





Unique structural features of a Marnaviridae virus

CtenRNAVII was first isolated from the Hiroshima Bay in Japan'?’. The vi-
rion exhibits pseudo-7=3 icosahedral symmetry. The capsid comprises VP1,
VP2, and VP3 as the outer surface and a short peptide VP4 inside the capsid®.
It is the first structure in the Marnaviridae family providing important struc-

Figure 1.3.2.2. “Canyon” in poliovirus and blocked canyon in Marnaviridae
CtenRNAVIL. Poliovirus (PDB ID: 1HXS) belonging to the family Picornaviridae
has a canyon (dashed circle) surrounding each 5-fold axis, while this canyon is
blocked by a CD-loop in the capsid of CtenRNAVII (PDB ID: 6SHL). “5f” indicates
5-fold axes.

tural information about this group of viruses. As mentioned above, Picor-
naviridae viruses have a canyon structure surrounding each 5-fold axis. How-
ever, the VP1 of CtenRNAVII has a CD-loop that blocks the supposed canyon,
resulting in no canyon structure (Figure 1.3.2.2). In addition, VP1 possesses
an EF-loop whose function remains unclear. It was previously thought that
VP1 plays a crucial role in viral infection and host specificity. Therefore, these
distinctive structural characteristics are likely vital for the primordial infection

32



mechanisms of algal Marnaviridae viruses. The CtenRNAVII and primordial
groups of human Picornaviridae viruses, such as HAV, exhibit a domain swap
in the VP2 N-terminus. This swap may represent an ancestral feature that is
conserved among Marnaviridae viruses’”.

1.3.3 Remaining Questions in the Structural Functions of
Marnaviridae Viral Capsids

Unlike Picornaviridae viruses, picorna-like Marnaviridae viruses do not have
a canyon structure, implying that they possess a different infection mecha-
nism. Nonetheless, it is still unclear how each Marnaviridae virus infects its
alga host in a host-specific manner and which surface structures are impli-
cated. The host specificity of the Marnaviridae virus is crucial for precise
viro-control, hence enabling the targeted regulation of a specific algae species
that is responsible for HABs. Section 2.2.3 (Paper III) presents our latest
structural findings of a Marnaviridae virus that were found using cryo-EM
SPA method: Chaetoceros socialis forma radians RNA virus 1 (CsfrRNAV).
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2. Present Investigations

2.1 KEY METHODS

In my three papers, I primarily utilized two techniques: reverse genetics sys-
tem, which involves generating infectious clones of a dsSRNA virus, and cryo-
EM SPA, which is used for viral structure reconstruction. This section pro-
vides an overview of these two techniques’ contemporary applications.

2.1.1 Reverse Genetics of Viruses

Section 1.2.3 emphasizes that the capsids in totivirus-like viruses have
evolved unique and functionally significant structural attributes as part of their
strategies for survival, encompassing transmission and replication. To inves-
tigate how viral genes are related to these capsid features and their functional
changes, it is essential to employ robust reverse genetic tools to generate in-
fectious clones that enable genome-wide manipulation. There are two com-
monly employed reverse genetics systems. The first involves synthesizing
full-length genomic RNA transcripts from a linear DNA template in vitro,
which is followed by introducing these synthesized RNA transcripts into host
cells using lipofection or electroporation (the RNA transcript-based method).
The second involves transfecting plasmid constructs or bacterial artificial
chromosomes (BAC) that encode a full-length ¢cDNA, including the RdRp
gene in the promoter/terminator region. The RNA transcripts are then gener-
ated from the plasmids/BAC using host RNA polymerases (plasmid/BAC-
based method).

Reverse genetics systems have already been effectively applied to create
infectious clones for various viruses. For instance, the RNA transcript-based
method has been applied to generate infectious clones of a broad range of vi-
ruses, including the HAV, coronaviruses, and flaviviruses'?'™'*, The different
infectious clones of coronaviruses have also been created via the plas-
mid/BAC-based approach'**'%, As for dsRNA viruses, infectious clones for
multi-segmented Reovirales viruses have been produced using both the RNA
transcript-based and plasmid-based techniques, for studying the protein func-
tions and pathogenesis of some genera such as orthoreoviruses'**"*', orbi-
viruses'**'%, and rotaviruses'>’'*!. Furthermore, the infectious particles for a
segmented dsRNA virus in the Birnaviridae family were also successfully
generated using the RNA transcript-based method'**. However, in the case of
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non-segmented dsRNA viruses, such as totivirus-like viruses, few cases were
reported. Therefore, the development of infectious clones for non-segmented
totivirus-like viruses is technically and biologically imperative in the field of
virology.

