,839 < 21,009 56 22 100 - -
24 bro-a2 21,049 < 21,786 245 85.8 - -
25 sod 21,908 > 22,363 151 23 97.4 31 96.7
26 22,732 > 22,974 80 - - - -
27 fof 22,931 > 23,479 182 24 97.3 32 90.2
28 24,004 < 24,651 215 25 96.7 34 94.4
29 v-ubq 24,672 > 24,905 77 26 100 35 100
30 39k pp3l 24,955 < 25788 277 27 986 36 91
31 lef-11 25,782 < 26,120 112 28 98.2 37 97.3
32 nudix 26,083 < 26,736 217 29 100 38 96.3
33 p43 26,804 < 27,892 362 30 99.7 39 91.9
34 p47 27,900 < 29,099 399 31 99.7 40 97
35 lef-12 29,104 > 29,637 177 32 96 41 95.5
36 gta 29,713 > 31,233 506 33 100 42 96.4
37 31,247 > 31,483 78 34 98.8 43 91.1
38 31,464 > 31,859 131 35 100 44 98.5
39 31,861 > 32,445 194 36 99 45 89.2
40 odve66 32,430 > 34,556 708 37 98.4 46 93.3
41 trax-like (ets) 34,654 < 34,923 89 38 98.9 47 93.1
42 lef-8 35,168 < 37,798 876 39 99.8 48 97.7
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97.7
95.6
88.3
87.9
91.8
96.2
96.5
98.2
94.5
99
93.9
92.2
85
90.7
94.4
91.3
93.7
96.6
51.1
97.3
98.8
90.8
95.9
94.7

93.4
97.4



89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

p6.9 79,598 <
p40 79,837 <
pl2 80,948 <
p45 81,306 <
vp80 82,495 >
he65 84,595 <
86,173 >
86,899 <
87,255 <
88,454 <
88,682 <
89,561 <
pif-3 90,857 <
91,465 <
91,574 >
pif-1 91,991 >
93,582 >
93,933 >
93,999 <
pk-2 94,218 <
95,079 >
lef-7 95,832 <
chitinase 96,502 <
v-cath 98,208 >
gp64 99,296 <
p24 101,015 >
gpl6 101,630 >
pp34 102,012 >
102,956 >
alk-exo 103,646 >
105,023 >
p35 105,369 >
p26 106,996 >
p10 107,P1 >
p74 108,089 <
me53 110,256 <
111,763 <
ie-0 111,894 >
bv/odvnc50 112,694 >
odwvel8 114,132 >
odwve27 114,455 >
115,342 >
115,624 <
ie-1 116,295 >
odve56 118,138 <
119,294 <

79,795
80,928
81,325
82,469
84,573
85,464
86,922
87,240
88,430
88,633
88,885
90,835
91,471
91,638
91,861
93,574
93,830
94,106
94,184
94,895
95,813
96,512
98,160
99,179
100,888
101,602
101,950
102,953
103,618
104,908
105,235
106,268
107,718
108,003
110,026
111,617
111,966
112,679
114,124
114,440
115,327
115,629
116,229
118049
119,265
119,614

65
363
125
387
692
289
249
113
391

59

67
424
204

57

95
527

82

57

61
225
244
226
552
323
530
195
106
313
220
420

70
299
240

70
645
453

67
261
476
102
290

95
201
584
375
106
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84
85
86
87
88
89
90
91
92
92a
93
94
95
95a
96
97
98
98a
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
67°
117
118
119
120
121
122
123
124
125

98.5
97.8
97.6
99.5
99.7
100
100
100
100
98.3
100
99.5
99
92.2
100
99.4
98.8
94.9
100
90.1
99.2
96.1
99.6
99.7
99.8
99
100
98.7
99.6
99.8
100
99.3
98.8
100
99.5
97.8
100°
100
100
88.2
100
100
98.6
99.8
98.7
98.1

100
101
102
103
104
105
106/107
108
109
110
111
114
115
116
117
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
135
136
137
138
139
141
142
143
144
145
146
147
148
149

78.5
95.9
95.6
95.1
96.2
95.1
87.9
96.2
96.2
92.9
88.1
95.5
92.7
84.4
94.7
84.6
92.7
93
90.3
95.8
87.1
86.7
94.7
96.6
94.9
90.9
100
88.3
95.5
95.5

90.6
93.3
88.6
90.9
91

96.9
98.5
83.9
99
93.5
96.6
95.7
82.2
87.5



135
136
137
138
139
140
141
142

ie-2
pe38

ptp-1
bro-d

lef-2

119,583 >
119,963 <
121,731 >
122,762 >
123,682 >
124,185 <
125,308 <
125,792 >
126,102 >

119,930
121,243
122,6®

122,995
124,188
125,234
125,763
126,121
126,734

115
426
309
77
168
349
151
109
210

126
127
128
129
130
131
133
134
135

100
97.7
98.4
98.8
100
96.6
99.3
90.1
99.5

150
151
153
154

g b~ N P

6

69.7
71.5
83.3
81.8
97
82
94
91.7
95.2

aDirection of putative transcripts is noted by the symbols > (sense) and < (antisense).
b |dentity acquired from PBLAST analysis.

¢ Even present in the BmNRYV3, this ORF was not annotated.

36



Table S2 Characteristics of the homolog regions (HRBambyxisolated baculoviruses.

HR Size (bp)

Namé Id (%)Y Size + SO (bp) BmNPV BomaNPV

Brazilian T3 Guangxi Zheijang India C1 Cc2 C6 Cubic S1 S2
HR1 89.5 540.5 + 46.6 527 592 582 527 594 566 458 458 527 584 527
HR2L 86.8 622.0 £ 183.2 251 604 - - 620 918 513 513 784 611 784
HR2R 90.4 255.6 =+ 28 258 267 267 258 168 258 267 267 267 268 267
HR3 94.2 498.8 + 80.1 549 549 547 534 548 553 553 345 381 547 381
HR4L 74.9 361.6 + 755 437 218 361 434 505 289 361 289 361 362 361
HR4R 95.7 582.8 + 25.9 592 591 501 591 591 590 591 591 591 591 591
HR5 88.3 601.2 £+ 68.9 550 615 552 552 726 659 659 659 553 615 473

1. Based on BmNPM3 nomenclature (12). 2. Global pairwise identity otedi by MAFFT alignment. 3. Standard deviation.
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Capitulo 3. Genome sequence dErinnyis ello granulovirus (ErelGV), a natural
cassava hornworm pesticide and the first sequenced sphingidfecting

betabaculovirus

1. Abstract

Background. CassavaNlanihot esculentgis the basic source for dietary energy of 500
million people in the world. In BraziErinnyis ello ello(Lepidoptera: Sphingidae) is a
major pest of cassava crops and a bottleneck for its production. In the 1980s, a naturally
occurring baculovirus was isoat fromE. ellolarva and successfully applied as a-bio
pesticide in the field. Here, we described the structure, the complete genome sequence,
and the phylogenetic relationships of the first sphingidcting betabaculovirus.
Results. The baculovirus idated from the cassava hornworm cadavers is a
betabaculovirus designaté&tinnyis ello granulovirugErelGV). The 102,759 bp long
genome has a G+C content of 38.7%. We found 130 putative ORFs coding for
polypeptides of at least 50 amino acid residues. @igit genes were found to be
unique. ErelGV is closely related to ChocGV and PiraGV isolates. We did not find
typical homologous regions amathepsinand chitinasehomologous genes are lacked.

The presence dfe65andp43omologous genes suggebtwizortal gene transfer from
Alphabaculovirus Moreover, we found a nucleotide metabolisgtated gene and two
genes that could be acquired probably frBmnsovirus Conclusions. The ErelGV
represents a new virus species from the g8atiabaculovirusand is theclosest relative

of ChocGV. It contains aUTPaselike, a he65like, p43like genes, which are also

found in several other alphand betabaculovirus genomes, and Densovirusrelated
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genesimportantly,recombination event between insect viruses fromekated families

and genera might drive baculovirus genomic evolution.

Key-words: biological control, cassava hornworm, baculovirus, Sphingidae, horizontal

gene transfeiBetabaculovirugvolution.

Este copitulo foi inteiramente publicado na revista BygnomicsArdisson-Araujo,
D. M., de Melo, F. L., Andrade Mde, S., Sihler, W., Bao, S. N., Ribeiro, B. M. & de

Souza, M. L. (2014).Genome sequence of Erinnyis ello granulovirus (ErelGV)

QO

natural cassava hornworm pesticide and the first sequenced idghiiegting

betabaculovirusBMC Genomic4db, 856.

2. Background

Cassava Nlanihot esculentais the basic source for dietary energy of 500 million
people in tropical and subtropical areas of Africa, Asia, and Latin AmdEta
Sharkawy, 200¢ In Brazil, the hornwormErinnyis ello elldLepidoptera: Sphingidae)

is one of the most important pegiietrowskiet al, 2010 occurring throughout the

year and impacting greatly cassava produc{Ballotti et al, 1992 Fazolin et al,

2007). This pest has been observed in 35 plant species, especially in the Euphorbiaceae
family. In large infestations, the cassava pest may reduce by 50% the sddtdrythe

1980s, a naturally occurring baculovirus was isolated from this pest and applied as a
bio-pesticide in Brazi[Schmitt, 198%. The biological control program has proven to be
safe and economicé&bchmitt, 1985 Schmitt, 2002 However, genomic and structural

information about the virus is lacking.
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The Baculoviridaeis a family of insect viruses with circular doulsganded gnomic

DNA (Herniou et al, 2012 Jehleet al, 2006a Rohrmann, 2013that havebeen
successfully applied in controlling agricultural and forest p@disscardi, 1999 So

far, Alpha and Betabaculovirusare the most studied baculovirus genera; both infect
Lepidoptera(Rohrmann, 201)3 The infection is initiated when larvae feed on foliage
contaminated with orally infectious occlusion bodies (OBsgt al, 2010 that release
occlusion derivediirions (ODVs) in the midguiSlack & Arif, 2007. Early after
primary midgut epithelial cell infection, budded virions (BV) are produced and cause
systemic infection. Infection symptoms include cuticle discoloration, movement loss,

and incapability for feedinNanget al, 2010h Washburret al, 2003.

Few full-length betabaculovius genome sequences are available compared to those from
Alphabaculovirusand none of them was isolated from sphingid host. In this context,
identification and sequencing of virus sgscfrom different lepidopteran families will
provide a wider empirical database to help understand baculovirus ev@lig¢ionouet

al., 2001 Herniouet al, 2003. Here, we presented the morphological charaztion,

the complete genome sequence, and the phylogenetic analyses of the natural cassava
hornworm pesticide, the first completely sequenced betabaculovirus isolated from a

sphingid host.
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3. Results and Discussion

3.1.Virus characterization and genomeeatures

A naturally occurring baculovirus was isolated from dead cassava hornorellq

ello) caterpillars in crops from the South of Brazil in 1986. As shown in Figure 1A, the
larvae is usually found hanged in cassava apical leaves, which is atehstiac
symptom of the baculovirus infectiqitover et al, 2011. Neither -cuticle
melanization nor poshortem melting phenotypes were observed among the caterpillar
cadavers, an attribute which probably facilitated virus collection and use for pesticide
production as previously observed in another lacwms (Anticarsia gemmatalis
multiple nucleopolyhedrovirus AQMNPV) (Moscardi, 1999 Ultrastructural analyses
revealed a granular OB with irregular form and size (Figure 1B) containing single rod
shaped nucleocapsid (FigulC). Both of these structural features, granular form

and nucleocapsid shape, are typical of viruses from the gBetsbaculovirus
(Ackermann & Smirnoff, 1983Jehleet al, 20063 and thus, we named Hrinnyis ello
granulovirus (ErelGV) isolate BtS86 (Brazil/South/1986). Two other cassava
hornwormisolated granuloviruses were previously reported, one isolated in Colombia
(Finrerty et al, 2000 and another from an undisclosed geographical sauetdeet

al., 2006). Restriction endonuclease profile analyses (Figure 1D) suggest that the
Brazilian and the Colombian viruses (previously publishe¢Finnerty et al, 2000Q)

are either variants of the same species or are distinct species infecting the same host.
However, the absence of sequence data from the latter prevents establishment of any

phylogenetic elationship.
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Figure 1 - Erinnyis ello granulovirus(ErelGV) infection and virus characterization.
(A) Cassava hornworm cadaver found hanging in the field due to terminal baculovirus
infection (Source:José Osmar Lorenzi(B) Scanningand (C) transmisin electron
micrographsreveal granularocclusionbodiescontainingsingly embedded redhaped
nucleocapsidnc) (scalebars= 0.5 um). (C) Restrictionenzymeprofile of Brazilian
isolate genomicDNA. Agarose gel electrophoresgissolved DNA fragments dégted

with Hindlll (lanel), EcaRl (lane2), BanHl (lane3).

We sequenced the genomekkelGV, the first completely sequenced sphingid host
isolated betabaculovirus (Genbank accession nunid06702) The genome is
102,759 bplong with a G+C content 3.3% (Table 1). We found 130 putative genes
coding for polypeptides of at least 50 amino acid residues. Table S1 summarizes the
ErelGV genes and compares each predicted protein sequence with its orthlogues in
other baculoviruses. Eight of these were showvbe unique ErelOrf-11, ErelOrf-15,
ErelOrf-27, ErelOrf-53, ErelOrf-59, ErelOrf-70, ErelOrf-90, ErelOrf-102) (Figure 3, in
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red), and all of them are peptides with no significant similarity to any other sequence in
GenBank. All 37Baculoviridaecore genesvere found (Figure 3, in boldface). We
identified five putative homologous regions (hrs)/repeat regions lacking typical
alphabaculovirushr palindromes. This feature is also found in Bbibristoneura
occidentalis granuloviru¢ChocGV) andPieris rapae ganulovirus(PiraGV) genomes.

As observed in ChocGVEscasaet al, 2009, ErelGV lacksboth gp37 and exonQ

which was previously predicted for being shared amonglphaandBetabaculovirus

(Garavaglieet al, 20139.

Table 1. All species from the genBstabaculovirucompletely sequenced to date.

Virus species Host Family Size (bp) ORFs Accession Refs.
Adoxophyesorana granulovirus Tortricidae 99,657 119 AF547984 (Wormleatonet al, 2003
Agrotissegetum granuloviriénjiang Noctuidae 131,680 132 AY522332 (Zhanget al, 2019
Agrotissegetum granulovirug Noctuidae 131,442 149 KC994902 (Zhanget al, 2019
Choristoneuraoccidentalis granulovirus Tortricidae 104,710 116 DQ333351 (Escasat al, 2009
Closteraanachoreta granulovirus Notodontidae 101,487 123 HQ116624 (Lianget al, 2011)
Clostera anastomosis L. granulovirus Notodontidae 101,818 123 KC179784 u/d
Cryptophlebialeucotreta granulovirus  Tortricidae 110,907 129 AY229987 (Lange & Jehle, 2003
Cydiapomonka granulovirus Tortricidae 123,500 143  U53466 (Luqueet al, 2009
Epinotiaaporema granulovirus Tortricidae 119,092 132 JIN408834 (Ferrelliet al, 20129
Erinnyisello granulovirus Sphingidae 102,759 135 KJ406702 -
Helicoverpaarmigera granulovirus Noctuidae 169,794 179 EU255577 (Harrison & Popham, 2008
Phthorimaeaoperculella granulovirus ~ Gelechiidae 119,217 130 AF499596 u/d
Pierisrapae granuloviru§hina Pieridae 108,592 120 GQ884143 (Zhanget al, 2012
Pierisrapae granuloviru€3 Pieridae 108,476 125 GU111736 u/d
Pierisrapae granuloviruSouth Korea  Pieridae 108,658 120 JX968491 u/d
Plutellaxylostella granulovirus Plutellidae 100,999 120 AF270937 (Hashimotcet al, 2000
Pseudaletiaunipuncta granulovirus Noctudae 176,677 183 EU678671 u/d
Spodopteralitura granulovirus Noctuidae 124,121 136 DQ288858 (Wanget al, 2019
Xestia enigrum granulovirus Noctuidae 178,733 181 AF162221 (Hayakaweet al, 1999

u/d - unpublished data

3.2.Phylogenetic analysis

In order to better understand the evolutionary history of ErelGV and the genus

Betabaculoviruswe carried out a maximum likelihood phylogenetic analysis using the
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37 baculoviruscore gene alignment from all baculovirus genome available. ErelGV
clustered with ChocGV and both viruses share the same ancestor with PiraGV isolates
(Figure 2). Since the Chinese and Korean PiraGV isolates (Table 1) are very similar to
each other (99.5%e have included only the Chinese isolate in our analyses. Using
Mauve alignmen{Darling et al, 2009, we found that ChocGV and PiraGV genomes
have respectively 38.5% and 34.5% of global pairwise identity when compared to
ErelGV genome. Additionally, our phylogenetic analyses did not find support
forBetabaculovirusdivision in two clade (A and B), as described previously using
neighbor joining clustering methodFerreli et al, 2012 Liang et al, 2011).
Phylogenetic relationships Baculoviridag in particular in the genuBetabaculovirus

are difficult to discern due to the limited number of sequenced genomes available
(Table 1).Therefore, we further evaluated ErelGV phylogenetic relationships using
granulin, lef-8, and lef-9partial gene dataset as previously carried @ehleet al,

2006k Langeet al, 2009 (28 partial sequenced)ut including new sequences publicly
available (seven sequences from completely sequenced baculovirus) totalizing 35
granulovirus sequences. This analysis revealad EnelGV isolate BiS86 is closely
related to another ErelGV (also called EeGV) fromSkainhaus collectiofdehleet al,

20060 and that both are closer gmdraca bipunctata granuloviru®nbiGV) (data not

shown).
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EpapGV
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100 CrleGV
100~ ClanGV
- CalLGV
75 100 | PiraGV

PiraGV-E3
- N ChocGV
08 100 ErelGV
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Figure 2 - Maximum likelihood tree for Betabaculovirus The phylogenetic inference

was based on the concatenated amino acid sequences of the 37 core genes identified in
all complete baculovirus genome sequences. We collapsed a@lattmenabaculovirus
andAlphaphabaculovirusThe CuniNPV was uskas root. ErelGV (boldface) clustered

with ChocGV and both were closely related to PiraGV isolates.
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Figure 3 - Gene comparison of ErelGV genome and all completely sequenced
betabaculoviruses available in GenbankCDS identities were acquired by BLAST
analysis and ranked from 0 to 100%. From the outermost ring: ChocGV, REEGV
PiraGV-China, ClanGV, CalLGV, CrleGV, CypoGV, AdorGV, PhopGV, EpapGV,
AgseGV, PIxyGV, PsunGV, XecnGV, HearGV, and Spli®¥. For this
representation, gene synteny is not tak&o iaccount. CDS that were absent in the
ErelGV genome but present in the query sequences were not displayed. To prevent the

missing of known homologues, like p6.9 and @8 (asterisk), all the low identity hits
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(bellow 20%) were plotted as well. Uniggenes are shown in red, core genes are in

boldface, andensovirusrelated genes are shown in green.

