N
N

N

HAL

open science

In-depth analysis of the replication cycle of Orpheovirus

Fernanda Souza, Rodrigo Rodrigues, Erik Reis, Mauricio Lima, Bernard La

Scola, Jonatas Abrahao

» To cite this version:

Fernanda Souza, Rodrigo Rodrigues, Erik Reis, Mauricio Lima, Bernard La Scola, et al.. In-depth
analysis of the replication cycle of Orpheovirus. Virology Journal, 2019, 16 (1), 10.1186/s12985-019-

1268-8 . hal-02454451

HAL Id: hal-02454451
https://amu.hal.science/hal-02454451
Submitted on 24 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://amu.hal.science/hal-02454451
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Souza et al. Virology Journal (2019) 16:158
https://doi.org/10.1186/s12985-019-1268-8

Virology Journal

RESEARCH Open Access
Check for
updates

In-depth analysis of the replication cycle of
Orpheovirus

Fernanda Souza', Rodrigo Rodrigues’, Erik Reis', Mauricio Lima', Bernard La Scola® and Jonatas Abrahdo'”

Abstract

Background: After the isolation of Acanthamoeba polyphaga mimivirus (APMV), the study and search for new
giant viruses has been intensified. Most giant viruses are associated with free-living amoebae of the genus
Acanthamoeba; however other giant viruses have been isolated in Vermamoeba vermiformis, such as Faustovirus,
Kaumoebavirus and Orpheovirus. These studies have considerably expanded our knowledge about the diversity,
structure, genomics, and evolution of giant viruses. Until now, there has been only one Orpheovirus isolate, and
many aspects of its life cycle remain to be elucidated.

Methods: In this study, we performed an in-depth characterization of the replication cycle and particles of
Orpheovirus by transmission and scanning electron microscopy, optical microscopy and IF assays.

Results: We observed, through optical and IF microscopy, morphological changes in V. vermiformis cells during
Orpheovirus infection, as well as increased motility at 12 h post infection (h.p.i.). The viral factory formation and viral
particle morphogenesis were analysed by transmission electron microscopy, revealing mitochondria and membrane
recruitment into and around the electron-lucent viral factories. Membrane traffic inhibitor (Brefeldin A) negatively
impacted particle morphogenesis. The first structure observed during particle morphogenesis was crescent-shaped
bodies, which extend and are filled by the internal content until the formation of multi-layered mature particles. We
also observed the formation of defective particles with different shapes and sizes. Virological assays revealed that
viruses are released from the host by exocytosis at 12 h.p.i., which is associated with an increase of particle counts

in the supernatant.

important steps in the replication cycle of Orpheovirus.

Conclusions: The results presented here contribute to a better understanding of the biology, structures and

Keywords: Orpheovirus, Vermamoeba, Giant viruses, Replication cycle

Background

Giant viruses belong to a complex group of viruses com-
monly referred to as nucleocytoplasmic large DNA vi-
ruses (NCLDVs). The group gained notoriety after the
isolation of Acanthamoeba polyphaga mimivirus
(APMYV), which has large particles (~ 750 nm) capable of
infecting amoebae of the genus Acanthamoeba [1]. The
study and search for new giant viruses has been intensi-
fied, and these viruses were uncovered in different sam-
ples and environments, considerably expanding our
knowledge about their diversity and ubiquity [2, 3]. Most
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giant viruses such as Mimivirus, Marseillevirus, Pandora-
virus and Cedratvirus are associated with free-living
amoebae of the genus Acanthamoeba; however, other
giant viruses have been isolated in Vermamoeba vermi-
formis, such as Faustovirus and Kaumoebavirus [4, 5].