2.1.2 Cryogenic Electron Microscopy Single-Particle Analysis

In recent years, cryo-EM techniques have undergone rapid developments and
are now firmly established as essential tools for structural biologists'*. These
advances encompass several technical breakthroughs, such as the integration
of direct electron detectors, which are complemented by algorithms designed
to correct beam-induced movement and specimen drift'**. Direct electron de-
tectors combine the benefits of conventional charge-coupled device cameras
and photographic films, allowing for a fast readout'*. Additionally, auto-
mated data collection strategies and the introduction of image analysis soft-
ware have also significantly contributed to the widespread adoption of cryo-
EM for various applications in the field of structural biology'**"*°. Cryo-EM
has become the primary method of structural analysis in many biological sam-

ple studies.
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Figure 2.1.2. Workflow of cryo-EM SPA for a non-enveloped icosahedral virus sam-
ple.

Sample
preparation

Cryo-EM SPA becomes a powerful technique for visualizing and analyzing
the three-dimensional (3D) structure of viruses at a resolution of 24
AS776798499.151 "This method allows us to study the architecture and organiza-
tion of viral particles without crystallization. It can capture the structure of
viruses in their near-native and hydrated state, allowing for the study of con-
formational changes and dynamic processes'**'>. It also enables in situ struc-
tural studies in viruses, such as examining the structure of the CP-RdRp com-
plex at a 5-fold vertex to explore the virus’s replication process within the
capsid®. The general procedures for cryo-EM SPA include sample prepara-
tion, data collection, particle picking, 2D classification, 3D reconstruction,
modeling, and refinement (Figure 2.1.2). Samples are usually applied on a
holey grid and are flash-frozen using liquid ethane, which helps place particles
in a thin film of vitreous ice. This process protects samples from radiation
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damage and dehydration, which is beneficial for subsequent data pro-
cessing'>*. Numerous 2D electron micrographs, each displaying diverse parti-
cle projections, are captured from individual sample grids and are subjected
to micrograph preprocessing. Particles of interest are selected through manual
or automated methods within the software. The chosen particles are subse-
quently extracted from each micrograph and categorized according to various
orientations and conformations. Enhanced signals result from averaging mul-
tiple individual particles. Particles within high-quality 2D classes are then
chosen and utilized for the reconstruction of a 3D map, which is followed by
subsequent refinement (Figure 2.1.2)">*!%,
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2.2 KEY RESULTS

This section comprises three subsections, each of which is dedicated to provid-
ing background information and the major research findings for my three pa-
pers.

2.2.1 First Infectious cDNA Clone Generation of a dSRNA
Totivirus-Like Virus (Paper I)

We successfully created the initial infectious cDNA clone for OmRYV, a
dsRNA totivirus-like virus. In addition, we successfully recovered a transmis-
sion-impaired OmRV T365A mutant. These achievements open possibilities
for applying this methodology to uncover the functions of essential compo-

nents, ranging from proteins to specific amino acid residues, in dsSRNA totivi-
rus-like viruses and Totiviridae viruses.

Totiviridae viruses

There are five approved genera within the family Totiviridae: Giardiavirus,
Leishmaniavirus, Totivirus, Trichomonasvirus, and Victorivirus. These vi-
ruses, such as GLVs, Leishmania RNA virus 1, TVVs, and Helminthosporium
victoriae virus 190S (HvV190S), mainly infect fungi and parasitic protozoa.
Many members, including ScV-L-A, ScV-L-BC, and TV Vs of the Totiviridae
family, remain intracellular and transmit to other host cells during cell division.
However, GLVs have acquired an extracellular transmission ability similar to
totivirus-like viruses. Their virion is mostly 40 nm in diameter, and the capsid
shell encloses a single 4.6—7.0 kbp dsRNA genome, which typically encodes
a CP and a CP-RdRp complex via a -1 ribosomal frameshift.

