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A B S T R A C T

The eucalyptus brown looper, Thyrinteina arnobia (Stoll, 1782) (Lepidoptera: Geometridae), is the main lepi-
dopteran defoliator of eucalyptus plantations in Brazil. Outbreaks of this insect pest are common in Brazil and
can affect the productivity of planted forests severely. T. arnobia caterpillars from a laboratory colony with viral
infection symptoms were analyzed by electron microscopy that revealed polyhedral occlusion bodies (OBs) with
several icosahedral virus particles embedded. Analysis of its genetic material showed ten segments of dsRNA,
which confirmed this virus as a possible member of the genus Cypovirus. Phylogenetic analysis of the whole
genome sequence revealed its close relationship with other isolates of Cypovirus 14 species and according to
these results we proposed the name Thyrinteina arnobia cypovirus 14 (TharCPV-14) for this new virus isolate.
Further research will be necessary in order to analyze the potential of this virus as a biopesticide.

1. Introduction

Wood production in countries located in tropical and subtropical
regions is based on forest plantations. Brazil has a prominent position as
a global leader in forest productivity. According to the Brazilian
Industry of Trees (Portuguese acronym IBÁ, ‘Indústria Brasileira de
Árvores’) in 2016, the export revenue from the Brazilian planted tree
industry reached US$ 8.9 billion; mainly due to Eucalyptus, the most
planted hardwood species worldwide (Rockwood et al., 2008). The
eucalyptus plantations occupy approximately 73% of 7.84 million
hectares of planted forests in Brazil. The growing areas of non-native
forests cultivated as monocultures have created conditions to the es-
tablishment and reproduction of many species of insect-pests at high
population densities, which can severely reduce tree development and
economic yields (Hurley et al., 2016).

One of the most important insect-pests of eucalyptus forests in Brazil

is the larval stage of Thyrinteina arnobia (Stoll, 1782) (Lepidoptera:
Geometridae), the eucalyptus brown looper (Oliveira et al., 2005;
Ribeiro et al., 2016). The control of this insect is carried out mainly by
biopesticides and releases of natural enemies, such as parasitoids and
predatory bugs (Barbosa et al., 2016; Zanuncio et al., 2014). However,
severe outbreaks in Brazil have led to the prospection of alternative
methods for its effective control (Jesus et al., 2015), including new
biological agents.

Cypoviruses, also known as cytoplasmic polyhedrosis viruses
(CPVs), are insect viruses with a genome segmented consisting of 10 to
12 dsRNA molecules in a non-enveloped and icosahedral capsid that
belong to the family Reoviridae (Attoui et al., 2012). Remarkably,
during virus infection CPVs produce in the cell cytoplasm occlusion
bodies (OBs) that protect virions from environmental adversities. The
main infection route is by ingestion of OBs present on contaminated
food followed by the dissolution in the alkaline pH of the caterpillar
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midgut. The dissolution releases virions from OBs to infect the midgut
epithelium cells (Attoui et al., 2012). In lethal infections, disease
symptoms appear two or three days after the initial ingestion by the
larva and include reduction of insect feeding and movement, alterations
of tegument coloration, pasty excrements, and climbing up behavior to
the plant top before death. After death, the OBs are released in the
environment, contaminating the plant leaves, and favoring the hor-
izontal transmission among susceptible hosts (Belloncik, 1989). Cypo-
viruses are considered less pathogenic than baculoviruses (another OB-
producing insect virus with large double-stranded DNA genome) and
have been shown to induce sublethal effects on some infected hosts
such as lower weight of the infected inset, shorter adult lifespan, and
development (for a review see Rothman and Myers, 1996). In this work,
we characterized the first virus isolated from T. arnobia, which was
shown to be an isolate belonging to the species Cypovirus 14 and we
tentatively named Thyrinteina arnobia cypovirus 14 (TharCPV-14).
Moreover, we performed ultrastructural characterization, sequencing,
phylogenetic analysis, and genome diversity description.