In 2018, a new virus, Orpheovirus IHUMI-LCC2 (hence
forward called Orpheovirus), was described that is capable
of infecting V. vermiformis, which was isolated from rat fae-
cal samples collected in France. These viruses have ovoid-
shaped particles, as observed for Cedratvirus, Pandoravirus,
and Pithovirus, ranging from 900 to 1100 nm in length and
approximately 500 nm in diameter. These viruses are also
marked by the presence of a circular double-stranded DNA
genome of 1,473,573 bp, encoding 1512 predicted genes of
which 57.5% are ORFans [6]. Regarding the predicted
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genes, it was observed that the best hits were with Pitho-
virus sibericum, Pithovirus massiliensis and Cedratvirus
A11. Furthermore, pan-genomic analysis and phylogenetic
reconstructions based on different core genes demonstrated
a distant relationship between Orpheovirus and pitho-
viruses and cedratviruses [6].

Due to its large size, it was proposed that the replica-
tion cycle of Orpheovirus was initiated by phagocytosis
of viral particles by V. vermiformis cells. After particle
entry, the genome would be released into the cell cyto-
plasm through an ostiole located at the apex of the vir-
ion. An eclipse phase is established, and then viral
factories (VFs) are formed, where new viral particles are
assembled. In the final steps of the cycle, the cell cyto-
plasm is completely filled by new synthesized particles,
which are released from the host cell by lysis [6]. Despite
the information described in the first proposed model,
many steps of the replication cycle and particles of this
virus still need to be elucidated.

In the present work, we present an in-depth investiga-
tion of the steps of the replication cycle of Orpheovirus.
Our data revealed that Orpheovirus induces profound
changes in the morphology of V. vermiformis, including
increased cell motility at some time points of infection.
We also provide details about virus entry, VFs formation,
organelle recruitment and particle morphogenesis. We
also observe that viral particles are released from infected
cells both by exocytosis and cell lysis. The data presented
here reveal several peculiar characteristics of the life cycle,
structure and host interaction of this new giant virus.

Methods

Cell culture, viral production, purification and titration

V. vermiformis (ATCC CDC19) were cultivated in Peptone
Yeast Extract Glucose (PYG) medium supplemented with
0.14 mg/mL penicillin (Sigma-Aldrich, USA), 50 mg/mL
gentamicin (Thermo Fisher Scientific, USA), and 2.5 mg/
mL amphotericin (Bristol-Myers Squibb, New York, USA)
at 32 °C. For Orpheovirus production and purification, ten
T175 cm? flasks (Thermo Fisher Scientific, USA) containing
20 x 10° cells in PYG medium were infected with Orpheo-
virus at a multiplicity of infection (M.O.L) of 0.01 and incu-
bated for 4 days at 32 °C. The lysate was centrifuged at 1200
x g to remove cell debris. Then, the supernatant was col-
lected, added over a 40% sucrose (Merck, Germany) cush-
ion and centrifuged at 36,000 x g for 1h. The pellet was
re-suspended in PBS and stored at — 20 °C. Three aliquots
of the virus stock were titrated to the 50% end-point and
calculated by the Reed-Muench method [7, 8].

Cytopathic effect, one-step growth curve assays and
particle counts

To investigate the cytopathic effect (CPE) of Orpheo-
virus in V. vermiformis cells by optical microscopy, 25
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cm? cell culture flasks containing 3 x 10° V. vermiformis
cells were infected with Orpheovirus at an M.O.L. of 10,
incubated at 32 °C and observed at different hours post in-
fection (h.p.i) (1, 3, 6, 9, 12 and 24 h.p.i) for 24 h. Unin-
fected V. vermiformis cells (control) were also observed. A
one-step growth curve was constructed using 25 cm?
flasks in duplicate at an M.O.I of 10. At different time
points (1, 3, 6, 9, 12, 24, 48 and 72 h.p.i), the infected V.
vermiformis cells and supernatants were collected, titred
and calculated using the end point method. We also per-
formed a quantitative polymerase chain reaction (qPCR)
assay to quantify the viral genome load targeting the DNA
polymerase gene, using oligonucleotide primer sequences
Forward 5'- ATGGCGAAATATGCGGAAGGG-3’' and
Reverse 5'-TCTTGTGCTCCTAACGCACC-3'. The ther-
mal cycling conditions used were: one cycle at 95°C for
10 min and 40 cycles at 95 °C for 10s and 60 °C for 40s; a
melting curve analysis at 95 °C for 155, 58 °C for 15s and
a final cycle at 95 °C for 15 s was completed.