Totivirus-like viruses

OmRYV is a representative totivirus-like virus. It has a 40 nm virion encom-
passing a non-segmented 7.6 kbp dsRNA genome that resembles other mem-
bers in the Totiviridae family. OmRYV is insect-borne and is genetically related
to another arthropod-borne virus: IMNV®. To date, two strains—OmRV-AK4
and -LZ—have been isolated and characterized®’. Both empty and full viral
particles are observed within these strains. OmRYV demonstrates the ability to
infect multicellular hosts and possesses an extracellular phase in its lifecycle.
OmRV-LZ has its capsid surface adorned with a protrusion protein, which is
thought to play a role in the infection process®*. However, this protrusion pro-
tein is absent in the capsids of other related Totiviridae viruses. Additional
structural features, including terminal extensions and obstructed capsid pores,
have been observed, even though their functions remain unverified®*®’. There-
fore, a molecular approach such as reverse genetics is a valuable tool for fur-
ther investigation.
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Recombinant OmRV/IC-wt particles resemble the native OmRY strain
The first isolated strain, OmRV-AK4, served as a gene sequence template.
The plasmid containing the full-length infectious cDNA clone was designed
and generated (OmRV-full-length/pACYC177) (Figure 2.2.2-A). OmRV
wild-type infectious clone particles (OmRV/IC-wt) were generated from
C6/36 Aedes mosquito cells using an RNA transcript-based method. A severe
cytopathic effect (CPE) induced by OmRV/IC-wt infection was observed,
which was similar to that of the native OmRV-AK4 strain (Figure 2.2.2-B).
Subsequently, OmRV/IC-wt particles were purified through sucrose gradient
ultracentrifugation and subjected to examination via cryo-EM. Like OmRV
native particles, the recombinant OmRV/IC-wt particles have a similar mor-
phology (Figure 2.2.2-C).

A OmRV/IC-wt construct

SP6 Xhol Cir9l
727222222222} Fragment1 Fragment2 I
Drall OmRV-full-length/pACYC177

» > Sounlll
OmRV/IC-wt OmRV-AK4

4x10%

- 3x10%

2x10°

I OmRV/IC-wt (+)ssRNA
I OmRV/IC-T365A (+)ssRNA

RNA coples/m!

1x10%

0-

Days post infection

Figure 2.2.2. Illustration summary of Paper 1. A) Full-length OmRV/IC-wt plasmid
constructed in low-copy-number pACY C177 vector with SP6 as an in-vitro transcrip-
tion promoter and two OmRV-AK4 gene fragments. B) CPE of C6/36 cells after
OmRV/IC-wt infection. C) Cryo-EM raw images of purified OmRV/IC-wt and native
OmRV-AK4 particles. D) Propagation curves of OmRV/IC-wt and -T365A mutant
after the transfections of their +ssRNAs in C6/36 cells. ns: No significant difference.
*Statistically significant difference, P<0.05.
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Mutation T365A affects OmRYV propagation

In addition to OmRV/IC-wt, a mutant OmRV/IC-T365A, was engineered us-
ing the same approach, here incorporating mutagenesis. The significance of
T365 as a crucial amino acid residue bridging a hydrogen bond between
OmRYV capsid and protrusion proteins®® suggests that its mutation has the po-
tential to hinder the interactions between these proteins. Quantitative reverse
transcription polymerase chain reaction (RT-qPCR) was performed to monitor
viral particle propagation. The results obtained through RT-qPCR revealed a
disparity in the propagation rates between OmRV/IC-wt and OmRV/IC-
T365A, as depicted in Figure 2.2.2-D. The mutation partially diminished the
propagation capability of OmRYV particles in mosquito cells.
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2.2.2 Capsid Structure of a Megabirnavirus RnMBV1 (Paper 1)

We performed cryo-EM SPA and obtained the first atomic models of dSRNA
RnMBV 1 particles at a resolution of 3.2 A. Based on the structures, three main
features were identified: 1) CP protrusion domain and extra surface crown
proteins (CrPs); these may be required for viral transmissions; 2) extra-long
extensions on the C-terminus of CPs that possibly stabilize viral particle as-
sembly; and 3) 5-fold obstructed pores that are required for NTP intake and
synthesized genome release. These structural features might play essential
roles in RnMBV 1°s viral life cycles. Understanding these roles will enable us
to apply this virus as a fungi-induced white root rot disease control.