3.3.Betabaculovirusgene comparison

We performed BLAST comparisons between ErelGV and all other full betabaculovirus
genomes available in Genbank using @@View Comparison TodGrantet al, 2012

and CIRCOS(Krzywinski et al, 2009. As shown in Figure 3, most of the ErelGV
encoded ORFs are conserved among all betabaculovirus, but protein similarity varies
widely across the species. Some &uial proteins, such as granulin and ffex os
infectivity factors (PIFs), were the most conserved genes. Conversely, F protein, the
major Betabaculovirusenvelope fusion protein (EFP, encoded BrelOrf-28) and
matrix metalloproteinas@MMP, a stromelys-1-like protein, encoded bkrelOrf-39)

were particularly variable despite of both being present in every betabaculovirus
sequenced to date. TH&P is essential for ceib-cell movement and systemic virus
spread(Rohrmann, 2013GP64 is the EFP found in GroupAlphabaculovirusand all
orthologues are closely related to each other (81 % of protein sequence identity),
whereas the F protein, found in b&lphaandBetabaclovirus (Pearson & Rohrmann,
2002, is very diverse (20 to 40% sequence identity). Interestingly, deletion gpt¥e

or f protein genes is letHafor BV propagation inAutographa californica multiple
nucleopolyhedrovirus(AcMNPV) (Oomens & Blissard, 1999 and Helicoverpa
armigera nuclepolyhedrovirugHaNPV) (Wang et al, 2008 Wang et al, 20103,
respectively. The deficiency can be rescuedefyyhomologous from many different
viruses in the case of AcCMNPVYLung et al, 2002, but the opposite is not true;

ACMNPV gp64is not able to completely rescue faproteindeleted HaNPV. However,
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it is not clear whythe F potein fromPlutella xylostella granulovirugPIxyGV) is not

able to rescue the infectivity gp64null AcCMNPV (Lung et al, 2002 but that from
AgseGV can. PIxyGV causes systemic atien to the diamondback moth xylostella
(Plutellidae) larvae (Harrison & Lynn, 2007) and AgseGV infects the cutworiA.
segetum(Noctuidae) (Wennmann & Jehle, 2014 Thus, the betabaculovirus EFP
variability might reflect the cell machinery adjustment at the insect family level
considering that ACMNPYV infects caterpillar from the same insect famity ségetum

A second highly variable gene, MMP, is a proteinase able to produce a distinct pattern
of melanizatio in Bombyx moriarvae infected with th&estia enigrum granulovirus
(XecnGV) metalloproteinasexpressingdombyx mori nucleopolyhedrovir@ko et al,

2000. The enzyme is thought to enhance, replace, or act synergistically with proteins
from virus or host playing an important role in the virus spr@aeans & Passarelli,
2010. This variability is notunexpected since granulovirus genomes vary in content
with respect to the presence or absence of the proteagegpsinand enhancingenes

and also thehitinasegene, which seemingly converge a redundant enzymatic activity
but not necessarily functi@i§o et al, 200Q Leporeet al, 1996 Means & Passarelli,

201Q Slack & Arif, 20079).

3.4.Lack of cathepsinand chitinasegenes

ErelGV lackscathepsinandchitinasegenes, despite of their importance for promoting
bacubvirus horizontal transmissidi'’Amico et al, 2013. This feature caexplain the
integrity of caterpillar flesh andlight color after death (Figure 1A)Other
betabaculovirus genomes also lack both enzymes: complete deletion in ChocGV

(Escaseet al, 2009, Adoxophyes orangranulovirus (AdorGV) (Wormleatonet al,
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2003, Phthorimaea opercullela  granulovirus (PhopGV)  (unpublished),
PIxyGV(Hashimotoet al, 2000 andSpodoptera litura ganulovirus(SpliGV)(Wanget
al., 201); Cryptophlebia leucotreta granulovirugCrleGV)Lange & Jehle, 2003
chitinase has an interruption; and iRlelicoverpa armigera granulovirugHearGV)
(Harrison & Popham, 2008only cathepsinis absent.Interesingly, most of these
deletions seem to have occurred independently of each other Bitataculovirus
(data not shown), aside from ChocGV and ErelGV in which is strongly supported an
ancestral lacking. Thus, it is reasonable to expectAhatGV, the cbsest relative to
ErelGV, might also lack botleathepsinand chitinase Taken together, these results
reinforce the notion that both genes are most likely-essential for the persistence of
baculoviruses in the environment. Conversely, previous work fromresearch team
has shown that introduction o&thepsinand chitinasefrom Choristoneura fumiferana
defective nucleopolyhedrovirumto AgMNPV (which naturally lacks both genes)
increases pathogenicity and occlusion body production relative to theywédvirus

(Limaet al, 2013.

3.5.dUTPaselike gene

ErelOrf-5 codes for a nucleotide metaboligelated gene homologous ©rgyia
pseudotsugata multiple nucleopolyhedrovifl@pMNPV) Orf-31. The gene seems to be
composed of a fusiobetween two distinct ORFs; a baculovithgmidylate kinaséike
geneanddUTPaselike genes. The thymidylate kinase enzyme catalyzes a critical step
in the biosynthesis of deoxythymidine triphosph#&@ui et al, 2013. dUTPase
catalyses dUTP dephosphorylation to generate dURéhadeset al, 2013. High

levels of dUTP can be deleterious for virus genomic DNA replicatiocest TTP can
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be substituted for dUTP during DNA synthe@sietet al, 2009. A high dUTP/dTTP

ratio promotes uracil incorporation into DNA. Uracils in DNA are then targeted by
uracil DNA glycosylase and excised, leading to futile repair cycles and DNA breakage
and or translesional DNAysthesis(Castillo-Acostaet al, 2012 Guillet et al, 2006.
Nucleotide metabolismelated enzyme acquisition is common in baculovir(Besrelli

et al, 2019 and could avoid this deleterious responsedbgreasing the dUTP/dTTP
ratio, however how these genes alter the virus fitness is not @feaniou & Jehle,

2007).

3.6.The he65like and p43likehomologues

The ErelGV genome contains homologues oflte65and p43 genes. Homologues of
he6@re harbored by several alphabaculoviruses, four betabaculovirAsgstig
segetum granulovirus(AgseGV), HearGV, Pseudaletia unipuncta granulovirus
(PsunGV), and Xestia c-nigrum  granulovirus (XecnGV)), and two
betaentomopoxvirusesAnsacta moorei entomopoxvirus AMV and Mythimna
separate entomopoxvirusMSV). This gene is a member of a distinct RNA ligase
family related to th&'4 RNA ligase gp6Bke gene and is presemt all the domains of
life (Bacteria, Archaea, and Eukary@lo & Shuman, 2002Rohrmann, 2013 The
alignment of baculovirus and entomopoxvhiaéslike genes revealed large,
independent, and recurrent deletionghe Gterminal region(data not shown), which
contain fivenucleotidyl transferase motif$lo & Shuman, 2002 The amineterminal
region was highly conserved although no previously characterized motifs were present.
We performed a phylogenetic reconstruction based on this conserved domdie6bhe

reconstruction revealed distinct horizdntgene transfer (HGT) events from
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Alphabaculovirus to Betabaculovirus and Betaentomopoxvirus (Figure 4A).
Betabaculovirus likely endured two independent acquisitions from Group |
Alphabaculovirusin distinct genomic regions:i)(a synapomorphic introduon for
HearGV, PsunGV, and XecnGV (Figure 4A, yellow rectangle); andag additional
gain for AgseGV (Figure 4A, brown rectangle). Importantly, support for AgseGV
branch is low. However, the genomic context of the gene is conserved among HearGV,
PsunGV,and XecnGV but not in AgseGV (data not shown), reinforcing our hypothesis
that two independent introductions occurred. LikewisBetaentomopoxvirus
homologues were probably acquired from GrouplfihabaculovirugFigure 4, orange
rectangle). RemarkablygrelGV is the firstBetabaculoviruswith a he65like gene
(ErelOrf-36 - Figure 4A, purple rectangle) acquired from Grouplphabaculovirus It

is not clear whether @rminal deleted he65 remains functional in baculovirus.
However the maintenance of thaiao-terminal region indicates that this gene region is

under positive selection pressure.
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Figure 4 - Phylogeny ofhe6%nd p43reveals horizontal gene transfer in ErelGV

from Alphabaculovirus (A) The maximum likelihood (ML) tree was inferred using the
conserved aminterminal region alignment dfe65like gene for 36 baculoviruses and

two entomopoxviruses. Circles indicate the presence (blue) or absence (red) of the
carboxyterminal region. The postulated horizontal gene transfer (HGT) events are
highlighted forBetabaculoviruglight and dark orangeBetaentomopoxvirug/ellow),

and ErelGV (green). (B) MIPhylogenetic reconstruction f@43like gene found in

ErelGV genome. The trees are midpoint rooted for purposes of clarity.

Furthermore, we foundn ErelGV genome g43like gene ErelOrf-105 whose
homologues were found only in baculovirus species from the g&liphsibaculovirus
with conserved amino acid sequence and position in the ge(Raiemann, 2013
Deletion ofp43in AcCMNPV does not affect virus replication in cell culture and the
reason for gene acquisition and preservation is not ¢¥eai& Carstens, 2001 Two
hypotheses can be raised f@#3 introduction in ErelGV:i) ErelGV acquired th@43

like gene from Group Alphataculovirus specifically from AcMNPVrelated viruses;

or (i) ErelGV acquired from Group IllAlphabaculovirus specifically from a
baculovirus €.g Clanis bilineata nucleopolyhedrovirusCIbiNPV (Zhu et al, 2009)

during ceinfection of a sphingid host

3.7.Acquisitions of Densovirusrelated genes irBetabaculovirus

ErelOrf-57 and ErelOrf-100 are homologues to a netructural Densovirusgene.
Densovirusrelated genes were previly described in two betabaculoviruses, ChocGV

(ChocOrt25) (Escaseaet al, 200§ andCrleGV (CrleOrf-9) (Lange & Jehle, 2003and
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one gammabaculovirus (baculovirus infective to hymenopt&tapdiprion lecontei
nucleopolyhedrovirugNeleNPV- NeleOrf81) (Lauzonet al, 2004. The latter did not
match the other two homologues (data not showmggesting these genes resulted from

at least two HGT events between densoviruses and baculoviruses. Despite the limited
number ofDensoviruggenomes available, we performed a phylogenetic analysis to help
understand the origins &etabaculovirushomologus. We found that the genes were
dispersed over the phylogenetic tree, suggestive of multiple HGT events. As shown in
Figure 5,Betabaculovirushomologues did not form a monophyletic cluster. To further
substantiate our findings, we compared the likelihoaddhe observed tree to that
estimated assumingBetabaculovirusnonophyletic clade (singlelGT event). Indeed,

the likelihood ratio test rejected the monophyletic hypothesis favoring the multiple
HGT scenario, which was also supported by the distinabrgencontext observed for

the homologous betabaculovirus genes (data not shown). MoreoverEits@rf-57
andErelOrf-100form a wellsupported clade, indicating that they probably represent a

gene duplication event during ErelGV evolution.

PsinDENSV
93| — GameDENSV
"™ HearDENSV
100 M{SRAonDENSV

- JucoDENSV
DisaDENSV

52

CrleOrf-9
ErelOrf-100
ErelOrf-57

1100

59
100 BMbDENSV-2

52 BmDENSV-3
0.3 ChocOrf-25

Figure 5. Densovirusrelated genes in betabaculovirus and phylogenetic

relationship. ML tree was inferred using the alignment of Erelo¥f and ErelOHL00

54


file:///C:/Users/Daniel%20Mendes/Downloads/Ardisson_Araujo_et_al.docx%23_ENREF_36

from ErelGV with nonstructural protein (NS) fronBombyx mori densovirus &d 3
(BmMbDENSMW2 / Genbank YP_0074627.1 and BmMDENSY / Genbank
YP_00771462), NS3 fromDiatraea saccharalis densovirU®isaDENSV / Genbank
NP_046812.1)Mythimna loreyi densovirugMyloDENSV / Genbank NP_958098.1),
Helicoverpa armigera densovirugHaDENSV / Genbank AFK91982.1)Galleria
mellonella densovirus(GameDENSV / Genbank NP_899649.1)unonia coenia
densovirus (JucoDENSV / Genbank AGO032182.1), arRseudoplusia includens
densovirugPsinDENSV / Genban&®_007003822 )1 Orf-25 from ChocGV, an®rf-9
from CrleGV. The tree is midpdimooted for purposes of clarity only. We hypothesized

gene duplication for both ErelGV genes (boldface).

4. Conclusion

ErelGV is a new betabaculovirus species closely related to ChocGV and PiraGV
isolates. Its genome encodes 130 ORFs, eight of which areeurtWwe found evidence
suggesting horizontal gene transfers froftphabaculovirus and Densovirus to
Betabaculovirus The he65like gene was independently acquired three times from
Alphabaculovirus We found adUTPase homologous and twdDensovirusrelated
genes.The contribution of these genes to baculovirus fithess is not clear and is being
experimentally tested in our labmportantly, recombination event between insect

viruses from unrelated families and genera might drive baculovirus genomic evolution.
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5. Material and Methods

5.1.Virus purification

Insect cadavers of the hornwoin ello ellowith baculovirus infection symptoms were
collected in cassava crops in the South of Brazil (Itajai, Santa Catarina) in 1986. They
were kindly provided by Dr. Renatdrcanjo Pegoraro (EPAGRI). The cadavers were
kept in the freezer and later used for OBs purification. Insect cadavers were
homogenized with dd#D (w/v), filtered through three layers of gauze, and centrifuged
at 7,000x g for 10 min. The pellet was resusped in 0.5% (w/v) SDS and again
centrifuged at 7,008 g for 10 min. The dilution and centrifugation steps were repeated
four times, and the final pellet was washed in 0.5 M NaCl. The pellet was resuspended
in ddHO, loaded onto a continuous -868% sucros gradient, and centrifuged at
104.000x gfor 40 min at 4 °C. The OB band was collected, dilutédld in ddHO,

and centrifuged at 7,000gfor 15 min at 4 °C.

5.2.Electron microscopy

For scanning electron microscopy (SEM), 100 pl of the-€@Btaining slution (1¢
OBs/ml) were incubated with 300 pl of acetone at 25 °C for 1 hour. The solution was
loaded in a metallic stub, dried overnight at 37 °C, coated with gold in a Sputter Coater
(Balzers) for 3 min, and observed in a scanning electron microseopé@SM 840 A at

10 kV. For transmission electron microscopy (TEM) pellets of purified granules were
fixed in Karnovsky fixative (2.5% glutaraldehyde, 2% paraformaldehyde, in 0.1 M,

cacodylate buffer, pH 7.2) for 2 h, pdsted in 1% osmium tetroxide ifhé same buffer
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for 1 h and then stainedn blocwith 0.5% aqueous uranyl acetate, dehydrated in
acetone, and embedded in Spurrds |l ow vVvisc:
sections were contrasted with 2% uranyl acetate and observed in a ZEISS TEM 109 a

80 kV.

5.3.Genomic DNA restriction analyses

Purified granules (f0OBs/ml) were dissolved in an alkaline solution and used to
extract DNA ac c etrad(O'Rallly et al, 1999.RTea duanyty and

quality of the isolated DNA were determined by electrophoresis on 0.8% agarose (data

not shown). The viral DNA (12 pg) was individually cleaved with the restiost

enzymes Hindlll, EcoR, and BamH (Promega)accor di ng t o manuf &
instructions. The DNA fragments generated were analyzed by 0.8% agarose gel
electrophoresis(Sambrook & Russel, 2001 visualized, and photographed in

Alphalmager® Mini (Alpha Innothech).

5.4.Genome sequencing, assembly, and annotation

Erel GV genomic DNA was sequenced with the
Standard (Roche) at the Centro de Gendmica de Alto Desempenhatdto Biederal

(Brasilia, Brazil). The genome was assemidednovousing Geneious 6.(Kearseet

al., 2019 and confirmed using restriction enzyme digestion profile. The annotation was
performed using Gaous 6.0 to identify the open reading frames (ORFs) that started

with a methionine codon (ATG) encoding at least 50 amino acids and blastp (33) to

identify homologues.
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5.5.Phylogeny, genome, and gene comparisons

For Baculoviridaephylogenetic analysis, a MFFT alignment(Katoh et al, 20029 was

carried out with concatenated amino acid sequences predicted for 37 baculovirus core
genes. A maximum likelihood tree was inferred using PhyML with 100 repetitions of a
non parametric bootstrépuindon et al, 20109, implemented in Geneious, with
LG+I+G+F model selected by Prottest 2Abascalet al., 2005. Moreover, a genomic
comparison was performed using the protein dataset of all the corfBpteteaculovirus
genomes available in Genbank. The dataset was compared using CGView Comparison
Tool (Grantet al, 20129and the results were plotted using CIRC@&ywinski et al,

2009. We also compared ChocGV and PiraGV genomes with ErelGV genome using
Mauve alignmeniDarling et al, 2004. The horizontal gene transfer (HGTS) events
were investigated comparing the maximum likelihood phylogenetic tree inferred using
the RAXML method(Stamatakiset al, 200§ and a MAFT aligment of homologues

for he65like andp43-like,and Densovirusrelated genes with 100 repetitions of a non

parametric bootstrap for branch support.
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Table S1 Characteristics of thErinnyis ello granulovirugErelGV) geome: analysis and homology search. Predicted ORFs are compare
homologous genes in three related genomes.

_ CypoGV ChocGV PiraGV

Orf ~ Name Prom?ter Position Size Size (aa) Max Id Max Id Max Id
motif (nt) ORF ORF ORF

(%) (%) (%)
1° granulin L 1 > 747 747 248 1 96.40 1 97.20 1 87.50
2 L 744 < 1,082 339 112 2 51.60 2 50.00 2 60.30
3¢ pk-1 E 1,063 > 1,899 837 278 3 57.00 3 65.80 3 67.80

? 1,996 > 2,541 546 181 - - - - - -

dUTPasédlike E, L 2,811 > 3,764 954 317 16° 31.30 - - - -
6 E 3,839 < 4,414 576 191 4 50.30 5 53.40 4 58.50
7 ? 4,404 > 4,643 240 79 5 45.20 6 53.30 5 57.90
8¢ ie-1 E 4,743 < 6,059 1,317 438 7 45.10 7 54.70 6 56.30
9¢ ? 6,090 > 6,665 576 191 8 44.70 8 51.50 7 48.40
10° ? 6,693 < 6,998 306 101 9 65.30 9 66.30 8 64.40

hrl 7,113 - 7,204 92

11* ? 7,151 < 7,792 642 213 - - - - - -

12 E 7,791 > 7,949 159 52 - - - - - -
132 odwvel8 L 8,172 < 8,447 276 91 14 73.60 12 79.50 14 69.40
142 p49 E, L 8448 < 9,827 1,380 459 15 56.20 13 60.60 15 61.10

15* E 9,736 > 9,960 225 74 - - - - - -
162  odweb56/pif5 L 9,975 < 11,033 1,059 352 18 69.50 14 73.40 16 67.20
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90

69.40°
64.20
63.50
65.60
64.30
76.60
57.50
68.00
55.90
64.50
64.20

41.40
41.90
41.80
34.10
67.90
63.50
32.40
39.80
70.80



100
101
102*
103
104°
105
1062
10728
108¢
1092
110
111
1128
113°
114
115
116
117
118
1192
120
121

p43like
dnapol
desmoplakin
lef-3

pif-6

iap-5
lef-9
fp-25k

dnaligase

fgf-2

alk-exo

dnahelicase2

72,429 <
73,141 <
73,812 >
73,909 >
74,174 >
74,618 <
75,743 <
78,849 >
81,064 <
82,049 >
82,477 >
83,045 >
83,865 >
85,352 >
85,813 <
87,658 >
87,943 >
88,222 <
89,545 >
89,873 >
90,987 >
92,402 <

73,097
73,818
73,976
74,112
74,626
75,706
78,901
80,942
82,077
82,426
83,064
83,887
85,346
85,816
87,486
87,888
88,161
89,418
89,823
91,078
92,357
93,457

669
678
165
204
453
1,089
3,159
2,094
1,014
378
588
843
1,482
465
1,674
231
219
1,197
279
1,206
1,371
1056

222
225
54
67
150
362
1052
697
337
125
195
280
493
154
557
76
72
398
92
401
456
351

68

107
108

111
112
113
114
115
116
117
118
120
121
122
123
124
125
126
130

59.40
58.70

62.30
34.70
41.40
56.10
31.40
48.90
69.40
65.20
60.10
45.00
63.00
34.30
52.80
56.30
54.90
41.20

25
87

88
89

90
91
92
93
94
95
96
97
99
100
101
102
103
104
105
106

25.20
43.50

71.20
64.00

68.70
35.40
60.50
65.60
43.60
56.00
73.40
70.80
66.80
43.60
60.30
34.50
60.70
63.90
58.90
41.00

91
92

93
94
95
96
97
98
99
100
102
103
104
105
106
107
108
109

67.30
63.30

67.10
38.50
52.50
66.40
48.30
53.40
73.60
63.60
65.70
39.60
55.10
34.20
61.10
62.50
54.60
32.90



hr7 92,550 - 92,622 73

1222 lef-8 E, L 93,472 < 96,081 2,610 869 131  70.50 107  73.50 110 71.40
1232 L 96,357 > 96,755 399 132 134  60.20 109 60.20 113  65.40
124 L 96,752 < 97,546 795 264 135 35.60 110  43.20 114 42.90
125 lef-10 E 97,773 > 98,159 387 128 137  51.40 112 61.60 115 56.00
126* vpl054 ? 98,026 > 99,036 1,011 336 138 57.40 113  63.80 116  64.30
127 L 99,033 > 99,206 174 57 - - - - 117  42.10
128 fgf-3 E 99,231 > 100,130 900 299 140  35.90 114  40.20 118  39.80
129 eqt E 100,150 < 101,550 1,401 466 141  48.90 115 52.30 119 50.30
13¢ meS53 E 101,729 > 102,709 981 326 143  49.00 116 47.00 120  50.20

a(}, b-, 9-, andi-baculovirus core genesi}, b-, anda-baculovirus core genes{J andb-baculovirus core gene${}, b-, andi-baculovirus core genesjdentity was achieved b

manualalignment. * ErelGV unigue genes. The putative gene upstream regions were classified according to the presence of pifsriogarimgE), late (L), or unknown (?).
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Capitulo 4. Characterization of Helicoverpa zea single nucleopolyhedrovirus
isolated in Brazil during the first old world bollworm (Noctuidae: Helicoverpa

armigera) nationwide outbreak

1. Abstract

A baculovirus isolated in Brazil during the first nationwide outbrealdelicoverpa
armigerais described by ultrastructural analyses, restriction sfipathogenicity of
host insects, and complete genome sequeltoe.results revealed that the virusais
isolate of the speciddelicoverpazea single nucleopolyhedrovir(idzSNP\/Brazilian)
never reported before in Brazil. Among the HzSNPV isolates rfawations were
observed depicting likely a recent divergence of this lineage. Ther#ierentrance of
both foreign pests and natural pathogens into the country must warn the government to
reinforce sanitary barriers in order to avoid possible agri@ilsabotage and novel
foreign pest introductions. Moreoveave found that the Brazilian natural isolate was as
lethal as a commercial strain kb armigera Importantly,virus characterizatioms of
importance in establishment of an economical and usefus-lbased biological control

program in the country to counteract effectively pest infestations.