2. Materials and methods

2.1. Samples origin

The samples of T. arnobia dead caterpillars with symptoms of virus
infection were collected from an insect colony at the Laboratory of
Plant Resistance to Insects at São Paulo State University (USP)
(Jaboticabal, Brazil). This population was obtained from a commercial
eucalyptus plantation, being maintained healthy for several generations
through insect feeding with leaves of E. camaldulensis under controlled
conditions of temperature (25 °C ± 2), humidity (70%) and photo-
period (12 h). Caterpillars with symptoms of virus infection were col-
lected before death and small drops of its regurgitation liquid were
analyzed under a light microscope. One leaf of E. camaldulensis treated
with these drops was offered to 5 apparently healthy 3rd instar T. ar-
nobia caterpillars and mortality observed every 24 h.

2.2. Purification and ultrastructural analysis of OBs

Ten dead caterpillars of T. arnobia between the 5th to 6th instar
were macerated in phosphate buffered saline (PBS: 137.0mM NaCl,
2.7 mM KCl, 10.0 mM Na2HPO4, 2.0mM KH2PO4, pH 7.4) and the
homogenate was filtered once through cheesecloth and centrifuged
once at 12,000× g for 10min at 4 °C. The pellet was washed with PBS
and centrifuged three times at the same conditions. The pellet was re-
suspended with distilled RNase-free water and placed onto a linear
sucrose gradient (20, 40, 50, 60 and 80%) with distilled RNase-free
water, and centrifuged at 140,000× g for 75min at 4 °C. A main white

band containing OBs was collected, diluted 10 times in PBS and cen-
trifuged again at 12,000× g for 10min at 4 °C. The pellet was collected,
resuspended in 1mL of distilled RNase-free water, counted in a he-
mocytometer, as previously described (O’Reilly et al., 1992) and
maintained at −20 °C. For scanning electron microscopy (SEM), 100 μl
(10%) of the OBs suspensions were incubated with 300 μl of acetone at
25 °C for 1 h. The suspensions were loaded onto two metallic stubs,
dried overnight at 37 °C, coated with gold in a Sputter Coater (Balzers)
for 3min, and observed in a Scanning Electron Microscope Jeol JSM
840 A 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, cacodylate buffer, pH 7.2) for 2 h, post-
fixed in 1% osmium tetroxide in the same buffer for 1 h and then
stained en bloc with 0.5% aqueous uranyl acetate, dehydrated in
acetone, and embedded in Spurr’s low viscosity embedding medium.
The ultrathin sections (60–80 nm) were obtained with a Leica ultra-
microtome equipped with a diamond knife, contrasted with 2% uranyl
acetate and observed in a ZEISS TEM 109 at 80 kV.

2.3. SDS-PAGE analysis

10 μl of purified OBs (106) were mixed with the same volume of
loading buffer (0.25M Tris-Cl, pH 6.8, 4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, and 0.02% bromophenol blue), heated for 5min at
100 °C and subjected to electrophoresis in 12% SDS-PAGE gels using the
Mini Protean Tetra Cell apparatus (BioRad) following the manu-
facturer’s instructions. The gel was then photographed using an
ImageQuant™ LAS 4000 (GE).

2.4. RNA isolation, genome sequencing, and analysis

RNA extraction was carried out using 200 μl (108/mL) of the pur-
ified OBs suspension using the TRIZOL® reagent (Invitrogen) according
to the manufacturer's instructions. The RNA quality was checked by
electrophoresis in an agarose gel (1%), stained with 0.01% ethidium
bromide, and visualized under UV light and photographed in an
AlphaImager® Mini (Alpha Innotech). The viral RNA genome segments
were used to build cDNA libraries and sequenced using 2× 100 bp read
length on the HiSeq™ 2000 platform (Illumina, San Diego, CA, USA) at
Macrogen Inc (Seoul, Republic of Korea). The resulting reads were
trimmed and the genome de novo assembly was carried out using CLC
Genome Workbench 6.5.2 (CLC bio, Denmark). The read mapping and
genome annotation was performed using Geneious 7.1.8 (Kearse et al.,
2012) and selecting the following parameters for Open Reading Frames
(ORFs): AUG start codons (methionine), minimal overlapping of ad-
jacent ORFs and at least 150 bp long. ORFs were annotated using
BLASTx search against the NCBI non-redundant protein database. The