Rosellinia necatrix and white root rot

White root rot is a destructive fungal disease that affects a variety of woody
and herbaceous plants including fruit trees (e.g., apple and pear), woody orna-
mentals, vines, and various crops like avocado, coffee, and citrus'. It is
caused by several species of the multicellular fungus Rosellinia, with Rosel-
linia necatrix (R. necatrix) being the most notorious pathogen'**'**. Above-
ground symptoms may include the yellowing or browning of leaves, dieback
of branches, and poor growth. Below the ground, the roots become discolored
and decayed, turning white, which gives the disease its name'>’. White root
rot is favored by cool and humid conditions, with the disease becoming more
severe in areas with high humidity and frequent rainfall. White root rot can
have a significant economic impact, particularly in the agricultural and horti-
cultural industries, because it can lead to the loss of valuable crops and trees'®’.
Addressing white root rot involves enhancing soil drainage, refraining from
planting vulnerable hosts in areas where the disease is prevalent, and using
fungicides'**'%°. Despite these efforts, managing the disease poses significant
challenges®*'.

Megabirnaviridae viruses and RnMBV1

Viruses in the family Megabirnaviridae have recently been characterized and
recognized as dsRNA fungal viruses. RnMBV 1, which is named from an R.
necatrix W779 field strain, is the exemplar strain within the Megabirnaviridae
family'®'. There are two more unassigned members: Sclerotinia sclerotiorum
megabirnavirus 1 (SsMBV1) and Rosellinia necatrix megabirnavirus 2
(RnMBV2)'%!% RnMBV1 is a potential candidate for controlling white root
rot disease because it can confer hypovirulence to R. necatrix*'; however,
more molecular and structural investigations are needed.

RnMBV1 has an approximately 52 nm icosahedral virion that encloses two
genome segments: dsSRNA-1 (8.9 kbp in length) and -2 (7.2 kbp in length).
The dsRNA-1 encodes CPs and RdRps, while dsSRNA-2 encodes proteins
whose functions are unknown. The CP-RdRp fusion product can be expressed
through -1 ribosomal shifting'®. Previously, a low-resolution (15.7 A) cryo-
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EM model was reported, with many structural details remaining unclear*'.
Therefore, an atomic model at a higher resolution can enable an in-depth study
of this virus.

Capsid composition and surface features

The capsid of RnMBV 1 virions comprises 60 chemically identical but asym-
metric CP subunits (CP_A and CP_B) and surface CrPs. The CPs are assem-
bled in a 7=1 icosahedral symmetry. Each CP_A proximally surrounds while
CP_B distally surrounds each 5-fold axis. Three CP_Bs build a trimer. Five
CP_A and_B dimers build a 5-fold complex (Figure 2.2.3.1-A).

Protrusion domains were found in each CP on the capsid surface of
RnMBV1 (Figure 2.2.3.1-B). This protrusion feature also exists in multicel-
lular Quadriviridae RnQV1 and totivirus-like OmRYV but is absent in some
other structural-related yeast or protozoan viruses like Totiviridae ScV-L-A
and Chrysoviridae PcV. It is elusive but of interest to investigate the roles that
the protrusion domains play in the viral life cycle.

CrPs sit over the CP_B trimers surrounding the 3-fold axes (Figure 2.2.3.1-
A). Although the CrPs in RnMBV1 have no sequentially related proteins, the
feature of extra capsid surface proteins is present in several dsSRNA viruses

Protrusion domain

Figure 2.2.3.1. Capsid composition and protrusion domain. A) Full capsid model and
structure of CPs (light yellow or purple) and CrP (yellow, orange, or red) of RnMBV 1.
B) Surface protrusion domains that are highlighted in red. Numbers indicate icosahe-
dral symmetry axes. The pentagon, triangle and ellipse indicate the 5-, 3- or 2-fold
axis, respectively.
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infecting multicellular hosts, including OmRV®. With the loss of CrPs, the
viruses are viable but fail to confer hypovirulence to their hosts”'.