Keywords

Helicoverpa argimerapest outbreak, Brazil, baculovirus, HZSNPV, biological control.
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Este capitulo foi inteiramente publicado na revista ViruddRe & Research.

Ardisson-Araujo, D. M., SosaGomez, D. R., Melo, F. L., Bao, S. N. & Ribeiro, B.
M. (2015).Characterization of Helicoverpa zea single nucleopolyhedrovirus isolated in
Brazil during the first old world bollworm (Noctuidadelicoverpa arngera)

nationwide outbreakV/irus Reviews & Resear@d, 4.

2. Main Text

In February 2013 the old world cotton bollworhielicoverpa armigergLepidoptera:
Noctuidae) that used to be restricted to Africa, Asia, and Europe was identified for the
first time in Brazil. A month later, th®&razilian Corporation of Agricultural Research
(Portuguese acronym EMBRAPA) reported this occurrence to the Brazilian Ministry of
Agricul tur e, Livestock, and Food Su-pply
2). Unfortunatey, by that time the crop pest was already spreadin a high prevalence in
the country,which has ledo severe agriculture damages and economical |dssss.
outbreak could be explained by an association of both inadequate management of
planting host speciege.g. cotton, soybean, and corn) in extensive areas and the
uncontrolled use of chemical pesticides which provided together optimal conditions for

insect growing.

The genudelicoverpapresents some of thmost devastating pest species in the world
causng hefty economic losses in sevecabps including cotton, soybean, wheat, corn,
green beans, tomatoes, citrus, and pasi{@aaningham & Zalucki, 2004 The larvae

are naturally more tolerant to most of the common insecticides requiring higher

application rates to be controlledfieiently (McCaffery, 1998. Almost 30% of all

71

( N


file:///C:/Users/Daniel%20Mendes/Desktop/Artigos%20prontos%20e%20patente/HzSNPV%20(2015)%20-%20VRR/Characterization%20of%20Helicoverpa%20zea%20single%20nucleopolyhedrovirus%20isolated%20in%20Brazil%20during%20the%20first%20old%20world%20bollworm%20(Noctuidae%20Helicoverpa%20armigera)%20nationwide%20outbreak.docx%23_ENREF_6
file:///C:/Users/Daniel%20Mendes/Desktop/Artigos%20prontos%20e%20patente/HzSNPV%20(2015)%20-%20VRR/Characterization%20of%20Helicoverpa%20zea%20single%20nucleopolyhedrovirus%20isolated%20in%20Brazil%20during%20the%20first%20old%20world%20bollworm%20(Noctuidae%20Helicoverpa%20armigera)%20nationwide%20outbreak.docx%23_ENREF_12

pesticides used worldwide are directed agdihstirmigera(Ahmad, 2007 although the
management of outbreaks has so far been ineffective and also has induced the
appearance of resistant inspbienotypegOakeshotet al, 2013 Rowleyetal., 2011
including engineered plants expressBagillus thuringiensigBt) toxins (Tabashniket

al., 2009.Therefore, other naturally foundsdasecausing pathogens like baculoviruses

are important alternatives for the integrated and effective contrdHedicoverpa
(Rowleyet al, 2011). Robustvirus characterization allows tlstablishment of a virds

based biological control program to control pest outbreaks as a safety, useful, and

economical alternative for chemical pesticides.

For the crop season 2013/2014, commercial baculowrirdective to the old world
bollworm have been imported to be usedin BraBkefore this allowance by the
Brazilian government to imporiHelicoverpainfecting baculoviruses from other
countries in order to control a nationwitle armigeraoutbreak, a badavirus was
isolated in field from larvaecadavers with symptoms of infectio@adavers ofH.
armigerawere collected in March/2013 on soybean crops in Warta, Londrina County,
Parana, Brazil.AlthoughH. zeadoes not infest soybean in Brazil, we confirméd t
speciesH. armigeraby amplifying and sequencing the gersggochrome ¢ oxidase |
(CQlI), cytochrome Band the regiortox:-tRNAleu-cox2 (data not shown)Electron
microscopy (EM) of purified occlusion bodies (OBs), which are hallmarks of the family
Baauloviridae showed polyhedral shape (FIG. 1A) and virions with singly enveloped
nucleocapsids within (FIG. 1B). The occlusion bodies purification, polyhedra EM and
DNA extraction were performed according to published proto@aldissorAraujo et

al., 2019. The viral DNA (I'2 pg) was individually cleaved with the restriction

enzymes Xha, Bglll, Psi, or BanH | (Promega) according
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instructions.Importantly, HzZSNPV is found naturally infecting the gemiedicoverpa

during its larval stagéChenet al, 2002 Ogemboet al, 2009 Rowley et al, 2017).

Based on the comparison of both the viral DNA restrictionyme profiles (FIG. 1C)

and previously published data of otheelicoverpainfecting nucleopolyhedroviruses

(Chenet al, 2002, we concluded that the virus belonged to the spétz&NPV which

was one of the first commercial ®aanul ovi r u:
H, BiocontrotVHZ, Elcar) and has been so faroduced and applied swessfully

against bottH. armigeraandH. zea(Rowley et al, 2011 Shieh, 1989van Beek &

Davis, 2007. Therefae, we named the Brazilian isolate HzSNBXAzilian, even being

found inH. armigeracadavers.

——HaNPV-Australia

4|L— HaSNPV-C1
HaSNPV-G4
HaNPV-NNg1

HaSNPV-H25EA1

1 HzSNPV-HS-18
4'HzSNPV-Brazilian
0.006 HzSNPV-USA
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FIG. 1. Characterization of thElelicoverpainfecting baculovirus found in Brazil. (A)
Scanning electron micrograph shows polyhedralped OBs. (B) Transmsisn electron
micrograph shows sliced OBs with singlaveloped nucleocapsidsthin. (C) Agarose

gel electrophoresisesolved HzSNP\Brazilian genome DNA fragments digested with
Xhd (lane 1),Bglll (lane 2),Pst (lane 3), andBanHl (lane 4), andnolecublr weight
marker (lane M). All the featurestogethercorroboratethat this isolate belongsto the
species Helicoverpa zea single nucleopolyhedrovirus(HzSNPV). (D) Maximum
likelihood tree ofHelicoverpaisolated single nucleopolyhedroviruses. The phylogeny
was inferred using MAFFT alignment of whole genome and the relationship using
PhyML method. The Brazilian isolate (boldface) is related to both HzSN8X and
HzSNP\WVHS18 viruses and the closest relative to this group is the Australian HaNPV

H25EA1L. Branb support is estimated by a Shimodaiasegawdike test.

To further substantiate our data, we carried out a bioassay using the Brazilian strain and
a commercially available virus from the same species HzSNPV (Gemstar®) tdwards
armigeraandH. zea For this experiment, serial dilution of the virus were carried out to
determine both L& and LGy in third-instar caterpillars and mixed with the larva diet
as previously describg@drdissorAraujo et al, 2014. Insects were allowed to feed
libitum on virusinoculated diet. A group with no treatment (n=60) was set up as control.
Mortality was recorded 13 days pesfection (p.i.) by scoring the number of dead
insect which had no response to touthe data was analyzed Bplo Plus program
(LEORA SOFTWARE, BLO-Plus 1.0, Probit and Logit analysis, Petaluma,
California. 2003) We found that the Brazilian isolate virus was more lethdll.taea
than toH. armigerain oral bioassays (Table 1). The OB concentration per ml of

artificial diet capable to kill 50% dhe tested insects at the thirgstar (LC50) was 987
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OB/ml to H. armigeraand 215 OB/ml toH. zea This ability to kill H. zeamore
efficiently by HzZSNPV was previously report@dowley et al, 2011, which is a very
interesting aspect of short term adaptation to the host even presenting high identity to
the closest relatives.¢ HaNPV isolates). Moreover, we tested whether the Brazilian
strain calld be as efficient as the commercially available HzSNPV from Gemstar®
(Certis, Columbia, USA) to killH. armigera We found that both viruses had
statistically equal lethal concentration to the tested insect (Table 1). Conversely, in a
worldwide Helicovepa-isolated baculovirus studyiGemsta® isolate of HzSNPV
presented lethal concentration higher than the other naturally found igRlatekey et

al., 201).

Table 1 Dosemortality responses dielicoverpaspp. third instar larvae infected orally w

eitherHzSNP\tBrazilian (Br) or a commercial strain of HZSNPV (Gemstar®).

95% Fiducial limits

Insect Virus nt LCso (OB/ml) LCgo (OB/ml)
Lower Upper
H. zea Br 197 2.15x 16 0.75x16 4.00x16 130.0 x 16
) Br 482 9.87 x 16 6.60 x 16 15.6 x 16 754.0 x 16
H. armigera
Gemstar® 283 10.2 x 16 471x16 21.5x16 nt

1 number of tested insects; nt, Ai@sted

The whole genome of HzSNPBfrazilian (GenbankKM596835 was sequenced with

the 454 Genome Sequencer (GS) FLXE- Standai
performance Genomic (Brasilia, Brazil). The genome @asnovoassembled using

Geneious 6.0Kearseet al, 2012 and confirmed with the digestion profile. Annotation

was also performed using Geneious 6.0 to identify the open reading frames (ORFs) that
started with a methionine codon (ATG) encoding polypeptides with at least 50 amino

acids, andBLASTP (Altschul et al, 1997 to identify homologs.The sguencing

produced 8,237 singlend reads. After size and quality trimming, 8,068 reads (average
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size of 755.5 nt) were assembled with coverage of 47.2+12.0 bp/site. The HzSNPV
Brazilian genome has a size of 129,694 bp with a G+C content of 3T hé¥genme
potentially codes for 146 putative ORFs with predicted polypeptides of at least 50
amino acids and all of them are homologs to those of HzZSNPV isoktgde ORFs

were not annotated in the first described genome but were present. Isolates of HZSNPV
hawe a nucleotide pairwise alignment identity of 99% and the average identity across the
Helicoverpainfecting SNPVs is 96.22+1.49%. HzSNHBrazilian presents a deletion

of 1,000 bp in the homolog region 1 (confirmed by PCR, data not shown).

For phylogenet analysis, a MAFFT alignmefiKatoh et al, 2002was carried out with
whole genome sequences of a&llelicoverpaisolate single nucleopolyhedrovirus
available in Genbank. This alignment was manually inspected, and poorly aligned
regions (at least 50 % of gaps) were deleted. The regalignment was approximately

135 kb long. The maximum likelihood tree was inferred using Pi@dindonet al,

2010, under TamurdNei model selected by jModelTe211.4 softwargDarribaet al,

2012. The branch support was estimated by a Shimodasegawdike test
(Anisimovaet al, 2011. The phylogenetic analysis confirmed that HzSNBMzilian

is closely related to HzSNPV isolates (FIG. 1D).The short branch length compared to
the other isolatesindicates low genetic diversity and low branch support prevented us to

establish the origin of the Brazilian strain.

In order to determine the CDS diversisgmong theHelicoverpainfecting single
nucleopolyhedrovirus, we considered the completely sequenced viruses as two
separated groups including viruses isolated frontH( armigeraand (i) from H. zea

To search for polymorphism, we concatenated 135 GBlsd to be common among
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all the Helicoverpaisolated single nucleopolyhedrovirugdaNPV isolates C1
[AF303045], Australia [JN584482], G4 [AF271059], NNgl [AP010907], and H25A1
[KJ922128] and HzSNPV isolates USA [AF334030], HSK8(J04000], and Brazilian
[KM596835]. We performed a MAFFT alignment and set as reference sequence the
genome of thes4 for the HaNPVgroup and the Brazilian for HzSNPV grbop.the

first (i.e. HaNP\trelated baculovirus), we found 624 nonsynonymous polymorphisms
out of 1,592 (dataat shown). On the other hand, we found only 13 non synonymous
polymorphisms out of 15 among the three HzSNPV isolates (data not sidwayery

low genetic diversity among the HzSNPYV isolates in comparison to HaNPV depicts a
recent divergence of the isés reinforcing the hypothesis that the Brazilian isolate
could be recently introduced into the country from either the American or the Russian
strain Sublethal and latent infections are of importance for the persistence of
baculoviruses in the environmie (Kukan, 1999 which could explain how HzSNPV
together with the host insect has gotten into the country. In a previous study, we found
the first nonAsian isolate of 8omby morinfecting baculovirus in Brazil. By complete
genome sequencing and phylogenetic analysis, similarly to the results found in this
work, we found that the virus was probably introduced together with the insect into the

country(ArdissorAraujo et al, 2014.

We determined the following from the presenbrshreport. () The H. armigera
infecting baculovirus isolated in Brazil belongs to the species HzSNiPW.i§ a single
NPV with polyhedralshaped occlusion bodiesi  The virus was more lethal td. zea
than toH. armigerg besides of presentingehlsame lethality as that observed for the

commercial strain Gemst@rto H. armigera (iv) The complete genome sequence
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revealed its close relationship to HzSNPV isolate}. Low genetic diversity was

observed among the HzSNPV isolates.
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Capitulo 5. Functional characterization of hesp018 a baculovirusencoded

serpin gene

1. Summary

The serpin family of g@&ne proteinase inhibitors plays key roles in a variety of
biochemical pathways. In insects, one of the important functions carried out by serpins
is regulation of the phenoloxidase cascade, a pathway that produces melanin and other
compounds that are irogant in insect humoral immunity. Recent sequencing of the
baculovirus Hemileucasp. nucleopolyhedrovirugHespNPV) genome revealed the
presence of a gendiesp018 with homology to insect serpins. To our knowledge
hesp018s the only intact serpin homadknown to exist in a viral genome outside of

the chordopoxviruses. In this study, the Hesp018 protein was shown to be a functional
serpin with inhibitory activity against a subset of serine proteinases. Hesp018 also
inhibited phenoloxidase activation whenixed with lepidopteran hemolymph. The
Protein was secreted when expressed in lepidopteran cells, and a baculovirus expressing
it exhibited accelerated production of viral progeny dunmgtro infection. Expression

of Hesp018 also reduced caspase dgtimduced by baculovirus infection, but caused
increased cathepsin activity. In infected insect larvae, expression of Hesp018 resulted in
faster larval melanization, consistent with increased activity of viral cathepsin. Finally,
expression of HespOl18dreased the virulence of a prototype baculovirus 4gidin
orally-infected neonateTrichoplusia ni larvae. Based on our observations, we
hypothesize that theespO18nay have been retained in HespNPV due to its ability to
inhibit the activity of selechost proteinases, possibly including proteinases involved in

the phenoloxidase response, during infection of host insects.
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2. Introduction

The insect innate immune system responds against invading pathogens and parasites
(Jianget al, 201Q Xu & Cherry, 2014 by means of antimicrobial peptides, the action

of hemocytes, and by intracellular mechanisms such\asiRterferencgJayachandran

et al, 20129 and apoptosigClem, 200%. On the other hand, infectious agents have
evolved mechaisms to overcome or even manipulate this hostile environment in order

to survive and reprodud€lem & Passarelli, 201 Ferrandoret al, 2007%.

Baculoviruses are large DNA viruses that mainly infect the larval stages of Lepidoptera
(moths and butterfliegHerniouet al, 2012 Rohrmann, 2013aA typical baculovirus
infection initiates when susceptible caterpillars feed on foliage contaminated with viral
occlusion bodieOBs), which release occlusiederived virionsin the midgutand
establish primary infectior(Slack & Arif, 2007. Infected midgut epithelial cells
produce budded virions (BV), which cross the midgut barrier and cause systemic
secondary infection. Baculoviruses atdeato manipulate the cellular environment to
enhance their infectio(fhiem, 2009, for example by inhibiting cell cycle progression
(Prikhod'ko & Miller, 1998, inducing DNA damage respongduanget al, 201,

blocking apoptosiglkedaet al, 2011, and inducing shutoff of host gene expression
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(Ooi & Miller, 1988). They are also able to manipulate host physiology and behavior
through the expression of various viral protefdamita et al, 2005 Katsumaet al,

2012 O'Reilly & Miller, 1989. There is evidence that baculovirugeiction causes
Immune suppression in infected larvae, which leads to an increagd microbiota
(Jakubowskeet al, 2013. However, it is not clear whethbaculoviruses can directly

(i.e. by expression of a viral gene product) control humoral innate immune responses.

The presence of bacteria or fungi in the leptg@oan hemocoel stimulates cellular and
humoral response§liang et al, 2010Q; however, there is no consensus regarding
immune activation caused by baculovirus infection. It has been proposed to be
dependent on the route of infection or on specific responses whgttt wary between
insects(Tereniuset al, 2009. Hemocytes, when induced, can neutralize pathogens by
engulfing or trapping them in noduléBeanet al, 2004 Yu & Kanost, 2003 which
become melanized through the activation of phenoloxidases (POs). POs produce
reactive inermediates for melanin production and these contribute to the killing of
microbes (Nappi & Christensen, 2005Zhao et al, 2007 Zhao et al, 201J).
Baculovirusinfected cells can also be encapsulated by hemocytes and melanized
(McNeil et al, 201Q Trudeauet al, 200X Washburret al, 200Q. POs are present in
insect plasma in an inactive form called proPO. Blicganism invasion triggers
activation of a serine proteinase cascade, which eventually results in the cleavage of
proPO to active PO. The activity of the proteinases in the PO cascade is negatively

regulated byserine proteinase inhibitors (serpigdjanget al, 2010.