To investigate if the particles were released from the host
cell by exocytosis, 3 x 10° V. vermiformis cells were infected
with Orpheovirus at an M.O.I. of 5 and analyses were car-
ried out at the infection times of 3, 6, 9, 12 and 24 h.p.i.
Thirty minutes after infection, the monolayer of cells was
washed once with PBS and the flasks were filled with 4 mL
of PYG medium. After each time point, we separated 12 puL
of the supernatant to count the number of released
Orpheovirus particles during infection. The particles were
observed by light microscopy (OlympusBX41, Japan) under
1000x magnification using a cell counting chamber (Kcell
Olen Kasvi, Brazil).

Transmission and scanning electron microscopy
For the transmission electron microscopy (TEM) assays,
the cells were infected at an M.O.L. of 0.01, and when the
CPE was observed, we centrifuged the flask content for
10 min at 800 x g. The pellet was washed twice with 0.1 M
sodium phosphate buffer (pH 7.4) and fixed with 2.5% glu-
taraldehyde in 0.1 M sodium phosphate buffer for at least
1h at room temperature. The pellet was then washed
twice with 0.1 M sodium phosphate buffer and suspended
in the same solution. After, the amoebae were embedded
in EPON resin using a standard method, as follows: 2 h of
fixation in 2% osmium tetroxide, five washes in distilled
water, overnight incubation in uranyl acetate 2% at 2—
8°C, two washes in distilled water, 10 min dehydration in
increasing ethanol concentrations (35, 50, 70, 85, 95 and
100%), 20 min incubation in acetone and embedding in
EPON resin. Ultrathin sections were subsequently ana-
lysed under TEM (Spirit Biotwin FEI-120 kV) at the Cen-
ter of Microscopy of UFMG, Brazil.

For the scanning electron microscopy (SEM) assays,
the cells infected at an M.O.I. of 0.01 were added to
round glass blades covered by poly-L-lysine and fixed
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with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1
h at room temperature. Samples were then washed three
times with 0.1 M cacodylate buffer and post-fixed with
1.0% osmium tetroxide for 1 h at room temperature. After
a second fixation, the samples were washed three times
with 0.1 M cacodylate buffer and immersed in 0.1% tannic
acid for 20 min. Samples were then washed in cacodylate
buffer and dehydrated by serial passages in ethanol solu-
tions with concentrations ranging from 35 to 100%. They
were dried at the critical CO, point, transferred onto stubs
and metalized with a 5 nm gold layer. The analyses were
completed with SEM (FEG Quanta 200 FEI) at the Center
of Microscopy of UFMG, Brazil.

Immunofluorescence assays

For immunofluorescence (IF) analysis, 3 x 10° V. vermiformis
cells were added to round glass blades and after incubation
during 24 h at 32°C, the cells were infected at an M.O.L of
5. After 1, 3, 6, 8, 12 and 24 h.p.i,, we fixed with acetone for
10 min at — 20 °C. After fixation, cells were stained with poly-
clonal anti-orpheovirus whole particle antibodies produced
in mouse (1:400 diluted in PBS) for 1 h at 37 °C, followed by
three rinses with PBS. Cells were then incubated with 3% bo-
vine serum albumin (BSA)-PAS for 30 min, followed by
three rinses with PBS. After a 1h of incubation with anti-
mouse secondary antibodies (1:400 diluted in PBS), followed
by three rinses with PBS, the cells were also incubated with
DAPI Sigma (1:1000 diluted in PBS) for 1h at room
temperature. After three rinses with PBS, the cells were incu-
bated with rodamine-phalloidine (Invitrogen) (1:1000 diluted
in PBS) for 1h at room temperature. Uninfected cells (con-
trol) were also fixed and prepared as described above. Fluo-
rescently labelled cells were observed using an Axio Imager
Z2-Apotome 2 microscope (Zeiss). The Zen Lite software
from Zeiss microscopy was used for image processing at the
Center of Microscopy of UFMG, Brazil.