Terminal extensions

As discussed in section 1.2.3, many dsRNA viruses have acquired terminal
extensions as a viral particle stabilization strategy. In RnMBV 1, both the C-
termini of CP_A and B are extended and interact with up to three adjacent
subunits (Figure 2.2.3.2-4). RnAMBV 1 is larger than the most known 7=1 ico-
sahedral dsRNA viruses; therefore, the C-terminal arms significantly contrib-
ute to the contact area between subunits and help stabilize the viral capsid.

Pore conformations

As mentioned in section 1.2.3, the life cycles of dsSRNA viruses necessitate
the presence of pores. In the case of RnMBV 1, an obstructed 5-fold pore was
noted (Figure 2.2.3.2-B). This pore is constructed from 10 Arg residues and a
segment of the C-terminal arm within CP_B. Even though Arg residues par-
tially block the pore, a 16-A small room remains, as depicted in Figure
2.2.3.2-B. This space and the positively charged Arg residues enable the intake
of NTPs and the release of +ssRNA transcripts.
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Figure 2.2.3.2. C-terminal arm interlockings between subunits and obstructed pore
conformation. A) C-terminals arm interlocking system within a 5-fold complex (left)
and close-up view within four adjacent subunits (right). B) Different pore representa-
tions: electrostatic potential (left), structural organization of 10 Arg residues surround-
ing a 5-fold axis (middle), and cross section of the pore (right). CP_As and CP_Bs are
colored light yellow and purple, respectively.
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2.2.3 Capsid Structure of an Algal ssSRNA CsfrRNAV (Paper III)

We employed cryo-EM SPA to reconstruct 3D atomic models of both full (3.0
A) and empty (3.1 A) CsfrRNAYV particles. By conducting structural compar-
isons, we identified shared and distinctive features among various Marnaviri-
dae viruses. This analysis offers valuable insights into the transmission mech-
anisms common to Marnaviridae viruses as well as those specific to each.
Additionally, we utilized AlphaFold2 to predict the structures of other Mar-
naviridae VP1 proteins, hence showing the potential application of Al-
phaFold2 in generating a structure-based phylogeny. The generated structure-
based phylogeny can be utilized for a comprehensive classification of the
Marnaviridae virus, based on their host specificity.

Overall capsid structure

The capsid shell exhibits pseudo-T=3 icosahedral symmetry and consists of
three VPs: VP1, VP2, and VP3 (Figure 2.2.4.1-A). VP1s assemble around the
5-fold axis to create pentamers, while VP2s form dimers, and each trio of

B EF-Loop
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Figure 2.2.4.1. Overall capsid and VP1 structure. A) Presentation of the complete
CsfrRNAYV full capsid atomic model (left) and the inside view of a 5-fold complex
(right). The 5-, 3-, and 2-fold axes are denoted by a pentagon, triangle, and ellipse,
respectively. VP1, VP2, and VP3 are colored pink, blue, and light green, respectively.
B) Display of VP1 distinctive loops (CD-loop in blue, E1E2-loop in red, and EF-loop
in green) in three orientations.
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VP2-VP3 complexes surrounds a 3-fold axis (Figure 2.2.4.1-4). All VPs show
jelly-roll folds (Figure 2.2.4.2-A). The capsid surface features three distinct
VP1 loops: CD-loop, EiEz-loop, and EF-loop (Figure 2.2.4.1-B).

Empty capsid structure

The overall diameter of empty CsfrRNAV particles is approximately 318 A,
which is slightly larger than that of full particles, which measure around 311
A in diameter. The structures of VP1, VP2, and VP3 are largely conserved
between full and empty capsids. The primary difference lies in the absence of
the VP2 N-terminal domain swap in the empty capsid (Figure 2.2.4.2-A and -
B). These findings suggest a less tightly assembled structure in the empty cap-
sid, and the role of the VP2 N-terminal domain may be associated with ge-
nome packaging. A 3D variability analysis of empty particles also reveals
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Figure 2.2.4.2. Structural comparison between full and empty capsids. A) Superim-
positions of VP1, VP2, and VP3 between full and empty capsids. B) Overview of full
and empty particles and the N-terminal swap (red) difference shown in VP2 com-
plexes. VPs in full or empty particles are colored pink or blue, respectively.
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diverse mobile patterns, including rocking, tilting, and expansion, particularly
in the 5-fold complexes.