In addition to regulating the activation of PO, serpins are also important in many other

pathways involving serine proteinadgettins, 2002 Silvermanet al, 200). Serpins
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consist of a single peptide chain typically composed of thygleeets (A, B and C) and
severalU-helices. A reactive center loop located betwbesheet A and C determines
the inhibitory selectivity (Huntington, 2011 Serpin inhibition initially involves
formation of a norcovalent complex with the targeted proteinase. When the enzyme
cleaves the serpin at the P1 residue within the reac@nter loop, a covalent ester
linkage is formed between the serpin and proteinagsulting in dramatic
conformational changes in bothe enzyme, which is now inactive, and therpin,

which iscleaved(Huntington, 201}

While serpin homologs are present in chordopoxviruses that infect vertebrates, where
they inhibit apoptas and inflammatory responséBewari et al, 1999, until recently

intact serpin genes had not been reported ierotinus genomes. However Rohrmaetn
al.(Rohrmanret al, 2013 recently reported the presence of a serpin homblesp018

in the genome of thedaulovirusHemileuca spnucleopolyhedrovirus (HespNPV). In

this report, we describe the analysis of the phylogeny of this baculenamied gene

and its ability to function as a serpin, as well as the effects of hesp018 expression on the

fitness of a pototype baculovirus.

3. Results

3.1.Phylogenetic analysis of théesp018ene

To investigate the relationship of Hesp018 to other serpins, a maximum likelihood tree

was constructed using the predicted amino acid sequence of Hesp018 and several

arthropod serp sequences. The results support the hypothesihdsaiD18rose as a
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horizontal gene transfer from a lepidopteran host (Fig. 1A). We found that the Hesp018
sequence clustered with lepidopteran serpin type 4 orthologs, as previously
hypothesized(Rohrmannet al, 2013. Interestingly, the region of the HespNPV
genome containingesp018may have been a hotspot for recombination in the ancestor
of HespNP\trelated baculovirus species (Group Alphabaculovirusspecies) since

hypothetical newly acquired genes and repeat regions are found in this region (Fig.1B).
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FIG. 1. In silico analyses of Hesp018. A) Phylogenetic analysis of selected arthropod
serpins. Hesp018 sequence clustered with lepidopteran type 4 serpins. A crustacean
derived serpin roots the Maximum Likelihood tree. B) Tesp018gene region is a
possible hotspot for recombination events. Gene order is shownHeonileuca sp.

nucleopoyhedrovirus (HespNPV) and other type Il alphabaculoviruses incl@lizngs
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bilineata NPV (CIbiNPV), Apocheima cinerariunNPV (ApciNPV), Ectropis obliqua

NPV (EcobNPV),Orgyia leucostigmaNPV (OrleNPV), andLymantria xylinaMNPV
(LyxyMNPV). C) Serpin annattion based on alignment ®fl. sextaand Hesp018
protein sequences. SP, signal peptide with predicted cleavage sites represented by
scissors and dashed lines; Sc, scissile bond involved in inhibition by serpins. The
arginine residue at the predicted P& sstindicated by an arroonserved residues are

bold-faced and residues that are in the signature but are not conserved are underlined.

Based on alignment with insect serpins, we found that Hesp018 contains a predicted
signal peptide, a conserved sulahof betasheet A, a hinge region, a scissile bond, and

a prosite signature, all features commonly found in serpin proteins (Fig. 1C). The signal
peptide contains two potential predicted cleavage sites (Fig. 1C, scissors). For the serpin
signature regionsix of nine residues are conserved in strand 3 ofdjetat A, six of

eight are conserved in the hinge region and the pregjteture contains seven
conserved residues (Fig. 1C). Importantly, HesplBd8 a basic arginine residue at the
predicted P1 s¢ at the scissile bond region (Fig. 1C, arrow), characteristic of trypsin
like serine proteinase inhibitok&\n et al, 2012. Based on these characteristics, we

predicted that Hesp018 is an active serpin.

3.2.Inhibitory activity of the baculovirus serpin

To test for serpin activity, Hitagged Hesp018 protein was expressedEincoli,
purified and incubated with the serine proteinases trypsin, chymotrypsin, plasiehin, a
proteinase K. Hesp018 efficiently inhibited in a concentratiependent manner

trypsin, chymotrypsin, and plasmin, but not proteinase K (Fig. 2 and Table 1). Trypsin

85



and chymotrypsin were each able to cleave Hesp018 (Fig. 2E). Of the enzymes tested,
plasmin was the most sensitive to inhibition by Hesp018, reaching 100% inhibition at
10:1 molar ratio (serpin:proteinase). Inhibition of trypsin was 87% at 10:1, while
chymotrypsin reached 67% inhibition at 10:1 (Table 1). Plasmin formed a stable
complex with Hesp018 as detected by immunoblot analysis (data not shown), indicating

that Hesp018 inhibited plasmin by the conserved serpin mechanism.

>
v

Trypsin Chymotrypsin

15

Amidase activity
(mOD/min)

Amidase activity
(mOD/min)
S = N W & 0 O N

5 RN A
A A o

P IRY

o2 & R

Proteinase K

@]
im
D
@
£l
5

O

12

=
10 b |

08
06 |

04

Amidase activity
(mOD/min)
Amidase activity
(mOD/min)

0.2 |

0.0

E
1 2 3 4 5
kDa
500
40’ - - - '9.9

FIG. 2. Hesp018 inhibits a subset of serine proteinases. Recombinant Hesp018 protein
was incubated with (A) trygn, (B) chymotrypsin, (C) plasmin, or (D) proteinase K at

the indicated molar ratios of serpin (S) and proteinase (P), after which the residual
amidase activity was measured. Standard errors (n=3) and statistical differences

obtained by unpaired twtailed St udent 6s t pvalees:t*,p<@.05e*,i ndi cat
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pO0. 01pO0O**0*0,01). (E) The mixtures for trypsi

to SDSPAGE under reducing conditions, and the cleaved serpin was detected by
immunoblotting using artHis antibody: Lane 1, Hesp018; lane 2, trypsin; lane 3,
Hesp018 + typsin (1:1); lane 4, Hesp018 + chymotrypsin (1:1); lane 5, chymotrypsin.
The asterisk and the circle indicate the migration of full length and cleaved Hesp018,

respectively.

Table 1 Inhibition of serine proteinases by Hesp018.

(RSa(-:'tlrcp))in:Proteinase Trypsin Chymotrypsin  Plasmin Proteinase K
0.1:1 22.0+5.1 30.6+3.2 22.0 £0.3 0.3%33

1:1 80.2+4.0 63.8+238 79.1+93 -25t44
10:1 87.8+0.4 66.7+24 100.0+ 0.0 -5.3+0.9

3Percent inhibition relative to control lacking Hesp@t&E).

Serpinr4 from Manduca sextdas been shown to inhibit theemolymphproteinases
HP-1, HR6, and HP21 in the PO pathwayTong et al, 2005. Since the losest
relatives of Hesp018 are serginhomologs, we examined the ability of purified
recombinant Hesp018 protein to inhibit PO activation in lepidopteran plasma. We found
that Hesp018 was able to prevent bactstimulatedM. sextaplasma PO activity (ig.

3A) and migrated faster by SEFFAGE after incubation with the insect plasma (Fig.
3B), indicating that Hesp018 was cleaved and functioned as a substrate inhibitor in
hemolymph. Together, the results in Figs. 2 and 3 indicate that Hesp018 is a fuinctiona

serpin.
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FIG. 3. Hesp018 can inhibit PO activity and is cleaved in plasma. (A) Inhibition of

ProPO activation iM. sextaplasma by Hesp018. Cdlee plasma was incubated with

100 ng purified Hesp018 for 10 min, followed by additionVbfluteus extract to

stimulate PO activation. PO activity (mean = S.E., n = 3) was measured after 10 min.
Asterisks indicate statistical difference obtained by unpaireettwwoi | ed St udent 6s
(pO0 . 0 0 0 ky) oneway dANOVA (Graphpad) [f<0.0001) (B) Purified HespD8

was incubated with plasma for 10 min and the mixture activated with bacterial extract.
Transferred proteins were then detected with-Higi antibody; (1) Hesp018, (2)

plasma, and (3) plasmieeated Hesp018. The asterisk and the circle indicate the

migration of full length and cleaved Hesp018, respectively.

3.3.Serpin expression accelerates ACMPNV BV production

While it would be ideal to test the function of Hesp018 in the context of HespNPV
infection, this virus is biologically uncharacterized, and atyeonly exists as an
archived sample of occlusion bodi¢Rohrmann, 2013bRohrmannet al, 2013.
Therefore to examine the effect of Hesp018 expression during baculovirus infection, we

constructed recombinant versions of the prototype Group | alphabaculovirus,
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Autographa californicaM nucleopolyhedrovirus (ACMNPV), expressing Hesp018 with
or without a Gterminal HA epitope tag (Fig. 4A). For comparison we also constructed a

virus expressind/l. sextaserpin4B protein (Fig. 4A).
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FIG. 4. Recombinant versions of ACMNPV expressing serpin genes. (A) Schematic
representation of viruses expressing eitherpd&8 orM. sextaserpindB under control

of the D. melanogasteihsp70 promoter. (B) Hesp018 and seiB were secreted
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during recombinant AcCMNP\n vitro infection. Cells were harvested at the indicated
times and cell lysates or supernatants were analggesnmunoblotting with either
ant-HA antibody or antiM. sextaserpin4B. (C) BV growth curves (MOI = 0.01) as
determined by TCIEyassay. The growth curve for the tagdes$p018expressing virus
was similar to the untagged version (not shown). Expnessfoeither Hesp018 or
serpindB increased BV titers at 24 and 48 h p.i. (n=4) with significance levels of

p<0. 001 obtained by Studentods t test.

When recombinant viruses expressing HespdA8or serpindB were used to infect
Sf9 cells, both proteins wesecreted into the media (Fig.4B). Expression ofséin
genes resulted in significantly increased ACMNPV BV titers at 24 and 48 h p.i.,
although by 96 h p.i. the titers were similar to control virus (Fig. 4C). This result

indicates that serpin expressiaccelerated the production of BYvitro.

3.4.Viral and cellular enzyme activities influenced by Hesp018 expression

We next tested whether thesp018ene could affect, directly or indirectly, cellular or
viral proteinase activities when expressed myimecombinant ACMNPYV infectiom

vitro. Most baculoviruses, including AcMNPV, encode a pafliian cysteine
proteinase that has homology to cathepsinsafh), as well as a chitinase homolog
(chiA); both wcath and chiA are required for baculoviingluced host liquefaction, and
v-cath is also involved in virahduced host melanizatiqitdawtin et al, 1997 Slack et

al., 1995. In addition, ACMNPV infection stimulates the activation of cellular effector
caspases, whose activities are normally inhibited by the viral P35 protein but which can

be studied using mutants lackipgs.
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Interestingly, we found thatnfection of Sf9 cells with viruses expressing either
baculovirus or insectderived serpin genes caused significantly increased cathepsin
activity, but not chitinase activity, when compared to the parental virtBG\¢Fig. 5A

and B). Since cathepsin adty is required for caterpillar melanizatiqislack et al,

1995, we also examined the timing of melanizationMf sextalarvae injected with

BV. There was a noticeable increase in melanization at 24 fdpa#t when the larvae
were injected with viruses expressing either Hesp018 or séBjiconpared to control

virus (Fig. 5C). This increased melanization suggests that cathepsin activity may have

also been increased by serpin expression dumingo infection.
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FIG. 5. Viral and cellular enzyme activities influenced by recombinant bacuksviru
mediated Hesp018 expression. Sf9 cells were infected with the indicated viruses and A)
cathepsin or B) chitinase activity was measured at 42 h p-DACCPG is a virus
lacking both chitinase and cathepsin viral genes. C) Expression of Hesp018 o+ serpi
4B accelerates poestortem melanization oM. sextalarvae. Larvae infected with

viruses expressing Hesp018 or serpB had noticeably darker cuticles than those
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infected with AePG at 24 h postortem. The results are representative of three

biological replicates. To analyze caspase activity, Sf9 cells were infected with the

viruses shown and caspase activity was measured at D) 24 h p.i. and E) 48 h p.i. HA

tagged Hesp018 (Abesp0l&ha-RERP-PG) or untagged Hesp01l8 (Aesp018-RER

PG) were expressed froa version of ACMNPV lacking the caspase inhibp8b As a

comparison, cells were infected with the parep8&d mutant virus (Aegp35KO-PG) or a

repair virus in whictp35was reinserted in the35 mutant bacmid (A@35REP). The

results shown are com®d from four biological replicates. Standard errors and

statistical differencesbtained by unpairedtwb ai | ed Student dédp t test

values are indicated as described in the Fig. 2 legend).

Some serpins, including the poxvirus serpin crmég known to be able to inhibit
caspases, even though caspases are cysteine protéinasas et al, 1995. To tes
whether Hesp018 expression could inhibit caspases during ACMNPV infection, we
expressed Hesp018 in a version of AcCMNPV lacking FB&ang et al, 201J.
Infection of Sf9 cells withp35 mutant AcCMNPV resulted in high levels of effector
caspase activity, as previously shoWBertin et al, 1996 Huang et al, 2013.
Expression of Hesp018 from tip@5 mutant virus resulted in a significant reduction in
caspase activity, although the level of caspase activity was not reduced as much as when
p35was reinserted into thg35 deletion virus (Fig. 5BE). Nevertheless, these results
indicate that Hesp018 may have some inhibitory activity against caspases, although this

will require additional confirmation.
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3.5.Hesp018 expression increases ACMNPV virulence T ni

To examine theeffect of serpin expression during vivo infection, we performed
neonate oral infection assays using the Hes®8essing virus and control virus in
two different species §podoptera frugiperdand Trichoplusia n). While both species

are susceptibleotACMNPYV infection, T. niis more sensitive tha8. frugiperda thus
providing a valuable comparison. We found no significant difference i (time
necessary for 50% lethality) for eith@&: ni or S. frugiperdaneonates using an OB
concentration suffiegnt to kill 95% of the insects (Table 2). Although the slopes
(indicating steepness of the lethality curves) showed statistical differences in both
species, the slope for the Hesp@ressing virus was greater than control virug.in

ni, but lower tharcontrol inS. frugiperdaindicating no clear trend.

However, when the L& (concentration of occlusion bodies required for 50% lethality)
values of these viruses were compared, the fthe HespOl&xpressing virus was 4
fold less than the control wis inT.ni larvae (Table 3). No significant difference was
observed irS. frugiperda(Table 3). Thus, expression of Hesp018 in ACMNPYV resulted

in an increase in viral virulence in nilarvae.

Table 2 Time-mortality response of. niandS. frugiperda neonatelarvae infected orall
with eitherAc-PGor Achesp018PG.

_ 95% Fiducial limits
Insect Virus  LTso (h) Slope+SE
Lower Upper

Control 70.87983 64.99885 76.58491 9.8535 + 0.9100
Serpin 75.87458 70.98130 80.7121¢ 11.8885 + 10170

T.ni

_ Control 88.35941 84.47834 92.24068 18.2834 + 1.4670
S. frugiperda .
Serpin 82.29592 78.07245 86.5732€ 15.7703 + 1.2303
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Table 3. Dosemortality response of. niandS. frugiperdaneonatdarvae infected orally witl
eitherAc-PG orAchesp018PG.

_ 95% Fiducial limits
Insect Virus  LCso (OB/ml) Slope £ SE
Lower Upper

Control 6.04 x 16 419x16 8.41x18 1.706 +0.264

T.ni
Serpin 1.55 x 16 0.73x168 251x168 1.239+0.213

) Control 1.21 x 16 4.45x 10 2.18x10° 1.012+0.184
S. frugiperda _
Serpin 6.57 x 16 1.51x16 1.37x16 0.959.197

4. Discussion

The serpin homolodhesp018 previously reported in the genome of tkeoup Il
alphabaculovirus HespNP{Rohrmanret al, 2013, is the first intact serpin gene found

in a viral genome outside of the chordopoxviruses. In this report, we investigated
inhibitory activity of Hesp018 on several serine proteinases, aodesh that it is a
functional serpin. Expression dfesp018in ACMNPV resulted in accelerated BV
production in Sf9 cells and afdld lower LGsoin T. nilarvae. These results support the
hypothesis thaacquisitionof a serpinhomolog provided an evolutiany advantageo

an ancestor of HespNPV, causing it to be retained in this lineage. Although the natural
host(s) of HespNPV is not known for certain, it was likely isolated frademileuca

sp. in the family Saturniidae which is grouped together with Spgidae and
Bombycidae in the superfamily BombycoidéRegier et al, 200§. However, the
hesp018sequence is relatively divergent from noctuid and bombycoid lepidopteran
serpin4 homologs, indicating that if it was acquired from a bombycoid host, it is either

not a recenhacquisition, or it has evolved faster than the insect genes (Fig. 1A).
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At this point we do not know the target enzyme(s) that are acted upon by Hesp018
during HespNPV infection. Serpins are able to maintainPt@ecascade in an inactive
state in the alefice of immune challenge, and deregulate the cascade during or after
infection (Jianget al, 201Q. One of the closest relatives to hesp018, setpirom M.

sexta can inhibit hemolymph proteinases and block PO cascade actifatinget al,

2005 Tong & Kanost, 200p Therefore, we hypothesized that tresp018night play a

role in regulating host immunity. Our data ildeed suggest that Hesp018 can suppress
activation of the PO cascade, since incubation of recombinant HespO1Blwsexta
hemolymph inhibited PO activity. However, it may very well be that the evolutionarily
important function of Hesp018 is to inhibinh@ther cellular proteinase that is not

involved in PO activation.

Interestingly, expression of either Hesp018Mr sextaserpindB caused increased
cathepsin activity in infected Sf9 cells. The mechanism of this increase in activity is
unknown, but the isplest explanation is that it could be due to inhibition of a
proteinase that normally degradegath, since uninfected Sf9 cells or cells infected
with a virus lacking wcath have very low levels of endogenous cathepsin activity (Fig.
5A). However it isalso possible that this increase in activity is due to increased
expression or activity of a cellular cathepsin. AcMNPV infection causes late
melanization of larvae, usually after the host has died, but viruses lackatit) do not
cause melanizatiorfSlack et al, 1995. Consistent with this, andlso with the
increased cathepsin activity observadvitro, M. sextalarvae infected with ACMNPV
expressing Hesp018 melanized more rapidly than controls. Since melanization is a
result of PO activation, this more rapid melanization response may seengrineot

with the ability of recombinant Hesp018 to inhibit the PO response. However, the
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melanization of the infected larvae occurred late in infection, after death. Presumably at
these late times, overwhelming PO activation occurs that cannot be inhiyited
expression of Hesp018. Increased levels or activity-ofth would be expected to

accelerate this late activation.