Membrane inhibitor assays

To evaluate the role of cell membranes in the viral replica-
tion cycle, 14 x 10° V. vermiformis cells were infected with
Orpheovirus at an M.O.L of 5. Thirty minutes post-infection,
the amoebae were washed with PAS and then we added 15
mL of PYG medium maintained at 32 °C. After 1 h, Brefeldin
A (BFA), an inhibitor of membrane traffic, was added at a
final concentration of 10 uM, and at 8 h post-infection, the
amoebae were collected for TEM analysis. Samples were pre-
pared for microscopy as previously described.

Results

Characterization of cytopathic effect of Orpheovirus
evidenced morphological changes and increased motility
of V. vermiformis

In order to characterize the CPE of Orpheovirus, V. vermi-
formis cells were infected at M.O.L of 10 and observed up
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to 24 h.p.i.. Using optical microscopy, we observed that the
cells became stretched into a fusiform shape at 3 h.p.i,, and
this effect became more evident at 9 h.p.i. and 12 h.p.i, re-
spectively (Fig. 1a). In addition, at 12 h.p.i,, some branched
fusiform cells were observed (Fig. 1a). At 24 h.p.i, the cells
became rounded, cell lysis was more evident and some fusi-
form cells were visualized (Fig. 1a). We also performed
counts of normal (typical morphology of control cells), fusi-
form (branched and not branched) and rounded cells. We
observed a decrease of normal cells, while fusiform cell
counts increased at 9 h.p.i., composing ~40% of the total
infected cells. At 24 h.p.i, most cells were rounded, but
some fusiform cells were also observed (~ 20%) (Fig. 1b).

Different time points during infection (M.O.1. of 5) were
selected for IF assay. IF assays using anti-orpheovirus pri-
mary antibodies at 1 h.p.i. revealed particles being endocy-
tosed by amoebae (Fig. 2). At 3hpi. and 6hpi,
respectively, an increase in particle amounts were visual-
ized within the host cells. We also visualized fusiform cells
at 12 h.p.i. by IF, and interestingly, we noticed viral particle
polarization at one cell extremity and an increasing num-
ber of particles outside cells (Fig. 2). At 24 h.p.i., many cells
were rounded and the large majority of amoebae were
already lysed (Fig. 2). The CPE triggered by Orpheovirus is
different from others previously described for Faustovirus,
which revealed the formation of plaque forming units, and
Tupanvirus, which was characterized by amoebae aggre-
gates called bunches, as well as rounding and lysis in V.
vermiformis [9, 10]. Furthermore, we observed that
Orpheovirus infection induces an increase in the motility
of V. vermiformis cells, especially those with a fusiform
shape. This effect starts at 6 h.p.i. and became more evi-
dent at 12 h.p.i. (Additional file 1: Video S1)

Orpheovirus is phagocytized, forms electron-lucent viral
factories and induce cytoplasmic changes involving
different organelles
Due to the large size of Orpheovirus particles (~ 1.1 pm), it
was proposed that their entry into V. vermiformis cells
would occur by phagocytosis, as previously described for
other giant viruses, such as Pandoravirus, Mimivirus and
Cedratvirus [3, 11, 12]. During early steps of the replication
cycle, we visualized, by SEM, the formation of pseudopods
in contact with Orpheovirus particles at the cell surface
(Fig. 3a). This suggests that phagocytosis is the entry strat-
egy used by Orpheovirus, as previously suggested [6]. IF
analyses at 1 h.p.i. demonstrated that more than one par-
ticle is able to penetrate the host cell (Fig. 3b). After entry,
it was observed, by TEM, that the internal particle content
is released into the cell cytoplasm through an ostiole
located at the apex of the viral particles (Fig. 3c).