Table 1
Properties of the dsRNA segments of TharCPV-14. Segments with the respective GenBank accession numbers, segment sizes in nucleotides, including ORFs, protein’s
sizes in amino acids, putative function, nucleotide identity with other cypovirus 14 species.

Segment
number

Accession
number

Segment size
(nt)

ORF posistion
(nt)

Protein size
(aa)

Putative Function Nucleotide identity (%)

HearCPV/
TharCPV

LydiCPV/
TharCPV

HearCPV/
LydiCPV

S1 MF161423 4466 446–4363 1305 RdRp 84,5 83,6 97,5
S2 MF161424 4075 59–3970 1303 major capsid protein 84,3 84,3 97,7
S3 MF161425 3953 34–3834 1266 minor capsid protein 81,8 81,7 98,6
S4 MF161426 3358 46–3270 1074 mRNA 5′ capping synthesis 83,2 83,1 98,4
S5 MF161432 3119 58–3009 982 Unknown 65,2 65,0 97,9
S6 MF161427 1772 19–1671 550 RNA guanylyltransferase 84,0 83,9 99,3
S7 MF161428 1412 8–1279 423 NTPase activity 80,5 79,8 94,1
S8 MF161429 1332 43–1182 379 Unknown 81,3 81,2 99,0
S9 MF161430 1269 71–1024 317 Unknown 79,9 81,0 95,8
S10 MF161431 978 55–804 249 Occlusion body protein

(POLH)
88,0 87,9 98,5
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viral derived sequences were submitted to GenBank (Table 1).

2.5. Phylogenetic analysis

The phylogenetic analysis was conducted using all nucleotide se-
quences of the ten segments and compared to other viral sequences
deposited in GenBank. Only those hits with e-values less than 10–20
were used. Redundant sequences (nucleotide identity higher than 90%)
were omitted from our analysis. The MAFFT alignment method (Katoh
et al., 2002) was carried out with the RNA-dependent RNA polymerase
(RdRp) gene of several cypoviruses and other reoviruses publicly
available strains. A maximum likelihood tree was inferred using the
Fast-tree method (Stamatakis et al., 2008) implemented in Geneious R9
and the branch support was estimated by Shimodaira-Hasegawa-like
test (Anisimova et al., 2011).

3. Results

3.1. Virus characterization

For almost twenty consecutive generations T. arnobia caterpillars
were kept healthy at rearing conditions in a laboratory colony.
Unexpectedly, a few caterpillars with symptoms of virus infection were
identified and less than 15 days after this first observation, hundreds of
caterpillars at fourth and fifth instars died stuck on leaves (Fig. 1A). The
disease decimated completely the laboratorial insect population and
extracts from these dead insects were analyzed by light and electron
microscopy. Light microscopy revealed the presence of OBs that were
purified and subjected to SEM and TEM. OBs with a polyhedral shape
and non-regular size were observed (Fig. 1B) that formed a proteinac-
eous matrix surrounding several icosahedral virions (Fig. 1C). To con-
firm the protein nature of the OB structure, we subjected the OBs to

SDS-PAGE and found a strong band between 30–40 kDa, characteristic
of the cypovirus polyhedrin with other protein bands above and below
(Fig. 1D). Furthermore, we conducted a nucleic acid extraction from the
OBs that showed an electrophoretic profile of ten putative segments of
dsRNA (Fig. 1E), which indicated that the pathogen was possibly a
cypovirus. Its pathogenicity was confirmed by the death of 3rd instar
caterpillars of T. arnobia between 72 and 96 h after feeding with a leaf
treated with vomit drops from dying caterpillars.