Like other large DNA viruses, baculoviruses have frequently acquired host genes during
their evolution, so from this point of view therizontal acquisition of a proteinase
inhibitor is not particularly surprisingBecker, 2000 Katsumaet al, 2012. It is
curious, however, that acquisition of serpin homologs has been so rare during virus
evolution. Well over 60 baculovirus genomes have been sequenced, but no other
baculoviruses have been found to date that harbor serpin homologs, eventkiasegh
viruses have cevolved with their lepidopteran hosts for more than 100 million years
(Thezeet al, 201)). For that matter, functional serpins have not been found in any other
viral genomes outde of the vertebratmfecting chordopoxviruses. The scarcity of
serpin homologs in baculoviruses (as well as other viruses) suggests that serpin
expression may confer an advantage only in rare situations. It is even possible that
serpin expression couldatie deleterious effects on viral fitness in many situations. For
example, in the case of insect viruses such as baculoviruses, serpin expression could
potentially allow increased competition by other microbes if inhibiting PO activation
results in humoralmmunity becoming compromised. Many chordopoxviruses encode
multiple serpin homologéHaller et al, 2014, and serpin expssion contributes to the
exquisite abilities of these viruses to manipulate the vertebrate immune response.
Despite this, other vertebraitefecting DNA viruses that also inhibit immune responses,
such as herpes viruses and adenoviruses, have not acaarpoh homologs.

Interestingly, intraperitoneal delivery of purified Sdrgrotein from myxomavirus to
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mice infected with gammaherpesvirus 68 or ebolavirus improved host survival and
reduced viral infectioffChenet al, 2013. Although this is an artificial situation, it is
consistent with the idea that serpin expression may only be advantageous to viruses in

highly specialized situations.

Along these lines, inhis work we used three different insect species from two
lepidopteran families, the two noctuids ni and S. frugiperdaand the sphingidv.
sexta to characterize the function dfesp018 However, even within the order
Lepidoptera immune responses havedn found to vary at the family level. For
example, the expression of hemolin, an immunoglobikan protein specific to
lepidopterans, is stimulated by baculovirus infection in  bombycoids
(Antheraegpernyiand Hyalophora cecropidrom Saturniidag andBombyx mori from
Bombycidag (Li et al, 2009 but not in the noctuiddielicoverpa zeaHeliothis
virescens or T. ni (Tereniuset al, 2009. Interestingly, knocking down hemolin
expression accelerated baculovirus infection An pernyi (Hirai et al.,, 2004.
Importantly, whereashemolymphfrom a noctuid (H. virescen¥ exhibited virucidal
activity (Pophamet al, 2004 Shelby & Popham, 2006hemolymph proteins from a
saturniid {onomia obliqua were actually able to improve baculovirus replication
vitro (Sousaet al, 2014. Furthermore, encapsulation and melanization of ACMNPV
infected cells by hepotytes was shown to occur in sep@rmissiveH. zeabut not in
fully permissiveH. virescengTrudeauet al, 200). Therefore, not just hemolin but
possibly other components of the lepidopteran hemolymph could play differing roles in

the protection of the host insect in different lepidopteran families.
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In conclusion, we have shown that the baculovensoded serpin Hesp018 is an active
serpin, and thaexpression of Hesp018 in the heterologous baculovirus AcCMNPV
provided a replication advantagevitro and enhanced virulenge vivo in one of two

noctuid hosts. We can only speculate that perhaps the natural host of HespNPV is a
lepidopteran speciesahis adept at mounting a humoral immune response that inhibits
baculovirus infection, or some other response that Hesp018 can inhibit, and thus
retention ofhespOl1&onfers a unique advantage to this virus. It would be interesting to
study the function othesp018in its natural context, if the natural host could be
identified. It will also be interesting to discover, as new viral genomes continue to be
sequenced, whether other serpins have been acquired during virus evolution, and their

roles in viral regtation.

5. Methods

5.1.Cells, virus, and insects

S. frugiperda(fall armyworm) Sf9 andT. ni (cabbage looper) Ti868 cells were
cultured at 27°C in TA00 medium (Invitrogen) supplemented with 10% fetal bovine
serum, penicillin G (60 pg/ml), streptomycin &ie (200 pg/ml), and amphotericin B
(0.5 pg/ml)Viruses were titered by TCHo assay(O'Reilly et al, 1992 in Sf9 or TN

368 cells (forp35-deleted virusesM. sextaeggs were obtained froMichael Kanost,
Kansas State University. Insect larvae were reared as described preyidusty &
Drake, 1983 T. niandS. frugiperdaeggs were purchased from Benzon Research
(Carlisle, PA). After hatching, larvae were reared on artificial diet in &82Fhamber

with a 12h/12h light/dark cycle.
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5.2.Gene amplification and construction of shuttle vectors and recombinant

viruses

The hesp018gene (with or without HA tag) or thél. sexta serpiB gene were
separately amplified using different sets of primers (0.4 uM): hesp018/Sacl F (GAG
CTCATG AAC ATG GTCGTCGGATCATCGTTA ATA G) and hesp0O18/NGtiA

R (GCGGCC GCT TAA GCG TAA TCC GGG ACG TCG TAG GGA TAA TTT

GAA ATG AAA TCC ATT TTC GTC G) or hesp018/Notl R GC&@CC GCT TAA

TTT GAA ATG AAA TCCATT TTC GTC G); Serpin 4 A/B F (GGA'CC GAG CTC

ATG AAG TGT GTGTTA GTGATT GTATTA TG) and Serpin 4 A/B R (GGACC
GCGGCCGCTTAG TAA AGA AAA GGTTGT TTG TAT ATT CC). The amplified
fragments were digested with Sacl/Notl (New England Biolabs) and cloned into the
shuttle plasmid pFBPG-H-pA (a modified pFBPG (Wu et al, 200§ containing a
SV40polyA signal and theDrosophila melanogastethsp70 promoter to drive
heterologous gene expression). The modified plasmids containisgriiagene were
transformed into DH1Mac cells (Invitrogen, Carlsbad, CAJSA) and recombinant
bacmids were selected and confirmed by PCR. Moreover, the plasmids were transposed
into both acathepsin/chitinaséeleted(Kabaet al, 2004 and ap35deleted bacmid
(Huanget al, 201). 1 ug of each recombinant bacmid was transfected into Sf9 cells
(10P) using Lipofectin. For thep35-deleted bacmid, the transfection was performed
using TN-368 cells. The supernatants containing the recombinant viruses were collected

at seven days poestansfection, amplified in Sf9 or TR68 cells, and titered.
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5.3.Phylogenetic analysis

A MAFFT alignment(Katohet al, 2002 was performed with the amino acid sequences
of Hesp018 (NC_021923) and serpins from 19 arthropod spediesektaserpin4B
(AY566163.1); M. sexta serpindA (AY566162.1); Bombyx mori serpin4d
(NM_001043625.1)Danaus plexippuéAGBW01006202.1)Plutella xylostellaserpir

4 (KC686693.1); Chilo suppressalis (AFQ01142.1); B. mori serpin5
(NP_001037205.1); M. sexta serpin5 (AY566166.1); D. plexippus serpin5
(EHJ70286.1); P. «xylostella serpin5 (AGK24648.1); B. mandarina serpin?
(NP_001139701)1 M. sexta serpin7 (HQ149330.2); Culex quinquefasciatus
(XM_001863294.1); Aedes aegypti (XM_001661855.1); Anopheles gambiae
(XM_312891.3); Musca domestica (XM_005183439.1); Tribolium castaneum
(XM_008195262.1); Locusta migratoria (AGC84400.); Caligus rogercresseyi
(BT076733.1). A maximum likelihood tree was inferred using RaxML method with 100
repetitions of a noparametric bootstrafStamatakiset al, 200§ and JTT model
selected by Prottest 2(Abascalet al, 2005. The crustacearC. rogercresseyserpin

sequence was used to root the tree.

5.4.Serpin expression and purification

The hesp018 gene was amplified wusing the primers hesp018 F
(GGATCCCATTTAGACCATTTTTCATTAAA) and hesp018 R
(AAGCTTAATTTGAAATGAAATCCATTTTC) and HespNF/ genomic DNA as
template. The generated fragment was cloned into pET19b (Novagen) in

BamHI/Hindlll restriction sites. The plasmid pETXBbsp018wvas transformed int&.
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coli strain BL21(DE3)/pLysS. Recombinant-tdrminally Histagged protein was
isolatedusing Talon resin (Clontech) as previously descrij@d & Passarelli, 2010
The purified protein was dialyzed against phosphate buffer (10 mM NaH2PO4, pH 6.2)

andthe concentration obtained by BCA assay (Pierce).

5.5.Hemolymph samples and proPO activity inhibition

Fifth-instar, day 3 larvae were chilled on ice for at leastm Hemolymph was
collected by clipping the dorsal horn with scissétesmocytes were remed by
centrifugation at 10,008 g for 20min at 4°C. Plasma samples were stored & TC.

For proPO activity analysis, 100 ng recombinant protein was incubated with 4 pl
hemolymph for 10 min at room temperature. Subsequently, 2 Miavbcoccus luteus
extract(10 pg/ul in sterile waterSigma) was added to stimulate PO activity. 300 ng of
BSA was used as a negative control. After incubation for 10 min at room temperature,
PO activity was measured by absorbance using dopamine as substrate. One unit of PO
activity was defined as the amduof enzyme producing an increase in absorbance
(A470) of 0.001 per minTreatments were replicated three times and analyzed by

unpairedtwet ai | ed St u deeway®NOVA. t est and

5.6.M. sextainjection

Fifth-instar, day 3 larvae were chilled on ice &rleast 20nin. Three caterpillars were
each injected with 100 pl of virus (ffu/ml). For this experiment, we used the
cathepsin/chitinaséeleted virus transposed with shuttle vectors harboring no §kne,

sextaderivedserpin4B gene, or HAtaggedhesp018gene. After injection, the insects
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were individually transferred into-dz plastic cups containing food. Photographs of

dead caterpillars were taken 24 h pasath.

5.7.Amidase activity

Recombinant Hesp018 protein was incubated with proteinaseBesendi molar ratios
as describedAn et al, 2012. One unit of amidase activity was defined as the amount
of enzyme producing an increase in absorbance (A405)00fLQoer min.Treatments
were replicated three times and analyzed by-wag ANOVA. The following
proteinases and their artificial substrates (Sigxtthich, St. Louis, MO, USA) were
used: bovine pancreatidchymotrypsin (120 ng) and -BuccinytAla-Ala-Pro-Phep-
nitroaniide; human serum plasmin (200 ng) andPBel-Pro-L-Arg-p-nitroanilide;
proteinase K fromrritirchium album(40 ng) (Promega, Madison, WI, USA) and N
succinytAla-Ala-Pro-Phep-nitroanilide (synthesized #house); bovine pancreatic
trypsin (5 ng) and Macetytle-Glu-Ala-Arg-p-nitroanilide (Biochemistry Core Facility,
Kansas State University). Enzymes and substrates wieddy provided by Drs.

Michael Kanost and Kristin Michel, Kansas $tatniversity.

5.8.Secretion analysis

Sf9 cells were infected at MOI of 5 with ARG, Achesp01&haPG, or AecMs-serpin

4B-PG for 1 hour at 27°C, washed three times with fresh media, and replaced with 1 ml
of TC-100 without FBS. At different time points, tehnd supernatant were collected
and centrifuged at 1,000 g for 5 min at room temperature. The supernatant was

transferred to a new tube and the pelleted cells were washed twice with phosphate
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buffered saline (PBS), pH 6.2 and resuspended in PBS. Thernsuant and the
resuspended cells were incubated with an equal volume of 2x protein loading buffer and
heated for 5 min at 100 °C. Proteins were analyzed by-FB&E (sodium dodecyl
sulfatepolyacrylamide gel electrophoresis) followed by immunoblottingingi
monoclonal antHA (Covance) or amM. sextaSerpin4dB (Tong & Kanost, 200b

kindly provided by Michael Kanost

5.9.Viral growth curves

Sf9 cells were infectk at MOI=0.01. After 1 hr, virus was removed, the cells were
washed twice with T€00, and TELO0 containing 10% FBS was added. Samples

were collected at the indicated times and titered by F&dBsay.

5.10. Cathepsin and chitinase activity

Sf9 cells were ifected at an MOI=5 with A®G, Achesp01&aPG, AcMs-serpin

4B-PG, or AcDelCCPG (Kabaet al, 2009. At 42 h pos infection (p.i.), cells and
supernatant were collected and centrifuged at 59@x 5 min at 4° C. The cells were
washed twice with PBS. The final pellet was resuspended in 500 pl of PBS. The cells
were lysed on ice using a glass homogenizer. Theiprotacentrations were obtained

by BCA assay (Pierce), and 100 pg (cathepsin) or 10 ug (chitinase) of lysate was used
for activity assays as previously descrid@bpalakrishnaret al, 1995 Slacket al,

1995.
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5.11. Caspase activity

Sf9 cells were infected at MOI=5 wip85-deleted viruses harboring thesp018ene

with or without HA tag op35for 1 hat 27 °C. At 24 and 48 h p.i., cells were collected
and washed twice with PBS and resuspended in 100 pl lysis buffer (20 mM HEPES
KOH, pH 7.5, 50 mM KCI, 1.5 mM MgCI2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
250 mM sucrose) containing Complete Mini EDi&e proténase inhibitor cocktail.

50 ul of cell lysate was incubated with 50 pl of reaction buffer (100 mM HEPES, pH
7.4, 2 mM DTT, 0.1% CHAPS, 1% sucrose) at 37 °C for 15 min. Caspase substrate Ac
DEVD-AFC (MP Biomedicals) was added at a final concentration ofiMOand the
fluorescence (excitation wave length of 405 nm and emission wave length of 505 nm)
was monitored every 10 min for 2 h at 25 °C using a Victor 1420 Multilabel counter

(PerkinElmer).The average slope (change in fluorescence versus time)lottesl.

5.12. Bioassays inTl. ni and S.frugiperdaneonates

T. ni andS. frugiperdaneonates (within 24 after hatching) were transferred to diet
contaminated with OBs at different concentrations. OBs froriP@cand Aehesp018

PG were obtained fronper osinfectedT. ni, purified (O'Reilly et al, 1992,
resuspended in water, and vortexed fort® dissociate clumps. Concentrations of OBs
at 1.6 x 18, 8.0x 10°, 4.0x 10%, 2.0x 10°, and 1.0x 10° OBs/ml forT. nior 8.0x 10°,

4.0x 1P, 2.0x 10°, and 1.0< 108 OBs/ml for S. frugiperdain the diet were used, as
previously describe@Detvisitsakuret al, 2007. After feeding for 24, neonates were
transferred into individual plastic cups containing uncontaminated food. Mortality was

recorded at different time points by scoring the number of destts which had no
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response to touch. The kf£and LTso values were determined using probit analysis

(SASInstitute,2004).
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Capitulo 6. A betabaculovirus encoding agp64homolog

1. Abstract

Background. A betabaculovirus (DisaGV) was isolated frdbmatraea saccharalis
(Lepidoptera: Crambidae), one of the most important insect pest of the sugarcane and
other monocot cultures in BrazResults The complete genome sequencdfaGV

was determined using the 4pgrosequencing method. The genome was 98,404 bp
long, which makes it the smallest lepidoptenafecting baculovirus sequenced to date.

It had a G+C content of 29.7% encoding 125 putative open reading frames (ORF). All
the 37 baculovirus core genes and a set of 19 betabaculepieagic genes were
found. A group of 13 putative genes was not found in any other baculovirus genome
sequenced so far. A phylogenetic analysis indicated that DisaGV is a member of
Betabaculovirg genus and that it is a sister group to a cluster formed by ChocGV,
ErelGV, PiraGV isolates, ClanGV, CaLGV, CypoGV, CrleGV AdorGV, PhopGV and
EpapGV. Surprisingly, we found in the DisaGV genom@ aroteircoupled receptor
related to lepidopteran and othesect virus genes andgp64homolog which is likely

a product of horizontal gene transfer from Group 1 alphabaculovirGeeslusion
DisaGV is a novel species into the gerBstabaculovirus It is closely related to
CypoG\V-related species and presetite smallest genome in size so far. Remarkably,
we found a homolog ofgp64 which used to be present solely in group 1

alphabaculovirus genomes.

Keywords: Baculovirus genome)iatraea saccharalidoetabaculovirus, gp64, GPCR,

evolution.
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2. Background

Brazil is the largest sugarcan®accharum officinarugrL.) and bioethanol producer in

the world(Soccolet al, 201Q Zaninet al, 200Q. Nowadays, sugarcane is grown on an
area over 8 million hectares for both sugar and alcohol produ@mmol et al, 2010.

As with other cultures cultivated over large areas, pest control is of crucial importance.
The sugarcane bor&iatraea saccharalig-abr. (Lepidoptera: Crambidae) is present in

all sugarcangroducing regions of the country, and is siolered the major sugarcane
pest, especially in the southeast reg{@mnardoMiranda, 2008 Biological control
based on the release of the paragitGiotesia flavipes(Cameron) (Hymenoptera:
Braconidaehas been used with success in the control of the sugarcanéNdahenoud

et al, 2011 Rossiet al, 2019. However, other complementary and compatible

methods, such as the application of baculoviruses, would be highly desirable.

Baculoviruses are a large group of insgoécific viruses with circular dolésstranded
DNA, whose hallmark is the presence of occlusion bodies (@Bkymann, 201)3 The
family Baculoviridae comprises four genera: two of themJphabaculovirusand
Betabaculovirus infect insects of the order Lepidoptera; the other two

Gammabaculovirugnd Deltabaculovirus that infect insects of the orders Hymenoptera
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and Diptera(Jehleet al, 20068 respectively. To date more than 100 baculovirus

genomes were completely sequenced, and 19 of them are betabaculoviruses.

The Anticarsia gemmatalis multiple nucleopolyhedrovirus (AgMNPV) has been used in
Brazil in one ofthe largest biocontrol programs in the world to control an insect pest
(Moscardi, 1999 Other successful programs with baculoviruses have been reported
elsewhere in the worl(Rohrmann, 201)3 The success of the AQMNPV program is due

to a combination of factors, such as: high virulenceddeavae can be collected
directly from the field to be used as inoculum, efficient application technology, etc.
Nevertheless, development is needed on pest species that are not so easily exposed to
the virus, as in the case of borers. Lasgale DNA segencing provides information on
compl ete viral genomes allowing for fAomicbo
the development of application strategies. Since Brazil is a very diverse country, several
baculoviruses have been found and their genocsegsencedArdissorAraujo et al,

2014a ArdissorrAraujo et al, 2014h ArdissorAraujo et al, 2015 Craveiroet al,

2015 Oliveira et al, 2006 Wolff et al, 200§. With this prospect in mind, we have
sequenced and analyzed the genom®iafraea saccharalis granulovirugDisaGV),

the first betabaculovirus isolated from a member of the family Crambidae. The presence

of agp64 homologwas a unique and remarkable finding among betabaculoviruses.

3. Results and Discussion

3.1.Viral infection confirmation

Subjects of the speci&iatraea saccharalisvith virus infection symptoms were found

in sugarcane fields in the Southern Bra?¥le performed the structural characterization
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of the putative virus ané granulovirus infection was confirmed by transmission
electron microscopy of OBs extracted from larvae cadavers. Each elliptical granule had
a single roeshaped virion surrounded by rabust protein matrix coat (Figure 1),
indicating the typical morphology of GM&ohrmann, 201)3 Since the protein matrix

is formed by granulin produced in large amounts during late infection and because it is
highly conserved among lepidopterafiective baculovirus, we amplified and
sequenced thgranulin gene in order to obtain an initial confirmation to the viral type
(data not shown). The 747 bp length of the Disa@¥nulin had high amino acid

identity with orthologs from the genetabacubvirus (data not shown).

Figure 1. Ultrastructuralanalysis of Diatraea saccharalis granulovirugDisaGV).
Transmissiorelectronmicrographrevealsgranularocclusionbodiescontainingsingly

embedded rodhaped nucleocapsftedarrow) (scalebars= 0.5 um).