As previously described in other giant viruses, Orpheo-
virus morphogenesis occurs in subcellular microenviron-
ments called VFs, which are located in the host cell’s
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Fig. 1 Characterization of cytopathic effect of Orpheovirus. a V. vermiformis monolayer was infected by Orpheovirus using an M.O.l. of 10 and
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visualized by light microscopy. Cells became stretched with fusiform shapes at 3 h.p.i, and this effect became more evident at 9 h.p.i. and 12 h.p.i,
respectively. At 12 h.p.i, fusiform branched cells were also observed. At 24 h.p.i, most cells observed were rounded; some fusiform cells were also
visualized and cell lysis was more evident. b Counts of normal, fusiform (branched and not branched) and rounded cells. We observed a decrease

some fusiform cells were also noticed (~ 20%)
.

of normal cells, while fusiform cells increased at 9 h.p.i., composing ~ 40% of the total infected cells. At 24 h.p.i,, most cells were rounded, but

J

cytoplasm. Similar to Cedratvirus and Pandoravirus VFs,
Orpheovirus VFs are large electron-lucent areas, which
occupy a large part of the host cell (Fig. 4a and b), and do
not exhibit well-defined zones as observed for mimiviruses
[11]. We also visualized, by TEM, the formation of VFs in
perinuclear regions, and unlike those described for pan-
doraviruses, the host nucleus remains present during the
infection (Fig. 4a—c) [3]. Interestingly, the formation of
VEs with the presence of particles inside blebs in advanced
steps of the viral replication cycle were evidenced by TEM
images (Fig. 5a and b). Induction of bleb formation has
also been described during Cedratvirus getuliensis infec-
tions in A. castellanii cells, but this event requires further
investigation [12].

Mitochondrial recruitment was also observed in periph-
eral regions and inside VFs (Fig. 5¢), as well as membrane

recruitment (Fig. 4a and b). The treatment of infected cells
with BFA, a membrane trafficking inhibitor, at 8 h.p.,
affected both the formation of VFs and morphogenesis of
new particles (Fig. 4c).

Morphogenesis dynamics of Orpheovirus particles

With analysis of TEM images of asynchronous infection
of Orpheovirus (M.O.L. of 0.01), the formation of VFs
that presented particles in different maturation stages
was visualized (Fig. 6a), which obtained more informa-
tion about the morphogenesis of new particles. The
morphogenesis of Orpheovirus starts with the formation
of electron-dense semicircular structures named cres-
cents, as observed for other giant viruses, such as Faus-
tovirus and Cedratvirus [9, 12]. These structures extend
and are filled by the internal content until the formation
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Uninfected

Fig. 2 Characterization of the Orpheovirus replication cycle in V. vermiformis by IF. V. vermiformis monolayer was infected by Orpheovirus at an
M.O.L. of 5 and visualized by IF. At early time points, Orpheovirus particles are observed attaching to the surfaces of amoebae. At 3 h.p.i. and 6
h.p.i., respectively, an increase in particle amounts can be visualized within the host cells. At 12 h.p.i, we noticed viral particle polarization at one
cell extremity and an increase of viral particles outside the cells. At 24 h.p.i, many cells were rounded, and the large majority of amoebae were

phalloidine) and the nucleus in blue (stained by DAPI). Scale bar, 10 um

already lysed. The viral particles are in green (anti-orpheovirus particle antibody), amoeba cytoskeleton in orange (stained by rodamine-

of a mature particle (Fig. 6b—f). Recruitment of sheet-
like structures in the periphery of the particles under as-
sembly was also observed (Fig. 6e) and may be important
for particle formation, which seems to be composed of
several layers of proteins and membranes. Both by TEM
and SEM images, it was evidenced that the mature parti-
cles have a flattening on one side (Fig. 6g and h).