3.2. Genome sequencing of T. arnobia isolated cypovirus

In total, 10 genomic dsRNA segments were identified from the
Illumina platform sequencing. The GenBank accession numbers, char-
acteristics of each segment, and the putative annotated protein are
shown in Table 1. We numbered the segments according to their size
from the largest (S1) to the smallest (S10). The conserved terminal
sequences were found in both the 5′ and 3′ noncoding regions (5′ -
AGAA… CAGCU -3′) of most segments, which are identical to those
found in Cypovirus 14 species (Attoui et al., 2012). All segments pre-
sented homologs in GenBank, mostly from the species Cypovirus 14. The
largest segment of TharCPV-14 (S1) contains a long ORF that codes for
the viral RNA polymerase (RdRp) and is closely related to the RdRps of
both Lymantria dispar cypovirus 14 (LydiCPV-14) and Heliothis armi-
gera cypovirus 14 (HearCPV-14) (Attoui et al., 2012). The segment 2
(S2) encodes the major core protein (VP1) and presents identity with
the segment 2 of HearCPV-14 (GenBank accession number: ABD57841.
1), segment 1 from Bombyx mori cypovirus 1 (BmCPV-1) (32% nt
identity), and the segment 1 of Thaumetopoea pityocampa cypovirus 5
(25% nt identity). The segment 3 (S3) encodes a hypothetical protein
with a predicted thiol peptidases domain (PPPDE superfamily) (Iyer
et al., 2004) and shows identity with the minor capsid protein encoded
by segment 1 of Antheraea mylitta cypovirus 4 (28% nt identity) and

Fig. 1. Structural and ultrastructural char-
acterization of the novel cypovirus isolated
from dead Thyrinteina arnobia larvae showing
symptoms of virus infection. A) Dead T. arnobia
caterpillar stuck on the leaf with viral infection
symptoms. (B) Scanning electron micrography
of purified polyhedral occlusion bodies (OBs)
from dead infected larval extract. (C)
Transmission electron micrography of OBs in
transversal sections showing the icosahedral
virus particles (indicated with white arrow
heads) occluded in the polyhedrin protein
matrix. (D) SDS-PAGE (12%) of the solubilized
TharCPV-14 OB, showing prominent band near
30 kDa, the expected size of polyhedrin. (E)
Agarose gel electrophoretic patterns of putative
dsRNA from TharCPV-14 identifying the seg-
ments numbered from S1 to S10.
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the minor core protein (VP2) encoded by segment 2 of Orgyia pseu-
dotsugata cypovirus 5 (26% nt identity). Segments 4, 6 and 7 encode
proteins related to BmCPV-1 proteins involved in mRNA 5′ capping
synthesis, RNA guanylyltransferase and protein with NTPase activity,
respectively. Segments 5, 8 and 9 encode proteins with unknown
function (hypothetical proteins). Interestingly, S8 is only present in
Cypovirus 14, and seemed to be an autapomorphy for this species
complex. Using the SMART domain prediction, we found a domain in
S8 related to the eukaryotic initiation factor 6 (eIF6), related to protein
translation. The segment (S10) encodes the major OB protein of
TharCPV-14. The sequence of 249 amino acids with around 28.6 kDa
has 98% amino acid identity with the same protein encoded by the
segment 10 of Heliothis assulta cypovirus 14 (HeasCPV-14) and 97%
amino acid identity with the polyhedrin encoded by the segment 10 of
LydiCPV-14. Interestingly, we found an overlapping ORF (669 nt and
222 aa) in an opposite direction from the polh gene. This overlapping
ORF was previously described in the genome of LydiCPV-14
(AF389461). There is no evidence of its translation and no homologs in
other organisms were found.