3.2.DisaGV genome and phylogeny

The complete genome of DisaG&enbank accession number: KP296186% 98,407

bp in length (mean coverage of 36 x), which makes the DisaGV the smallest
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betabaculovirus sequenced to date, followed by AdorGV (99,65TVidp)mleatonet

al., 2003) and PIxyGV (100,999 bpjHashimotoet al, 200Q. The G+C content was

29.7 % a typical low value found an®piVs and potentially encoded 125 ORFs with

at least 50 predicted amino acid residues (Table S1 and Figure 2). The current
baculovirus species demarcation criterion is based on pairwise nucleotide distances
estimated using the Kimura-garameter model ohucleotide substitution for three
genesgranulin, lef-8, andlef-9 (Jehleet al, 20060. The pairwise distances of the viral
sequences of DisaGV to other betabaculoviruses for both single loci and concatenated
alignment are well in excess of 0.05 substitutions/site fulfilling all the criteria for a
novel species (data not shown). Irder to investigate the phylogenetic relationship of
DisaGV to other baculoviruses, we carried out a maximum likelihood phylogenetic
analysis based on the alignment of the 37 baculovirus core proteins from all baculovirus
genomes publicly available usinglsly the unique species (Table S2). As suggested by
both OB ultrastructural analysis agdanulin gene sequencing (data not shown), we
found DisaGV as sister taxa of the cluster formed by ChocGV, ErelGV, PiraGV

isolates, ClanGV, CaLGV, CypoGV and Crle@~gure 3A).
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Figure 3. Maximumtlikelihood tree forBetébaculovirusand genome comparison. (A)

The phylogeny was based on the concatenated amino acid sequences of the 37 core
proteins identified in all baculovirus genome completely sequenced so far (Table S2).
We collapsed gammabaculoviruses (orarmyeand alpnaphabaculoviruses (dark blue,

U). The CuniNPV was used as root (light blue). DisaGV (boldface) is a betabaculovirus
and sister species of the cluster formed by Cype@¥ted species. (B) Genome
comparison of the DisaGV genome against some related specieding AgseGV,
ChocGV, CypoGV, EpapGV, and ErelGV. Locally collinear blocks (LCB) are
numbered in the DisaGV genome from 1 to 9. Same colors depict same LCBs across the

genomes. Rearrangement can be seen among the species.

Moreover, we performed a gamic comparison among some selected betabaculovirus
genomes. We found nine Locally Collinear Blocks (LCB), composed of genomic
segments that appear to have the same relative position of their shared genes (Figure
3B). Interestingly, LCB5 (from bp 20013 8v032), LCB7 (from bp 40326 to 76348)

and LCB8 (from bp 76601 to 87652) had an unexpected gene content composition.
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LCB5 lacked baculovirus core genes<2.46, p < 0.05, df =3), while LCB7 had a
higher than expected number£3.84, p < 0.05, df =3) and@B8 had a higher than
expected number of DisaGuhique genes, a lower than expected number of
baculovirus core genes and less than expectegi@¢ific genescf= 5.12, p < 0.01, df

=3).

DisaGV had adnaligase (disal07 and twohelicasegenes lielicasel, disa08land
helicase2, disalll) probably involved in replication, repair, and recombination of
DNA (Kuzio et al, 1999. We also identified aeoxyuridine triphosphatageut) gene
(disa073 and theribonucleotde reductaseubunitsrrl (disall3 andrr2a (disall3,
involved in nucleotide metabolism. The role of those genes during baculovirus infection
is not clear. It was noteworthy the absence of several genes for early transcription
factors, such as thie-0, ie-2, andpe38 There were also no similar sequences to the
baculovirus repeated ORHbro genes), to theecdysteroid UDRjlucosyltransferase
(egd, to the apoptosis inhibitgr35 and also to theathepsinandchitinasegenes. We
observed that thegtgene were absent only in the genomes of four other GVs, HearGV,
PsunGV, SpliGV¥K1 and XecnGV, that form a distinct phylogenic cluster. On the other
hand, thep35gene was found only in the genomes of ChocGV, CaLGV, ClanGV (Data
not shown). The absence ottbathepsinandchitinasegenes may be compensated by
the presence of the putative gene foatrix metalloproteinas€a stromelysinl-like
gene,disa04(Q. Whereas the loss of theathepsinand chitinasegenes is a common
event among the betabaculovirusgsdissorrAraujo et al, 20143, the matrix
metalloproteinaseene is present in all betabaculoviruses sequenced tdlslatawe

et al, 20153. The expression a functional Cypo&&vicoded metalloproteinase into the

117



AcCMNPV genome enhanced the virus virulence, promoted lanalhnization, and

could partially substitute the viral cathepéishimweet al, 20150).

3.3.DisaGV unique genes

Homologs to 25 DisaGV ORFs were not found in teaeane of other baculoviruses.
Taking into account the 450 bp region upstream of each unique ORF, three of them
presented no previously characterized promoter motifs, 12 contained exclusively early
promoter motifs (TATAW, TATAWAW, TATAWTW with W = A or T),and ten had

both early and late (A/TTAAG) motifs (Table S). Two unique OR#isa034and
disa039 showed significant BlastP hits to other dsDNA virus sequences publicly
available.disa034 encoded a putative 310 aa protein that showed 26% amino acid
identity (e-value = 1€06) to a 247 aa length protein of a phycodnavikkEdmannia
irregularis virus a, AAR26869) (Figure 4A). Moreover, disa039 coded for a
hypothetical protein related to insenfecting dsDNA viruses includingViseana
iridescent virus(WIV) (YP_004732905, 131 aa) aWdnsacta moorei entomopoxvirus

‘L' (NP_064857, 158 aa) (Figure 4B). Phycodnaviruses are eukaryotic algae viruses and
seem to share a common ancestor with other insect dsDNA viruses, including
iridoviruses and entomopoxviruses, alhishare baculovirus genes as well (Yamada,
2011). Several baculovirus genes were found into the genome of those viruses,
suggesting the occurrence of lateral gene transfer durkngfextion in the same insect

host, as probably expecteddizsa034(lyer et al, 200§ anddisa039

118



A Disa034 B Disa039

== Baculoviridae
= Prokaryotes

== Baculoviridae
== |ridoviridae

-
== Giant viruses 0'306\ ; Entomopoxviridae
"z W
A
00,97} < gee\l
< o W
Z &
Aycor, ~ pacter™ P e
' ®
chaed & ®
guryd’ e WIV —— \ o
\ Feir\ﬂa ff/) \ /II'OGV
& S \\ k4
\\'b
o \
O )
& - - J—
<t 03 [y 0.1
P

Figure 4. Maximum Ikelihood phylogenetic trees of both Disa034 (A) and Disa039 (B)
based on their predicted amino acid sequence. We used the for RaxML method under
the LG+I+G model for Disa034 and WAG+I+F for Disa039 with a nonparametric
bootstrap to support the branchesig&isms: (A) Organic Lake phycodnaviruses
(Phyco\t1 and PhycoV2), Feldmanniaspecies virugFespV),Feldmannia irregularis

virus a (FeirV-a) and Prokaryotes. (B)Viseana iridescentirus (WIV), Invertebrate
iridovirus 25 (IIV-25), Amsacta mooregntomopavirus'L' (AmmoEV-L), Adoxophyes
honmai entomopoxvirus'L' (AdhoEV-L), Mythimna separataentomopoxvirus'L'

(MyseEV-L) andChoristoneura rosaceanantomopoxvirugd.' (ChroEV-L).

3.4.G protein-coupled receptor (GPCR)

We also found another unique gendis038) related to gutative class B secretiike
G-protein coupled receptor (GPCRJ lepidopteran and an entomopoxvirus (Figure
5A). GPCRsare cell membranassociated GTPases that transmits signals from the

environment to the cell inside or between cedldowing them to react to a
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corresponding variety of extracellular stimuli that camiszliated by different peptides,
lipids, proteins, nucleotides, nucleosides, organic odorants and ph@toolman,
2014. This type of receptorkas been described in manyraal specieslespite of not
being quite common in virus genom&¥e found a predicted signal peptide and seven
transmembrane domains in Disa038 (Figure 5B) making it a member of the Secretin
family (Krishnanet al, 2012. Three subfamilies are recognized for this family and one
of them, the B2contains receptors with long extracellulastéimini as observed for
both the predicted Disa038 and the other relatexteprs. It is not clear the role
displayed by this gene into DisaGV infection context. Otherwise, the human herpesvirus
virus, another dsDNA virus, utilizes virally encoded GPCR to hijack cellular signaling
networks for their own benefit suggesting a hkeaimilar pathway during DisaGV

infection in the host inse¢Nijmeijer et al, 2010Q.
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Figure 5. In silico analyses of Disa038, a betabaculoviemsodedG proteircoupled
receptor gene. (A) Phylogenetic analysis of selected arthropod GPCRs. Disa038
sequence clustered with lepidopteran and an entomopoxvirus proteins. We performed
the RaxML method under the WAG+1+G+F model with a nonparametric bootstrap. The
tree is presented as a cladogram. (B) Schematic representation of Disa038 and
phylogenetically related proteins. The betabaculovirus GPCR retained all the structures
observed in the homologs including the signal peptide (gray), soluble fraction (black),

and the transmembrane domains (TMDs, white). PBtytella xylostella Psxu,Papilio
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xuthus Papo,Papilio polytes MyseEV, Mythimna separata entomopoxvirus;'land

Dapl, Danaus plexippus

3.5.GP64

The most striking aspect observed in the DisaGV genonsetheapresence of gp64
homolog genedisall8 GP64 is the major envelope fusion protein (EERglusively

found in Group | alphabaculoviruses (&3 (Rohrmann, 2013 Both Group 2
alphabaculovirus (G2) and betabaculovirus share an analog to the GP64, called F
protein, as the major BV EF@&arry & Garry, 2008 which is probably the ancestral
EFP in baculovirugJehle et al, 2006a Jehleet al, 2006f). GP64 was acquired
probably later by the ancestor of Gllikely from an insect retrovirubke element
(Rohrmann & Karplus, 20Q01Wang et al, 2019 and is clearly related to the
glycoprotein found in the genufhogotovirus(from Orthonmyxoviridae an sSRNA
negativestrandsegmented virus family)\Morse et al, 1992. Therefore, in attempt to
understand both cguisition and evolution ofp64 into the DisaGV genome, we
performed a phylogenetic reconstruction of the gene. We found that DisaGV GP64
clustered with G4J EFP, suggestive of a horizontal transfer from -Glo
betabaculovirus (Figure 6A). DigaP64 clustered with DekiNPV. Thereforgp64

gene acquisition probably caused an improvement in the ancestor of DisaGV as
probably had happened to the -31Taken togther, these results suggest that the
common ancestor of the G@lacquired this gene once by HGT from some unknown
source, which was later transferred to DisaGV or some related betabaculovirus
ancestral. Alternatively, but less probably, the gene was$yfastjuired by a DisaGV

related virus and later transferred to the common ancestor 0f @f adaptation of
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disal18to the G+C genome content of DisaGV was observed (Figure 6B) depicting that
the gene acquisition is likely not recéMonier et al, 2007). Experimental analysis has
shown that the incorporation of GP64 into the genome of Helicoverpa armigera
nucleopolyhedrovirus, a GP+baculovirus, enhanced virus infectivity vivo and in

vitro (Shenet al, 2012. GP64 and F protein can exploit either distifwestenberget

al., 2007 or similar(Wanget al, 2010 receptors to entry into tHeost. Thereforegp64
fixation has probably pervaded expansion in both fusion and biding virus activities
(Liang et al, 2005 Yu et al, 2009 and could have functionally replaced the F protein

in G1-U(Wanget al, 2014. The evolutionary replacement hypothesis is reinforced by
the fact that G4J present a remnant F protein homolog in their genomes unable to
compensatgp64lossand probablylaying a role only on the virus pathogeniditying

et al, 2003. Interestingly, despite the DisaGV genome codes for an F protein, large
deletions were observed in several reads covering the gene, suggesting existence of
viruses with deleted segments in the sequenced population (data not shown). This
feature may intate that the function df protein has been replaced or complemented
by gp64 in DisaGV. Moreover, in our report, we analyzed the 150 nucleotides up
stream the predictegp64 ATG start codon from DisaGV to compare with annotations
identified previously inG1 U-baculovirusgp64 promoter region (Figure 6C). During
viral de novosynthesisgp64 expression is regulated by transcription from both early
and late promoters with negative and multiple positive regulatory elerfidigsard &
Rohrmann, 1991 The gp64 promoter region size was previously described to be
around 140 bp(Chen et al., 2013 Garrity et al, 1997 Jarvis & Garcia, 1994
Concerning this region, we found 3 required elements GAPA, (89, and-104), 2
TATA Box-like (-35 and-76), 2 CACGTGIlike (-38 and-61) sequences with mutation

on the first C to A in both, and one TAT#ox (35)}associated CAGT-88). TATA-
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dependent activity and TAT-fMdependent activity is mediated by RNA polymerase I

in OpMNPV gp64 (Kogan et al, 1995. Two of the required GATA and CACGTG

specifically bind to host transcription factors and atgwranscription from the TATA

dependengp64 promoter(Kogan & Blissard, 1994Koganet al, 1995. The presnce

of these conserved regulatory expression sequences in the promoter retsargpb4

gene indicates that it must be transcribed and functional. We are currently analyzing

whetherdisa-gp64is able to replace Gltbaculovirusgp64gene.
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Figure 6. Phylogeny, G+C content, and the promoter region analyses of the

betabaculovirugncodedyp64 homolog,disall8 (A) The DisaGV homolog is related

to DekiNPV. The maximum likelihood (ML) tree was inferred using the predicted

amino acid sequence of all thetdbaculovirus GP64 (pink), several publicly available

Group 1 alphabaculovirus genes (blue), and thogotovirus genes (orange). We performed

the RaxML method under the WAG+I+G model with a nonparametric bootstrap for

phylogeny reconstruction. Thogotovirusesot the tree that is presented here as a

cladogram. (B) Comparison of the G+C content average for the third position of the
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translational codon in thgp64 genes from all Group Alphabaculovirus(G1-U and
DisaGV.disall8underwent a gene adjustment the low G+C content characteristic
of betabaculoviruses when compared to thel&terived genes. (C) Annotation of 110
bp long from thedisall8promoter region. The elements and motifs were pictured
based on previously published researches in alphab&udes. We are presenting the
required element GATA fogp64 transcription, the TATAboxes, and a CAGT@ke

element.

4. Methods

4.1.Viral origin, confirmation, and electron microscopy

The DisaGV used in this study was obtained from infected laBvasacchaalis
collected in the state of Parana, Brazil in 2008ansmission electron microscopy
(TEM) of purified OBs andgranulin gene amplicon sequence confirmed that the
infection was due to a betabaculovirus.. Bn@nulin amplification was performed with
universal primers for the major OB protegene as previously publish¢dangeet al,

2004. The amplified fragment was purified from an agarose gel after electrophoresis
with the GFX® kit (GE Healthcare) following the manufacttis instructions, Sanger
sequencing reaction was performed with the BigDye kit (Applied Biosystems) and the
sequence determined in an automated sequencer ABI®P&E$A0 Genetic Analyzer
(Applied Biosystems). For transmission electron microscopy, a suspesfsocclusion
bodies extracted from larvae infected by DisaGV was prepared as described elsewhere

(ArdissorrAraujo et al, 20144.
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4.2.Sequencing system, assembly, and analysis of the DisaGV complete genome

Di saGV genomic DNA was sequenced with the
Standard (Roak) at the Centro de Gendmica de Alto Desempenho do Distrito Federal
(Brasilia, Brazil).The genome was assemblgel novousing Geneious 7.(Kearseet

al., 2012 and confirmed using restriction enzyme digestion profile. The annotation was
performed using Geneious 7.0 to identifye topen reading frames (ORFs) that started

with a methionine codon (ATG) encoding at least 50 amino acids and blastp to identify
homologs. Specific primers were designed to amplify and sequen&anggr method,

all regions in the genome with low coverggelO x).

4.3.Phylogenetic analyses and genome comparison

For theBaculoviridaephylogeny, a MAFFT alignmer{Katohet al, 2009 was carried

out with the concatenated amino acid sequences predicted for the 37 baculovirus core
genes. The hypothetical tree was inferred using the FastTree niethaat al, 201J),
implemented in Geneious. For the putathaizontal gene transfer (HGTs) evetite
same alignment method wased for Disa034, Disa038, Disa039 (G protentoding
gene), and Disall&p64 homolog) and the hypothetical trees were inferred using the
RaxML method with 100 repetitions of a non parametric bootst&uindonet al,
2010, implemented in Geneious, with the models WAG+I+G for GP64, WAG+I+G+F
for Disa038 WAG+I+F for Disa039, and LG+I+G for Disa034 selected by Prottest 2.4
(Abascal et al, 2005. The signal peptide and the transmembrane domains were
predicted byboth the SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) and

the TMHMM Sever v. 2.0 (http://www.cbs.dtu.dk/servicess TMHMM/), respectively.
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Moreover, the complete genome of DisaGV was compared othigr betabaculovirus
genomes through constition of syntenic maps with the Mauve program in the Genious

7.1.7 using default parameter settings.

5. Conclusion

After structural characterization, complete genome sequence, and phylogenetic analyses
of the Diatraea saccharalignfecting virus, we foundhat it is a novel species into the
genusBetabaculovirus called byDiatraea saccharalis granulovirugDisaGV). The
genome seemed to be closely related to Cypo€ated species and to present so far

the smallest genome among other betabaculoviruses. rkamhg we found in the
genome both a GPClke andgp64gene.gp64used to be found solely in the group 1

alphabaculovirus genomes.
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Table S1 Gene composition angeneral features of the Diaga saccharalis granulovirus (DisaGV) genome relative to other bacul
genomes.