In order to chronologically analyse viral genome repli-
cation and infectious particle formation, one-step growth
assays were performed. An increase in genome amplifi-
cation was observed at 9 h.p.i., and infectious particle de-
tection increased at 12 h.p.i. (Fig. 6i—j). At 48 h.p.i,
Orpheovirus propagation reached a plateau (Fig. 6i—j).
The data corroborate those previously described [6],

~

J‘»;w R

Y,

ot
Fig. 3 Orpheovirus entry in V. vermiformis cells. a SEM at 24 h.p.i showing an Orpheovirus particle attached to a V. vermiformis cell (white arrow).

b IF assays at 1 h.p.i. revealed that more than one particle is able to penetrate the host cell. ¢ TEM images at 24 h.p.i demonstrate that the
internal particle content is released into the cell cytoplasm through an ostiole located at the apex of the viral particle (white arrow)
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Fig. 4 Electron-lucent viral factory and treatment with membrane trafficking inhibitor. a-b TEM image at 24 h.p.i shows that Orpheovirus present
an electron-lucent VF (contoured in red and in detail), which occupy a large part of the host and is observed in perinuclear regions. We also
observed membrane recruitment inside the VF (blue), and the host nucleus remains present during the infection. ¢ Treatment with BFA impacts
both the formation of VFs and morphogenesis of new particles. VF: viral factory; N: nucleus; Mitochondria are highlighted in purple; *viral particles

which suggested that the cycle of Orpheovirus in V.
vermiformis is slower compared to other giant viruses,
during approximately 30 h.p.i.

In addition, it was observed that Orpheovirus particles
have a smaller fibril layer compared to those observed in
mimiviruses (Fig. 7a and b) [13]. The analyses also re-
vealed that mature particles were present in an outer layer,
a capsid layer and an inner membrane that involve the
core of the particle (Fig. 7a and b). It is noteworthy
that, even in infections with low M.O.1., the presence of
defective particles in different formats was evidenced
(Fig. 8a-c). This finding suggests that malformed

particles occur naturally, which is similar to other giant
viruses [6, 10, 11].

Orpheovirus particles are released from the cell by lysis
and exocytosis

After VF formation, expansion of the crescents, and
complete maturation, new particles were visualized in
peripheral regions in the host cell’s cytoplasm (Fig. 9a),
and some are involved with membranes. Furthermore,
the presence of one or more particles in the same vacu-
ole was observed, which may have more than one mem-
brane (Fig. 9b—d). The presence of viral particles within

nucleus; *viral particles

~N

Fig. 5 Orpheovirus infection induces bleb formation. a SEM at 24 h.p.i showing bleb formation (white arrow) induced by Orpheovirus infection. b
TEM image at 24 h.p.i revealed the formation of VFs with presence of particles inside blebs in advanced steps of the viral replication cycle. ¢
Mitochondrial recruitment was also observed in peripheral regions and inside the VFs. Mitochondria are highlighted in purple. VF: viral factory; N:
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Fig. 6 Morphogenesis dynamics of Orpheovirus particles. a TEM images at 24 h.p.i of asynchronous cycle of Orpheovirus evidencing the formation of
VFs that presented particles in different maturation stages. b First discernible viral structures showing a crescent-shaped capsid precursor. ¢ and d
These structures extend and are filled by the internal content. e Recruitment of membranes in the periphery of the particles under assembly is also
observed (red arrow). f Complete closure of the capsids and formation of mature particles. g and h Both by TEM and SEM images, it was evidenced
that the mature particles have a flattening on one side (red arrow). i and j Orpheovirus one-step growth curve at an MO.l. of 10

/
/

Fig. 7 Orpheovirus ultrastructure. a and b The analyses by TEM revealed that mature particles present a small fibril layer (1, purple), an outer layer
(2, red), a capsid layer (3, blue) and an inner membrane (4, white) that involve the core of the particle (5, grey)
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Fig. 8 Defective particles observed during Orpheovirus multiplication. a-c TEM analyses evidenced the presence of defective particles in different
formats, even in infections with low M.O.l. and without the presence of virophage

vacuoles has also been reported for other giant vi-
ruses such as Pithovirus and Pandoravirus, suggesting
that particles are released from host cells by exocyt-
osis [3, 14, 15]. Biological assays, including cell and
particle counts in the supernatant of infected amoe-
bae were performed over the replication cycle (M.O.L
= 5). These analyses revealed that Orpheovirus parti-
cles can be detected in the supernatant of infected
cells, even at times when no cell lysis is observed