3.3. Phylogenetic analysis and genome diversity

The species demarcation criteria are not strictly specified based on
the complete genome sequence for all segments of CPVs. According to
the ICTV, the criteria for the genus includes dsRNA electrophoretic
migration, high degree of nucleotide or amino acid sequence con-
servation (estimated>80% for the former), and cross-hybridization of
genome segments. Therefore, we estimate the virus phylogeny based on
the RdRp gene (Fig. 2). The isolated virus belongs to the Cypovirus 14
species, but with a long branch length suggesting high genetic hetero-
geneity. Moreover, we performed individual phylogenetic analyses for
all the other segments of TharCPV-14 and, as expected, TharCPV-14
was found to be related to isolates from the species Cypovirus 14 in all

phylogenies (Fig. S1). LydiCPV-14 and HearCPV-14 also belong to the
species Cypovirus 14. In Table 1, we present the global identity for each
segment comparing the ThaCPV-14 to its closely related isolates. We
performed a nucleotide diversity analysis in relation to these com-
pletely sequenced Cypovirus 14 isolates considering only the coding
region inside the segments (Fig. 3). We found that TharCPV-14 presents
several polymorphisms in comparison to the other isolates of Cypovirus
14. For this analysis, we counted the number of single nucleotide var-
iants (SNVs) observed for each individual segment of TharCPV-14 in
relation to the other isolates (LydiCPV-14 and HearCPV-14). We found
that the amount of nucleotide variations increased with the size of the
virus segment, with exceptions for the S1, S5, and S10 segments. The S1
and S10 presented slightly less variation than it was expected for their
sizes and most of the SNVs did not change the protein sequence (data
not shown). The most conserved segment among the isolates was the
S10 (polh gene) since single non-synonymous mutation has the poten-
tial to drastically change OB formation and impairs the ability to oc-
clude virions as observed for baculoviruses (Coulibaly et al., 2007;
Ardisson-Araújo et al., 2018). On the other hand, the S5 segment pre-
sented more SNVs than that expected by its size. Most of the SNVs were
non-synonymous as observed in Fig. 3. Interestingly, the S5 segment
presents the smallest identity based on MAFFT alignment considering
the S5 from the three Cypovirus 14 isolates with 65% of global nu-
cleotide identity. The nucleotide identity between the S5 of LydiCPV-14
and HearCPV-14 alone was 97.6%, depicting a small genetic distance
between these two isolates.

4. Discussion

Sixteen species of the genus Cypovirus (1–16) are currently re-
cognized by the ICTV. In this work, we found a new isolate of the
species Cypovirus 14 infecting a laboratory colony of the eucalyptus
brown looper, Thyrinteina arnobia. We performed structural and ultra-
structural characterization of this new virus and obtained its complete
genome sequence. TharCPV-14 presented polyhedral-shaped OBs with
embedded icosahedral virions. This new virus isolate contains a dsRNA
genome with 10 segments and a highly diverse sequence compared to
the other Cypovirus 14 isolates, relating itself as closer to the hypothe-
tical ancestor of LydiCPV-14 and HearCPV-14.

TharCPV-14, HearCPV-14, and LydiCPV-14 were isolated from dif-
ferent insect host species, but they belong to the same ICTV recognized
species Cypovirus 14 according to the species demarcation criteria.
However, when we compared the nucleotide identity among these three
isolates, we found that TharCPV-14 was the most divergent isolate, with

Fig. 2. Phylogenetic analysis of Thyrinteina arnobia cypovirus 14 (TharCPV-14)
with respect to other dsRNA viruses. The phylogeny was inferred based on the
MAFFT alignment of several RdRp genes and the FastTree method with a
Shimoidara-Hasengawa-like test for the branch support implemented in
Geneious R7. The tree was midpoint rooted and presented here as a polar
cladogram for clarity.