" Size Size Transcriptional Orthologs - ORF number (identity)

ORF Name Position (bp) (aa) motifs AcMNPV  CypoGV CrleGV PiraGV  ChocGV
1 granulin 1> 747 747 248 E, L 8(55) 1(93) 1(91) 1(81) 1(91)
2 1084 <728 357 118 E, L - 2 (58) 2 (59) 2(51)  2(39)
3 pk-1 1065 >1877 813 270 E, L 10 (38) 3 (54) 3 (58) 3(61) 3(61)
4 2112 <1852 261 86 E - - - - -

hrl 1921- 2134 214 - - - - - - -
5 2701<2132 570 189 E, L - 4 (51) 4 (51) 4 (56) 5 (49)
6 ie-1 4218 <2932 1287 428 E 147 (29) 7 (45) 6 (44) 6 (47) 7 (41)
7 4249 > 4818 570 189 E, L 146 (28) 8 (46) 7 (47) 7 (55) 8 (55)
8 5134 <4838 297 98 E, L 145 (38) 9 (60) 8 (61) 8 (65) 9 (61)
9 odvel8 5406 <5140 267 88 E, L 143 (29) 14 (76) 13(72) 14 (66) 12 (73)
10 p49 6790 <5393 1398 465 E, L 142 (31) 15(58) 14 (59) 15(64) 13 (60)
11 7946 <7368 579 192 E, L - 16 (52) 15 (53) - -
12 odv-e56 9070 <7943 1128 375 E 148 (46)  18(70) 17(68) 16 (68) 14 (72)
13 9096 >9299 204 67 E - - - - -
14 pepl 9757 <9260 498 165 E, L - 20 (57) 20(66) 20(53) 17 (70)
15 9837 >10406 570 189 E,L - - - - -
16 pep/p10 10453 > 11427 975 324 E, L - 22 (64) 23(63) 22(60) 18 (64)
17 pep2 11439 > 11873 435 144 E, L - 23(71) 24(70) 22(70) 19 (66)
18 12838 < 11885 954 317 E, L - 29 (36) - 24 (27) 22 (29)
19 13103 < 12879 225 74 E, L - - - - -
20 13528 > 14025 498 165 E, L - - - - -
21 gpal 14904 < 14047 858 285 E, L 80(32) 104 (67) 95(69) 88(71) 83 (66)
22 15445 < 14849 597 198 E, L 81 (47)  103(73) 94(71) 87(71) 82(70)
23 15740 < 15429 312 103 E 82(26) 102 (47) 93(43) 86(47) 81 (45)
24 vp9l 15718 > 17355 1638 545 E, L 83(26) 101(55) 92(55) 89(53) 80 (53)
25 efp/f protein 17418 > 19028 1611 536 E, L 23 (22) 31 (38) 30(39) 26(40) 23(41)
26 19145 > 19630 486 161 E,L - - - - -
27 19829 < 19587 243 80 E,L - - - - -
28 19804 > 19989 186 61 - - - - - -
29 20609 < 20007 603 200 E, L - 33(38) 32(41) 28(42) 24 (38)
30 pif-3 20637 >2194 558 185 E, L 115(39) 35(53) 34(48) 30(52) 26 (50)
31 odv-e66 23470 < 21185 2286 761 L 46 (58) 37(65) 35(67) 45(56) 27 (60)
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32
33
34
35
36
37
38
39
40
41

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

57
58

59
60
61
62
63
64

lef-2

metalloproteinase
pl3
hr-2
pif-2

v-ubq
odwec43

39k/pp31
lef-11
p74

acetyltransferase

hr-3

p47
bwe31

hr-4

p24
38.8k
lef-1
pif-1

23509 > 23820
24140 < 23856
25142 < 2210

25067 > 25219
25278 > 25796
25783 > 26028
26098 > 27294
27632 <27291

28746 < 27634
28756 > 29556
29572- 29929

30025 > 31146
31209 > 31592
31794 < 31597
31814 > 33667
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99 lef-3 75316 < 74249 1068 355 E, L 67 (24)  113(35) 103(38) 95(45) 92 (43)
100 odvnc42 75282 > 75668 387 128 E L 68 (34) 114 (65) 104 (57) 96 (65) 93 (62)
101 75849 < 75661 189 62 E - - - - -
102 75766 > 76248 483 160 E, L - 115(38) 105(33) 97(39) 94 (33)
103 iap-5 76307 > 77101 795 264 E - 116 (63) 106 (60) 98 (58)  95(58)
104 lef-9 77106 > 78584 1479 492 L 62 (53) 117 (73) 107 (72) 99 (75) 96 (73)
105 fp25k 78590 > 79030 441 146 E L 61(36) 118 (68) 108(66) 100(72) 97 (67)
106 80190 < 79057 1134 377 E - - - - -
107 80444 < 80193 252 83 E - - - - -
108 82066< 80555 1512 503 E - - - - -
109 dna ligase 83743 < 82106 1638 545 E, L - 120 (59) 110 (59) 102 (59) 99 (58)
110 83942 < 83745 198 65 E, L - - - - -
111 84027 > 84341 315 104 E L - 124 (55) 114 (56) 106 (49) 103 (55)
112 84499 < 84317 183 60 E - - - - -
113 alk-exo 84414 > 85610 1197 398 E L 133(33) 125(53) 115(53) 107 (64) 104 (56)
114 helicase2 85513 > 86805 1293 430 E, L - 126 (59) 116 (54) 108 (59) 105 (52)
115 rrl 88666 < 86849 1818 605 E - 127 (54) - - -
116 rm2a 88765 > 89892 1128 375 L - 128 (59) - - -
117 89960 < 89808 153 50 E - - - - -
118 gp64 89952 > 91469 1518 505 E L 128 (74) - - - -
119 lef-8 93976 < 91472 2505 834 E L 50 (48) 131 (69) 119 (67) 110(70) 107 (68)
120 94000 > 94404 405 134 E L 53(36) 134 (67) 121(69) 113(68) 109 (63)
hr-7 94399- 94911 513 - - - - - - -
121 95772 < 94963 810 269 E L - 135 (41) 122 (29) 114 (38) 110 (31)
122 96139 < 95942 198 65 E L - 136 (41) 123 (44) 115(50) 111 (44)
123 lef-10 96120 > 96353 234 77 E L 53a(38) 137 (52) 124 (56) 120 (61) 112 (55)
124 vp1054 96214 > 97197 984 327 E, L 54 (30) 138 (59) 125(58) 116(66) 113 (59)
125 me53 97422 > 98366 945 314 E 139 (27) 143 (52) 129 (47) 125(52) 116 (46)

Note: Position, transcriptional orientation and length (bp andf&p5 putative ORFs of the DisaGV genome. The ORFs were compared with their res
homologs in AcCMNPV and 4 betabaculoviruses in terms of corresponding ORF number and amino acid identity (ID %). Disa@Résigue shown ired,
betabaculoviruspeific ORFs ingreen ORFs conserved in all baculovirus genomes (core genés)anThe conserved early (E; TATAW, TATAWTW e/o
TATAWAW) and late (L; A/IT/GTAAG) transcriptional motifs within 450 bp upstreaach putative ORF are also shown.

133



Table S2 Species used in this paper for reconstruction of the baculovirus phylogeny in the FIG. 3A. The species from tl
Alphabaculovirus(dark blug, Betabaculovirugpink), Gammabaculovirug ), andDeltabaculovirus(light blue) are presente

here togther with the abbreviation used in the main text, the host family where the virus was isolated from, and the

accession number as well.

Species Abbreviation Host family Accession

Adoxophyes honmai nucleopolyhedrovirus AdhoNPV Tortricidae AP006270
Adoxophyes orana nucleopolyhedrovirus AdorNPV Tortricidae EU591746
Agrotis ipsilon multiple nucleopolyhedrovirsgain illinois AgipMNPV Noctuidae EU839994
Agrotis segetum nucleopolyhedrovirus AgseNPV Noctuidae DQ123841
Apocheima cinerarium nucleoptiedrovirus ApciNPV Geometridae  FJ914221

Buzura suppressaria nucleopolyhedrovirus BusuNPV Geometridae  KF611977
Chrysodeixis chalcites nucleopolyhedrovirus ChchNPV Noctuidae AY864330
Clanis bilineata nucleopolyhedrovirus CIbiNPV Sphingidae DQ504428
Ectropis obliqua nucleopolyhedrovirgtrain Al EcobNPVAL Geometridae  DQ837165
Euproctis pseudoconspersa nucleopolyhedrovirus EupsNPV Lymantriidae  FJ227128

Helicoverpa armigera multiple nucleopolyhedrovirus HaMNPV Noctuidae EU730893
Helicoverpa armigera ntleopolyhedroviru€1 HaNP\-C1 Noctuidae AF303045
Helicoverpa zea single nucleopolyhedrovitlSA HzSNPVLUSA Noctuidae AF334030
Hemileuca sp. nucleopolyhedrovirus HespNPV Saturniidae KF158713
Lambdina fiscellaria nucleopolyhedrovirus LafiNPV Geometriida KP752043
Leucania separata nuclear polyhedrovirstsain AH1 LeseNPV Noctuidae AY394490
Lymantria dispar multiple nucleopolyhedrovirus LAMNPV Lymantridae =~ AF081810
Lymantria xylina multiple nucleopolyhedrovirus LyxyMNPV Lymantridae = GQ202541
Mamestrabrassicae multiple nucleopolyhedrovirsigain Chbl MbMNPV-CHb1l Noctuidae JX138237



Mamestra configurata nucleopolyhedrovifAsstrain 90/2
Mamestra configurata nucleopolyhedroviids

Orgyia leucostigma nucleopolyhedroviriselate CFS77
Peridroma sp. nucleopolyhedrovirus

Perigonia lusca single nucleopolyhedrovirus
Pseudoplusia includens single nucleopobjtoirus |E
Spodoptera exigua nucleopolyhedrovirus

Spodoptera frugiperda multiple nucleopolyhedroviisaate 19
Spodoptera litoralis nucleopolyhedrovirisnlateAN1956
Spodoptera litura nucleopolyhedrovir@2

Spodoptera litura nucleopolyhedrovirlls

Sucra jujuba nucleopolyhedrovirus

Trichoplusiani single nucleopolyhedrovirus

Autographa californica nucleopolyhedrovirabne C6
Anticarsia gemmatalis nucleopolyhedrovirus

Antheraea pernyi nucleopolyhedrovirsslatelL2

Bombyx mori nucleopolyhedrovirggain T3

Bombyx mandarina nucleopolyhedroviis2
Choristoneura fumiferana defective multiple nucleopolyhedrovirus
Choristoneura fumiferana multiple nucleopolyhedrovirus
Choristoneura murinana nucleopolyhedrovirus
Choristoneura occidentalis nucleopolyhedrovirus
Choristoneura rosaceana nucleopolyhedrovirus

Condylorrhiza vestigialis multiple nucleopolyhedrovirus
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MacoNP\*A 90/2 Noctuidae

MacoNP\:B
OrleNPV
PespNPV
PeluSNPV
PsinSNPV
SeMNPV
SfMNPV-19
SpliNPV-1956
SpliINPV-G2
SpliNPV-II
SujuNPV
TnSNPV
AcCMNPV-C6
AgMNPV
AnpeNPML2
BmNPV-T3
BomaNP\/S2
CfDEFMNPV
CfMNPV
ChmuNPV
ChocNPV
ChroNPV
CoveMNPV

Noctuidae
Lymantriidae
Noctuidae
Sphigidae
Noctuidae
Noctuidae
Noctuidae
Noctuidae
Noctuidae
Noctuidae
Geometridae
Noctuidae
Noctuidae
Noctuidae
Saturniidae
Bombycidae
Bombycidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae

Crambidae

U59461
AY126275
EU309041
KM009991
KM596836
KJ631622
AF169823
EU258200
JX454574
AF325155
EU780426
KJ676450
DQ017380
L22858
DQ813662
EF207986
L33180
JQO071499
AY327402
AF512031
KF894742
KC961303
KC961304
KJ631623



Dendrolimus kikuchii nucleopolyhedrovirus
Epiphyas postvittanaucleopolyhedrovirus
Hyphantria cunea nucleopolyhedrovirus

Maruca vitrata multiple nucleopolyhedrovirus

Orgyia pseudotsugata multiple nucleopolyhedrovirus

Philosamia cynthia ricini nucleopolyhedrovirus

Plutella xylostella multiple nucleopolyhedroviriselate CL3

Rachiplusia ou multiple nucleopolyhedrovirus
Thysanoplusia orichalcea nucleopolyhedrovirus
Adoxophyes orana granulovirus

Agrotis segetum granulovirtlsl

Choristoneura occidentalis granulovirus
Clostera anastomosis granulovirus

Clostera anachoreta granulovirus

Clostera anastomosis granulovir@srain B
Cryptophlebia leucotreta granulovirusolate G/3
Cydia pomonella granulovirus

Diatraea saccharalis granulovirus

Epinotia aporema granulovirus

Erinnyis ello granulovirus

Helicoverpa armigera granulovirus
Phthorimaea operculella granulovirus

Pieris rapae granulovirug€3

Plutella xylostella granulovirus
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DekiNPV
EppoNPV
HycuNPV

MaviMNPV

OpMNPV
PhcyNPV
PIxyMNPV
RoMNPV
ThorNPV
AdorGV
AgseGV:L1
ChocGV
CaLGV
ClanGV
ClanGV-B
CrleGV
CpGV
DisaGV
EpapGV
ErelGV
HaGV
PhopGV
PiraGV-E3
PIxyGV

Lasiocampidae JX193905

Tortricidae
Arctiidae
Crambidae
Lymantiidae
Saturniidae
Plutellidae
Noctuidae
Noctuidae
Tortricidae
Noctuidae
Tortricidae
Notodontidae
Notodontidae
Notodontidae
Tortricidae
Tortricidae
Crambidae
Tortricidae
Sphingidae
Noctuidae
Gelechiidae
Pieridae
Plutellidae

AY043265
AP009046
EF125867
U75930
JX404026
DQ457003
AY145471
IX467702
AF547984
KC994902
DQ333351
KC179784
HQ116624
KR091910
AY229987
U53466
KP296186
JIN408834
KJ406702
EU255577
AF499596
GU111736
AF270937



Pseuddéetia unipuncta granulovirus
Spodoptera frugiperda granulovirus
Spodoptera litura granulovirusolate K1

Xestia enigrum granulovirus

Culex nigripalpus nucleopolyhedrovirus

PsunGVHawaiin
SpfrGV

SpliGvV

XcGV
NeseNPV
NeleNPV
NeabNPV
CuniNPV

Noctuidae
Noctuidae
Noctuidae
Noctuidae
Diprionidae
Diprionidae
Diprionidae

Culicidae

EU678671
KM371112
DQ288858
AF162221
AY430810
AY349019
DQ317692
AF403738
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Capitulo 7. A betabaculovirus-encondedgp64 homolog is a functional envelope

fusion protein

1. SUMMARY

The envelope fusion protein GP64 is a hallmark of group | alphabaculoviruses.
However, the Diatraea saccharalis granulovirus genome sequenazlesl the first
betabaculovirus species harboring@64 homolog ¢lisal1§. In this work, we have
shown that this homolog is a functional envelope fusion protein and could enable
infection and fusogenic abilities ofggp64null prototype baculovirus. Theiore, GP64
may complement or may be in the process of replacing F protein activity in this virus

lineage.

Este capitulo ndo foi publicadérdisson-Araujo, D. M., Melo, F. L., Clem, R. J.,
Wolff, J. L., & Ribeiro, B. M. (2014). A betabaculovirugncondd gp64homolog is &

functional envelope fusion protein

2. MAIN TEXT

The Baculoviridaeis a family of insect viruses with doubi#randed DNA genomes. It

is currently divided into four genera, two of whictAlphabaculovirus and
Betabaculoviruscontain menbers that are infective to the larval stages of moths and
butterflies. During a complete infection cycle, viruses from both genera produce two
virion phenotypes, (1) the occlusiolerived virus (ODV) which is surrounded by a

crystalline protein matrix, #hocclusion body (OB), and is responsible for the ihtest
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oral primary infection and (2) the budded virion (BV), responsible for -imbst
systemic infectior{Rohrmann, @13). GP64 is the major envelope fusion protein (EFP)
found inthe BVs of all group | alphabaculoviruses ¢B(Rohrmann, 2013 Other
baculoviruses including those frongroup Il alphabaculovirus (G2 ) and
betabaculovirus share a GP64 analog called F protein as the major BYGEBFP &

Garry, 2008.

The betabaculovirus Diatraea saccharalis granulovirus (DisaGV) was isotatedrie

of the most devastating insect pest of sugarcane and other cultures in Brazil. After
complete genome sequencing (Genbank accession number: KP29618fK4a
homolog, disall8was found (unpublished datajisall8clustered with genes from
alphabaculairus group | instead of orthomyxovirus homologs, which confirms that
gp64was acquired once by alphabaculovirus and then transferred to either DisaGV or a
related ancestor (unpublished datalR64 is a class Il integral membrane glycoprotein
(Garry & Garry, 2008that plays essential roles in host cell receptor bin¢iefferon

et al, 1999, low-pH-triggered viral membrane fusiorfKingsley et al, 1999 and
systemic infection of the host inse@lonsmaet al, 1996. Here, we investigated

whether thegp64(disall9 homolog found in DisaGV is a functional EFP.

To examine the function of the DisaGV gp64 homolog, we generatgp64null
Autographa californica multiple nucleopolyhedrovirus {@wgp64PG) bacmid
pseudotyped with thdisall8gene (hereby calledisagp64. The pseudotyped virus
Ac-REPRdisagp64PG was able to infect and spread upon transfectionSptamloptera
frugiperda cell line 9 (Sf9) (FIG. 1A). To confirm that infectious BVs were being

produced after transfection, wansferred the supernatants from transfection to healthy
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Sf9 cell cultures.Ac-RERdisagp64PG was able to cause infection (FIG. 1B).
However, he eficiency was lower than the control viruses in a controlled infection
assay (triplicate infection with MOI 5 and 6 h rocking, FIG 1C). In a previous study, a
gp64null virus expressing the EFP of tiwesicular stomatitis virus Gvas able to
produce infectn, replicate, and propagate in Sf9 cells despite thetece#ll
propagation being delayed in comparison to the parental (asgoret al, 2007).
Interestingly, even with a pairwise identity of 73.2 % betweerGR64 and Disa
GP64, a monoclonal antibody against-@P64 was unable to recognize DSR64.
However, a polyclonal antibody raised against Anticarsia gemmatalis multiple
nucleopolyhedrovirus GP64 lacking both the signal peptide and the transmembrane
domainrecognized both Dis&P64 and A€GP64 (FIG. 1D). We also carried out a
fusogenic activity assay to verify whether the betabaculovirus glycoprotein could
mediatelow-pH-triggered membrane fusiotWe found that cells infected with both
VAc-RERdisagp64PG and VAGREPac-gp64PG mediated membrane fusion and
syncytium formation when exposed to low pH (FIG 2A and B, respectively). The
efficiency of syncytium formation was apparently much lower when compared to the
positive control. Moreover, no syncytium fornwat was observed when the cells were

mock infected and treated with low pH (data not shown).

140


file:///C:/Users/Daniel%20Mendes/Downloads/Disa-gp64_Draft_final.docx%23_ENREF_12

A Ac-PG Ac-AGP64-PG Ac-REP-ac-gp64-PG Ac-REP-disa-gp64-PG C

24hpt‘----

24 hpi (moi 5)

Infected cells (%)

72hpt

Ac-AGP64-PG Ac-REP-ac-gp64-PG

REP-GP64
Ml Ac-PG Ac Disa

Polyclonal anti-Ac-VP39 <40
veag sl
Sdp.i.

Monoclonal anti-Ac-GP64 70
GPBAD e—— [

. <50

Polyclonal anti-Ag-GPg4

470
50

GP64

FIG. 1. DisaGP64 is a functional envelope fusion protein. (A) Transfection assay of
Ac-PG (positive control), AcpG P €& (negative control), ARERac-gp64PG
(repaired virus), and AREPdisagp64PG (pseudotyped virus). 1 pg of DNA from
each virus was transfected into Sf9 cells. The cells were photographed at 24 and 72 h
p.i. (B) AcREPRdisagp64PG transfection supernatant is infective to Sf9 cells. At 5
days posttransfection, clarified supernatants were used to infect Sf9 cells. The cells
were photographed at 5 days pwogection. (C) The infection efficiency of the
pseudotyped ARERdisagp64PG was reduced when compared to the repaired Ac
REPac-gp64PG. Cells were infected with MOI of 5 (determined by -gmint
dilution) and photographed at 24 hpi. (D) A monoclonal -actGP64 does not
recognize Disa@GP64 when expressed by recombinant ACMNPV but a polyclonal anti
Ag-GP64 does. AAc-VP39 antibody wa used as a baculovirus infection control.
Cells were mock infected or infected with (i) A&, (i) AcRERac-gp64PG (Ac), or

(i) Ac-REPdisagp64PG (Disa) at an MOI of 5 for 72 hpi. Cells were harvested, and
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the total proteins were extracted, resdhvan SDS12% PAGE gels, and analyzed by
immunoblotting with polyclonal ant#\c-VP39, monoclonal an#c-GP64, or

polyclonal andAg-GP64 antibody.

Ac-REP-disa-gp64-PG (120 h p.i.) Ac-REP-ac-gp64-PG (48 h p.i.)

&

FIG.2. Syncitium formation mediated by recombinant baculovirus infections. Sf9 cells
were infected with ither AcRepDisa-gp64PG or AcRepAc-gp64PG at MOI of 1.

The infected cells were then incubated with low pH TC100 media (pH 4.0) for 10 min
at 48 or 120 hpi, as indicated. After 10 min the media was replaced by media at pH 6.0.
Syncitium formation was olsved and photographed at 4 h after treatment.
Multinucleated cells are indicated by arrow heads. The absence of OBs is due to the

different time posnfection used for the repaired virus.