(Fig. 9e and f). An increase in particle numbers was
noted in the supernatant at 12h.p.i. In addition, IF
analyses performed at different times throughout the
cycle also demonstrated an increase in the number of
particles outside the cells at 12h.p.i. and 24 h.p.i., re-
spectively (Fig. 9e and Fig. 2), which reinforces exo-
cytosis as an alternative strategy for host cell particle
release (Fig. 10a), although cell lysis was also demon-
strated by SEM images (Fig. 10b).

Fig. 9 Orpheovirus particles are released from the cell by exocytosis. a TEM image at 24 h.p.i evidencing new particles in peripheral regions in the
host cell cytoplasm (white arrow). b and ¢ Some particles were observed involved by one or more membranes (highlighted in yellow). d More
than one particle in the same vacuole were evidenced. e IF assays at 12 h.p.i showing fusiform cells and an increase of particles outside the host
cells released by exocytosis (white arrows). f Count of Orpheovirus particles in the supernatant over the replication cycle (MO.l. = 5)

1074

Viral particles count

© ® RO

Hours post-infection
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on cell surface, where particles seem to be released

Fig. 10 Orpheovirus particles are released from the cell both by exocytosis and lysis. a SEM at 24 h.p.i showing particles released from the cell by
exocytosis (highlighted in blue). b SEM at 24 h.p.i showing particles released from the cell by lysis (highlighted in blue). Asterisk shows damage

Discussion

Giant viruses have notable differences in their replication
cycles and structures of their virions. After the discovery
of this group of viruses, studies have been conducted to
increase the knowledge of their biology and host inter-
action through investigations related to the life cycle of
these organisms [11, 16, 17]. This study presents an in-
depth description of the stages of the Orpheovirus life
cycle, providing information about the entry, morphogen-
esis, release, structural characteristics and CPE triggered
by this virus in its host cells. Other giant viruses are cap-
able of inducing morphological changes in V. vermiformis,
triggering amoebae aggregates called bunches, as de-
scribed for Tupanvirus [10], and formation of plaque
forming units evidenced for Faustovirus [9], as well as
rounding and cell lysis. The morphological changes trig-
gered by the Orpheovirus are different from those previ-
ously described, presenting cells with fusiform shapes and
some branched cells. It is known that most giant viruses
trigger cell rounding, which prevents the formation of
pseudopods, and consequently decrease the motility of
amoebae. Interestingly, in addition to morphological
changes, we observed an increase in V. vermiformis cell
motility never described before. Although speculative, one
hypothesis is that this increased motility would be a strat-
egy that would facilitate the infection of neighbouring
cells, leading to an increased spread of viral particles.

The strategy of phagocytosis entry has often been de-
scribed for other giant viruses, demonstrated through bio-
logical assays with pharmacological inhibitors for APMV
and Cedratvirus getuliensis, which showed a considerable
decrease in viral titres [11, 12]. Considering the fact that
Orpheovirus particles are large (900—1100 nm), it was pre-
viously proposed that particle penetration would occur by
phagocytosis [6]. After observing several SEM images, we
noticed the formation of pseudopods in contact with
Orpheovirus particles at the surface of host cells. Due to

this, we reinforce the hypothesis that phagocytosis would
be exploited as an entry strategy, although other entry
mechanisms should not be discarded. Once viruses enter
cells, the internal particle content is released into the cell
cytoplasm through an ostiole located in its apical region.
This mechanism is also described for other giant viruses
that have particles with similar morphology and are phylo-
genetically related to Orpheovirus [12, 14].