Fig. 3. Nucleotide diversity for the coding regions of TharCPV-14 segments
against two other isolates from the species Cypovirus 14. We set TharCPV-14
segments as reference and count the total number of variant sites (NVS) cor-
rected by the segment size. Nonsynonymous substitutions are shown in grey
and synonymous substitutions in black. The absolute NVSs are also shown in-
side the bars.
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more SNVs when compared to the other isolates. A phylogenetic ana-
lysis based on the amino acid sequences of several reovirus RdRp pro-
teins showed that TharCPV-14 nested together in a branch containing
the other isolates of Cypovirus 14 in a position closer to the hypothetical
ancestor of this species. On the hand, viruses with different evolu-
tionary origins were found infecting simultaneously the same insect
host (Graham et al., 2007; Zhou et al., 2014). Interestingly, the in silico
analysis showed that each of the segments of the TharCPV-14 genome
contained a single ORF and the conserved terminal sequences at their 5′
and 3′ ends (5′ - AGAA…CAGCU -3′) as shown for the other two known
cypoviruses from the Cypovirus 14 species. Each species of cypovirus has
a specific sequence at their 5′ and 3′ ends (see Supplementary Table S1).
Such conserved motifs are detected in many viruses containing seg-
mented genomes and it has been suggested that they play an important
role in transcription, replication, RNA packaging, and virus maturation
(Anzola et al., 1987; Attoui et al., 2012; Xu et al., 1989). In CPVs, low
nucleotide sequence identity (20–23%) was reported among different
species. Nevertheless, considering the same species, the isolates showed
higher nucleotide sequence identities (80–98%) (Attoui et al., 2012; Li
et al., 2006). All the segments presented homologs in GenBank, mostly
from the Cypovirus 14 species. The segment 8 sequence is only present
in Cypovirus 14 isolates and seemed to be an autapomorphy for this
species complex. We found a domain in the S8 segment related to the
eukaryotic initiation factor 6 (eIF6), associated with protein translation
(Manfrini et al., 2017). The impact and the function of each segment is
not clear for most of the described CPVs so far. A reverse genetics
system based for Bombyx mori cypovirus (BmCPV) has been recently
developed (Guo et al., 2018). The system consists of 10 recombinant
plasmids expressing the full-length cDNA of viral genome segments
from S1 to S10 under the control of a T7 promoter for in vitro tran-
scription. Both viral particles and OBs with embedded virions were
generated from co-transfected cells and injected silkworms.

The reason for the sudden emergence of a cypovirus in the insect
laboratory colony is unclear. In fact, the virus was likely present in the
indigenous insect population used to establish the lab colony and much
probably, it was not causing a clear symptom of disease. Similarly to
Helicoverpa zea single nucleopolyhedrovirus (Ardisson-Araújo et al.,
2014a) and Bombyx mori nucleopolyhedrovirus (Ardisson-Araújo et al.,
2014b) which were probably introduced in Brazil by infected insects
presenting either a sublethal or a latent infection. This characteristic
seems to be crucial for the persistence of baculoviruses in the en-
vironment (Kukan, 1999). The high conspecific density itself may in-
tensify the probability of a pathogen to find its host and replicate. Some
gregarious living insects may evolve to counteract this improved risk by
developing strategies such as density-dependent prophylaxis (Silva
et al., 2016). Several studies indicate that cypoviruses can develop
chronic diseases with sublethal effects (Mertens, 2004; Mertens et al.,
1999) leading also to vertical transmission in some species (Graham
et al., 2006). However, cypoviruses do seem to be able to interact with
the host and change dramatically the genomic DNA methylation pat-
terns in the midgut and fat body of the infected host (Hou et al., 2017).

5. Conclusion

A new pathogenic virus to T. arnobia was found and purified from
dead insects from a lab colony. Its genome was shown to contain 10
segments and its non-enveloped viral particles were found occluded in
large proteinaceous OBs. All genomic RNA segments have coding re-
gions with high amino acid identity to proteins found in the other two
isolates belonging to the Cypovirus 14 species. The constructed phy-
logenetic tree based on the RdRp gene confirms the genetic proximity of
this virus to the HearCPV-14 and LydiCPV-14 isolates and we named
this new virus Thyrinteina arnobia cypovirus 14 (TharCPV-14). Future
studies will evaluate the TharCPV-14 potential as a viral biopesticide
for the control of T. arnobia caterpillars in eucalyptus plantations.
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