To understand this reduction in virus infectivity, spread, andydyrm formation
efficiency, we mapped functionally important amino acid residues inGR&4 based
on previous reports and protein alignment (Fig. 3). Two main regions were analyzed

which included the signal peptide (SP) and the ectodomain (ED, regwadrethe SP
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and the transmembrane domain, TMD). By MAFFT alignn{&atoh et al, 2002, we

found that GP64 SPs across baculovirus species are vapabke with a pairwise
identity of 39.8% (Fig. 3A), which is not an exclusive feature in GP64 alone. Other
baculoviral envlpe proteins and secreted enzymes present highly variable SP
sequences as wele.g. per osnfectivity factors andEGT) (data not shown). These
amino acid substitutions could be related to host adaptation and might be responsible for
the efficiency redumon displayed by the pseudotyped virus since DisaGV and
AcMNPV were found infecting caterpillars from different lepidopteran families
Crambidae and Noctuidae, respectively. On the other hand, the ED has been shown to
present important regions for thenctions of GP64Katou et al, 201Q Li & Blissard,

2009 Zhou & Blissard, 2008 Using he same alignment method cited above, we found
that most of the previously mapped ED regions and sites are highly conserved-in Disa
GP64 such amtra-moleculardisulfide bonds, which are critical in membrane fugion

& Blissard, 2010 (not shown).However, out offour glycosylation sites identified in
Ac-GP64 ED N198, N355, N385, and N426) and conserved in all othet)G1G4P 6
orthologs three are maintained DisaGP64; only N355 underwent a substitution (Fig.
3B). Cell surface expression, assembly into infectious BV, and fusogenic activity do not
require Nlinked oligosaccharide processing; however, the removal of one & Mo
glycosylation sites in AGP64 impairs binding of budded virus to the cell, indicating
that this modification is necessary for optimal GP64 funcfianvis & Garcia, 1994
Jarviset al, 1998. Interestingly,both the production of infectious BV and the fusion
activity were reduced when glycosylation of GP64 was inhibited in Bombyx mori

nucleopolyhedrovirugRahman & Gopinathan, 2003
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DisaGV T, T 1 T Gl DisaGV

FIG. 3. Aligned regions of GP64 homologs from group | alphal@adéuises and
DisaGV. (A) Signal peptide region alignment. The last residue shown (glutamate) is the
predicted beginning of the soluble portion of the protein. (B) Alignment of part of the
soluble portion revealing the substitution in DisaGV from N353%&bIwhen compared

to the other alphabaculovirus species (asterisk). This residue has been experimentally
shown to be a Ninked glycosylation site in AcCMNPV. By the MAFFT alignment
method, strictly conserved amino acid residues are shown in black boxpartatly

conserved residues in grey boxes.

The main question here is why hgis64 been fixed into DisaGV? Fixation gfp64is

responsible for improvement of both fusion and biding activifieang et al, 2005

Shenet al, 2012 Yu et al, 2009, and possibly led to replacement of F protein inlG1
(Wanget al, 2014. Infact, G2lU viruses also contain a remn
their genomes that is unable to compengat gp64loss (4, 15), and that playsa role

in virus pathogenicityLung et al, 2003. Previous experimental analysis has shown

that the incorporation of GP64 into a<G2 enhanced vinviveandin nf ect i v
vitro (Shenet al, 2012. SinceD. saccharaliss an insect borer during the larval stage

and presents a very short time of virus exposure between the egg hatching and the insect
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penetration into the host plant which includes sugar careg,and other monocots, it is
reasonable to propose that a novel gene acquisition occurred that allowed the virus to

improve its spread within the host and more effectively establish infection.

In summary, GP64 of DisaGV is a functional EFP that is bfeseudotype gp64null
AcMNPV, although with a lower efficiency in spreading the infection anfdisegenic
activity. The lack of one conserved glycosylation site and the possible adaptation to a
different lepidopterasiamily cell machinery could explai this reduction. We are
constructing different mutants afisagp64 to test those hypotheses. Importantly, in
submitted work describing the DisaGV genome, we found several early transcriptional
motifs upstream thgp64start codon; however, it is not cteahether DisaGV express

the gp64 homolog and uses it as a functional EPF. We can only speculate that GP64
could complement or may even be in the process of replacing F protein activity in this

betabaculovirus lineage.
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Capitulo 8. Genome sequence of Perigonia lusca single nucleopolyhedrovirus
(PeluSNPV): insights on the evolution of a nucleotide metabolism enzyme in the

family Baculoviridae

1. Abstract

The genome of a nolegroup Il alphabaculovirus, Perigonia lusca single
nucleopolyhedrovirus (PeluSNPV), was sequenced and shown to contain 132,831 bp
with 145 putative ORFs (open reading frames) encoding polypeptides with at least 50
amino acid residues. Among the 145 ORE& were found to be unique and, based on
alignment with the concatenated sequences of 37 baculovirus core genes, we found that
the closest relative to PeluSNPV was Clanis bilineata nucleopolyhedrovirus, another
sphingidinfecting alphabaculovirus. An int&sting feature of this novel genome was

the presence of a putative nucleotide metabolism engyroeding genepglulll. The
pelull2gene was predicted to be a fusiortlgfmidylate kinas@mk) anddeoxyuridine
triphosphatase(dut), and this fused genespears to have also beeacquired
convergently by two other distantly related baculovirusdsreover, phylogenetic
analysis indicated that baculoviruses have independently acdomkeahd dut several

times during their evolution from different sourcds. order to test whether the
expression of éamkdut fusion gene by &aculovirus that naturally lacks it would result

in an adaptive gain, we inserted two homologs of tthiedut fusion gene into the
Autographa californica multiple nucleopolyhedrovirus KAPV) genome. The
recombinant baculoviruses produced viral DNA, virus progeny, and some viral proteins
earlier duringin vitro infection and the yields of viral occlusion bodies were increased

2.5fold when compared to the parental virus. Interestingbgh enzymes appear to

147



retain their active sites, based on separate modeling using previously solved crystals
tructures.We therefore suggest that the retention of theek&dut fusion genes by
certain baculoviruses could be related to accelerating virlisagpn. The hypothetical
mechanism is likely related to synchronizing the cell cycle state, controlling the cellular
nucleotide pool size (dUTP/dTTP ratio), or altering the expression or function of

cellular nucleotide metabolism enzymes.

Keywords: Bacuovirus, PeluSNPV, AcMNPVihymidylate kinasémk), deoxyuridine

triphosphatasédut), horizontal gene transfer.

Este capitulo ainda ndo foi publicadeenome sequence of Perigonia lusca single
nucleopolyhedrovirus (PeluSNPV): insights on the evolution foa nucleotide
metabolism enzyme in the familyBaculoviridae Daniel M. P. ArdissoAraujo,
Rayane Nunes Lima, Fernando L. Melo, Rollie Clem, Ning Huang, Sénia Nair| Bao,

Daniel R. Sos#&06mez, Bergmann M. Ribeiro.

2. Introduction

Large doublestranded DNA vuses exhibit high genomic plasticity and primarily evolve by
both horizontal gene transfer (HGT) and gene duplicationfiessker, 2000Monier et al,

2007. In many cases, viruses take advantage of an existing cellular pathway and fully or
partially incorporate it into their genonfidonier et al, 2007. With the increasing availability

of genome sequence data, HGT events have been extensivelyedtemiin several viral
families. This is particularly true for membersB#culoviridae a family of dsDNA viruses

infective mostly to larval stages of lepidoptera (moths and butte(@igseet al, 2009.
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More than 500 different types of genes have been found in the genomes ofpths 70
baculoviruses from different species that have been sequenced t(Madzteet al,
2017, and many othem seem to be products of HGKatsumaet al, 200§. Exactly

how most of these genes have been fixed in the genomes of baculoviruses still remains unclear
(Rohrmann, 2013 For instancean interesting but poorly studied group of genes acquired
by baculoviruses are those retht® nucleotide metabolism. Various baculoviruses
contain homologs tadUTP diphosphataséut), ribonucleotidediphosphate reductase
(rnr), and thymidine monophosphate kinagenk), but none of these have been
characterized at the molecular level and thiereno evidence of fithess changes
associated with them. Moreovert has been suggested that baculoviruses have
independently acquiredlut and rnr genes more than once during their evolution

(Herniouet al, 2003.

Several viruses including baculoviruses, asfarvirus, herpesviruses, poxviruses, and
certain retroviruses encode deaxdine triphosphatase (dUTPase) anditoymidine
monophosphate kinase (TMKnzymes in their genome. However, it is unclear why
these viruses encode an enzyme that is already encoded by the hddiecetizyme
dUTPase is conserved in prokaryotic and ayétic cells and such conservation is
thought to be related tthe shared inability of DNA polymerases in discriminating
between dUTP and dTTP during DNA synthd&§lsbeet al, 1979. The enzyme TMK
participates in both thée novoand the salvagdTTP biosynthesis pathwayeichard,

1988. The misincorporation oflUTP in lieu of dTTP can lead to either deleterious
mutations in the cell genome or figtile repair cycles and DNA breakage events that

kill the cell (Ladner, 200l Therefore, dUTPase activity associated with dTTP
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biosynthesis pathway enzymes.TMK) are an essential preventive DNA repair
mechanism that hydrolyses dUTP to dUMP and PPi and thereby plays a role in both
lowering the dUP/JTTP ratio and in providing substrate for the major biosynthesis
pathway of dTTP (Mustafi et al, 2003. Other roles for dUTPases have been
demonstratedncluding transposadée activity, regulation of the immune system,
autoimmunity, and apoptosis, suggesting that they also perfeguoiatory functions

(Penadest al, 2013.

The baculovirus Perigonia lusca single nucleopolyhedro{iPeduSNPV) is a natural
pathogen that was previously discovered infectirghaltblind sphinx motHPerigonia

lusca ilus(Lepidoptera: Sphingidae) in 1988osaGomezet al, 1994. So far,P. lusca

does not present great agricultural interest, despite causing occasional daroagEs

of Paraguay tegllex paraguariesis and Krug's holly I¢ krugiang, genipapo
(Genipaamericang and coffee Coffeaarabica in Brazil (Primo et al, 2013,
Argentina, Puerto Rico, Cuba, and USA (The Natural History Museum,
http://www.nhm.ac.uk)In previous work, théalf-blind sphinx-infecting baculovirusvas
structurally described (SosaGémez et al., 19949; however, neither genomic
organization nor phylogenetic relationships of the virus have been desdrbibds

work, we sequenced the complete genome of PeluSNPV and established its phylogeny to other
baculoviruses. Furthermoretrakdut fused gene was found in the PeluSNPV genome which
led us to the reconstruction of the phylogenetic historgiubigenes in theBaculoviridae

When both the PeluSNP¥hkdut fused gene and another baculovirus homolog were inserted
into the baculovirus Autogpha californica multiple nucleopolyhedrovirus (AcMNPV), which
naturally lacks a@utgene, accelerated virus progeny production, virus genome replication, and

viral gene expression were observed. These results lead us to hypothesize that the reason why
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nucleotide metabolism genes, especittiycdut, are fixed in some baculovirus genomes may
be due their ability to control the size of the cellular nucleotide pool, enabling faster virus

replication.

3. Results

3.1.Structural analysis, genome features, and phylogs of PeluSNPV.

For structural analysis, we performed a scanning electron microscopy (SEM) of purified
occlusion bodies (OBs) of PeluSNPV. Mature OBs with-regular shape and size

were observed (FIG.1A). Immature OBs revealed singly enveloped nuclebcaps
occlusion spaces (inset, Fig. 1A) as previously descriBedaGomezet al, 1999.
Furthermore, restriction analysis of the virus DNA revealed that PeluSNPV was
probably a novel virus since no similar restriction profile was found in the literature
(Fig. 1B). Distinctions among species of tBaculoviridaehave beerbased on DNA
restriction endonuclease fragment patterns and comparisons of nucleotide and predicted
amino acid sequences from various genes. A proposed species demarcation criterion
was published in 2006 that is based on pairwise nucleotide distancestedtusing the

Kimura 2parameter model of nucleotide substitut{@ahleet al, 2009.
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Figure 1. Structural analyses of PeluSNPV. (A) Scanning electron microscopy of
purified polyhedral occlusion bodi€®Bs) with nonregular shape and size. Immature
OBs are inset. Moreovesjngly embedded redhaped nucleocapsgpacesare shown.

(B) Agarose gel electrophoresissolved DNA fragments digested with eagtal (lane

1), BamHiI (lane 2), Pstl (lane 3), Xbal (lane 4), Xhol (lane5), Bglll (lane 6), Nsil (lane

7), or Clal (lane8). Molecularweightmarker(laneM).

The entire genome of PeluSNPV was sequenced using 454 technology (Genbank
accession numbéM596836. Over 18,807 singlend reads were obtainedftér size

and quality trimming, 18,355 reads (mean size of 356.6 £147.1 bp) were usibal for
novo assembly with a pairwise identity of 96.3 %. The mean coverage was 50.4+12.5
bases/site. The PeluSNPV genome was shown to contain 132,831 bp with a G+C
contert of 39.6 %. We found 145 putative ORFs encoding polypeptides with at least 50
amino acid residues (Table S1). Eighteen of these were shown to be unique in
baculoviruses with no predicted motifse(u004 pelu006 pelu01Q pelu017 pelu018
pelu026 pelu03, pelu048 pelu054 pelu055 pelu089 pelu099 pelul0Q peluldl
pelull9 pelul2Q pelul4Q andpelul44 and only two homologous regions (hrs) with
approximately 1,000 bp each were observed. All of the currently defined 37 baculovirus

core genes were fodnand, based on phylogenetic analysis using the concatenated
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alignment of the core genes from the completely sequenced baculoviruses (Table S2),
PeluSNPV was found to belong to the gemphabaculovirusand clustered with
Clanis bilineata nucleopolyhedriows (CIbiNPV), the first group Il sphingithfecting
alphabaculovirus sequenced (Fig. 2). The nucleotide identity of PeluSNPV core genes
(i.e.the 37 genes) with the closest relative CIbiNPV was 58%. Branch length separating
this virus from its closest l&ives is in a range that is comparable to the branch lengths
separating viruses in other recognized alphabaculovirus species. Furthermore, many
inversions, deletions, and insertions were observed in the genome of these closely
related species when thengecontent of PeluSNPV was compared to both CIbiNPV
(Fig. 3 A) and AcCMNPV (Fig. 3B) by gene parity plot. The gene order was not strictly
conserved between PeluSNPV and CIbiNPV and four major inversions were detected
(Fig. 3A). Although these sphingidolated viruses are closely related to each other,
each contains several unique genes. The pairwise distances of the viral sequences of
PeluSNPV to other alphabaculoviruses for both single locus and concatenated
alignment are well in excess of 0.05 substitgigite fulfilling all the criteria for a

novel baculovirus species.
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Figure 2. PeluSNPV is a Group Il alphabaculovirus. Maximum likelihood inference
based on the concatenated amino acid sequences of 37 core proteins of all complete
baculovirus genomegTable S2). The branch support was determined by dikeH
method. Some branches were collapsed for cla@gmmabaculovirus(orange),

Betabaculovirugdark blue), and groupAlphabaculovirugred). The deltabaculovirus
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CuniNPVwas used as the root (lighlue). PeluSNPV (boldface) belongs to the genus
Alphabaculovirus and clustered with another sphingmdecting group I

alphabaculovirus, CIbiNPV.
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Figure 3. Gene content and sinteny of PeluSNPV compared to other two species. (A)
PeluSNPV was comparetb CIbiNPV, another sphingithfecting baculovirus.(B)

PeluSNPVwas compared to the baculovirus type species, ACMNPV.

3.2.Gene content

Several known examples of auxiliary genes were observed in the PeluSNPV genome.
For instance, botltathepsinand chitinasewere found in the genome in an opposite
orientation, as commonly found in other baculovirus genomes. The putative chitinase
presents a KTEL motif at the very end of theée@ninal region, which is related to
retention into the ER. The presence of theseegds consistent with the pesbrtem
phenotype observed for the host caterpillar infected with PeluSNPV, which includes
both body melanization and liquefaction of internal tissues (data not shownpprhe
(pelu064 andiap-3 (pelul03 genes, which aresually present in the genomes of group

Il alphabaculoviruses and are involved in the-aptptotic response induced by virus
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infection, were also observed. However, the predicpeB (pelul03 homolog lacks

one of the two commonly conserved BaculositAP Repeat (BIR) domains at the N
terminal region (data not shown), which is involved in prefeiptein interactions
(Hinds et al, 1999. Furthermore, we found a homolog of rstnuctural (NS)
densovirus genepelul04 Homologs 6 this gene were previously found in three
betabaculovirus genomes including Choristoneura occidentalis granulosths0R)
(Escaseet al, 2009, Cryptophlebia leucotreta granulovirugl€009 (Lange & Jehle,
2003, and Erinnyis ello granulovirue(el057 and erel10Q (ArdissorAraujo et al,
20143. To our knowledge, PeluSNPV is the first alphabaculovirus harboring a
densovirugelated gene. The phylogenetic reconstruction revealed that PeluSNPV
probably acquired it from a betabaculovirus (data not shown). Theséteffects of this
gene are unknown, but ldelicoverpa armigeraassociated densovirus was found to
protect the host insect from both baculovirus Badillus thuringiensisnfection (Xu et

al., 2019. Moreover, a homolog die65(RNA ligaselike gene) was also found in the
PeluSNPV genomepelul24 In a previous study, we reconstructed the phylogenetic
history of he65 and found that it is present in several baculovirus and two
entomopoxvirus genomebnportantly, a large and recurrent deletion observed at-the C
terminal region of the putative baculovirus proteins has also been observed in the
putative Pelul24ArdissonAraujo et al, 20143. The phylogenetic analyses clustered
pelul24 with both group Il alphabaculovirus and entomopoxvirus genes, while the

closest baculovirus relative of PeluSNRM (CIbiNPV) lackshe65ortholog.
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3.3.Genes rehted to nucleotide metabolism

Genes encoding both the large and small subunitéoohucleotide reductase (RNR)
were found in the PeluSNPV genom@elul45 and pelul2§ respectively.
Ribonucleotide reductase catalyzes the -liatging step for deoxyribouncleotide
production required for DNA synthesis. The enzyme is a tetramer consisting of two
large and two small subunitsluang & Elledge, 1997 Several baculoviruses and other
arthropodrelated viruses contain these genes in their genomes including the white spot
syndrome virus(van Hultenet al, 200). The presence of these genes has been also
associated with the presencedot genes in baculovirus genomg@serniouet al, 2003

but some dutharboring betabaculoviruses lack the RNR enzyraq. (ErelGV)

(ArdissorrAraujo et al, 20144.

The putative ORFpelull2was found to be a nucleotide metabolism gene with some
peculiar features. Firstlpelul1l2was found to be a fusion of two putative genes. The
predicted Nterminal region was related to theypoOl6gene of the baculovirus Cydia
pomonella granulovirus (CypoGV), which has identity witthgmidylate kinasétmk

Fig. 4A) whereas the predicted-t€minus was related tdut (Fig. 4B). Several
secondary structures were conserwdeen both regions were compared to previously
solved crystal proteins. Moreovamk and dut homologs are present in many other
baculovirus genomes as separated ORFs or, in the case of the latter one, often fused to
other genes. Secondlypelull2 has homadgs in two other distantly related
baculoviruses, ErelGV e(el005 (ArdissorAraujo et al, 20143 and Orgyia

pseudotsugata multiple nucleopolyhedros (OpMNPV) 6p03]) (Ahrenset al, 1997
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(Fig. 4) with pairwise identity of , 90.2% and 74.1% respectively. The identities were

obtained by MAFFT alignment.

Figure 4. Individual alignments of both TMK and dUTPase regions of PeluSNPV,
ErelGV, and OpMNPYV against proteins with crystalved structures. (A) Predicted N

terminal region presents homology to Cypo016, a putative thymidylate kinase enzyme.
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