Unlike VFs described for mimiviruses, which present
well-defined zones [11], VFs visualized during Orpheo-
virus infections are large electron-lucent areas located in
perinuclear regions, where the morphogenesis of new par-
ticles occurs. Different than that previously observed for
pandoraviruses, the nucleus remains during viral infection
[3]. In addition, mitochondrial recruitment was observed
in peripheral regions of VFs. Membrane recruitment was
also observed inside VFs and is suggested to be important
for the morphogenesis and vesicle formation phases for
further particle exocytosis. Nevertheless, the origin of the
recruited membranes needs to be investigated. Marseille-
virus vesicles have recently been shown to consist of endo-
plasmic reticullum membranes, and after treatment with
inhibitors, there was a decrease in formation of new parti-
cles and vesicles [17]. Also for Orpheovirus, we observe
that the treatment with brefeldin impacts VF formation
and morphogenesis. The morphogenesis of Orpheovirus
particles occurs within the VFs, beginning with the forma-
tion of electron-dense semicircular structures called cres-
cents. The formation of these structures is described for
other giant amoeba viruses as well as other viruses belong-
ing to the NCLDV group, such as Poxvirus [18]. These
crescents become thicker, and throughout the cycle, they
are filled with the inner particle content and become more
electron-dense until completely closed.

Although Orpheovirus particles present an ovoid-
shape, similar to pandoraviruses, cedratviruses, and
pithoviruses, they have a distinct structure. They have a
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fibril layer that is smaller compared to other giant vi-
ruses, such as mimiviruses, that have fibrils, and despite
scarce information about their constitution, they may be
related to host cell adhesion, as demonstrated for mimi-
viruses [13]. Unlike Mimivirus, no specific area in which
fibrils could be acquired was observed in VFs during
Orpheovirus infection, and thus we hypothesized that
they would be acquired within VFs [11].

Moreover, it was observed that, in addition to fibrils, the
particles have an outer layer to the capsid layer and an
inner membrane surrounding the core. The presence of
one or more particles involved by membranes is described
for Cedratvirus getiliensis and Pithovirus sibericum, sug-
gesting that they would be released from the host cell by
exocytosis [12, 14]. Although cell lysis has been demon-
strated by SEM images and is described as the main strat-
egy for viral progeny release, it is believed that exocytosis is
an alternative mechanism used by Orpheovirus. A signifi-
cant increase in particle counts of the supernatant was
noted at 12h.p., with no decrease in cell counts. In
addition, by IF microscopy images throughout the cycle, we
visualized an increase in the number of particles outside
the cells at 12 h.p.i. and 24 h.p.i,, respectively.

One-step growth assays showed an increase in viral ti-
tres at 12h.p.i. and increased viral genome amplification
by qPCR at 9 h.p.i,, reaching a plateau at 48 h.p.i. by both
qPCR analysis and titration. These data corroborate those
previously proposed [6], which showed a replication cycle
duration of approximately 30 h. Other giant viruses, such
as Tupanvirus, Kaumoebavirus and Faustovirus, capable
of infecting V. vermiformis have also been shown to have
a longer duration multiplication cycle [4, 5, 10] compared
to giant viruses associated with amoebae of the genus
Acanthamoeba. This suggests that the replication cycle
duration profile of these viruses might be related to their
host. Altogether, this work brings valuable information
concerning the replication cycle, structure and CPE trig-
gered by Orpheovirus, therefore contributing to enhance
our understanding about this new giant virus. Future stud-
ies applying alternative methods will help to fill some gaps,
especially concerning the virus-host interaction.

Conclusions

In summary, the data presented here reveal several pecu-
liar characteristics of the life cycle, structure, CPE and
host interaction contributing to improve our under-
standing about this new giant virus.
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Additional file 1: Video S1 Orpheovirus infection induces an increase in
the motility of V. vermiformis cells, especially those with a fusiform shape.
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This effect starts at 6 h.p.i. and became more evident at 12 h.p.i. This
movie is not accelerated.
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