Commonalities and differences between CsfrRNAV and CtenRNAVII
The structural configurations of the VPs are largely conserved and similar be-
tween CsfrRNAV and CtenRNAVII, with the most notable variations occur-
ring in VP1s (Figure 2.2.4.3). In the full CsfrRNAYV capsid, the VP2 N-termi-
nal domain swap, VP1 CD-loop, and EF-loop exhibit consistency. Regarding
VP1 structures, CsfrRNAV displays a distinct orientation of the E;E>-loop
compared with that of CtenRNAVII (Figure 2.2.4.3). This suggests a potential
correlation between the E;E,-loop conformational changes and the host spec-
ificity of these algal viruses. Additionally, CsfrRNAV lacks VP4, indicating
that VP4 might not be indispensable for the life cycle of all Marnaviridae
viruses.

CsfrRNAV  VP1
CtenRNAVIIVP1

Hs
e

Local RMSD (A)

Figure 2.2.4.3. Structural differences in VP1 between Marnaviridae viruses. Left: Su-
perimposed structures of VP1s (CsfrRNAV in pink, CtenRNAVII in gray). Right:
Root-mean-square deviation (RMSD) per residue map for CsfrRNAV VP1 to that of
CtenRNAVIIL. The CD- and E1E2-loops are circled, emphasizing regions with the
high variation or local RMSD values. Local RMSD is indicated from blue to red, rep-
resenting low to high values (A).

Structural phylogeny using AlphaFold2

We generated a structural phylogeny based on our experimental data and the
other 16 predicted Marnaviridae VP1 structures. The result provides insights
into the use of AlphaFold2 in host-specificity predictions in the future. Based
on all the VP1 models, the E E>-loop exhibits the highest diversity and, thus,
is implicated with its host-specific binding mechanism. It is interesting to per-
form structural predictions by AlphaFold2, which is followed by analysis to
reclassify viruses based on their structural features, not just based on their ge-
nome-based phylogenetic analysis.
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3. Conclusion and Future Perspectives

The three papers in this thesis emphasize the potential impact of integrating
structural analyses through cryo-EM with molecular experiments, such as re-
verse genetics, to explore virus-to-host interactions and viral life cycles.

Paper I introduces the potential application of the reverse genetics ap-
proach to unveil the functions of crucial components, from proteins to amino
acid residues, in non-enveloped icosahedral dsRNA totivirus-like viruses and
Totiviridae viruses. Molecular experiments will complement our structural
findings, enabling the validation of our structure-based hypotheses. Leverag-
ing reverse genetics, we have generated mutants to elucidate the functions of
amino acid residues, particularly those possibly involved in viral intraparticle
genome synthesis—an essential aspect for many non-enveloped icosahedral
dsRNA viruses. Ongoing molecular and cellular experiments on these mutants
will further enhance our understanding of the roles played by amino acid res-
idues in icosahedral dsSRNA viruses, providing fundamental insights for future
studies in this field.

Paper II presents crucial structural features essential to the life cycle of a
fungal icosahedral dSRNA megabirnavirus, RnMBV1, hence offering poten-
tial avenues for utilizing this virus to control fungi-induced white root rot dis-
ease. Furthermore, a deeper comprehension of icosahedral dsRNA virus cap-
sid structures consistently maintained across different species will strengthen
the foundation for future virus studies. Concurrently, an ongoing structural
study on the icosahedral dsRNA virus GLV, which is associated with the pro-
tozoan pathogen G. lamblia, is underway'®. Unraveling its structural features
will provide insights into disease prevention, diagnosis, and treatment related
to G. lamblia. Together with other ongoing structural studies on pathogenic
icosahedral dsRNA viruses, including PMCV, IPNV, and IMNV, we aim to
offer valuable biological information for virus applications in viro-control, vi-
rotherapy, and vaccine development targeting pathogenic viruses.

Paper III provides insights into viral transmission mechanisms among
Marnaviridae viruses, demonstrating the capability of AlphaFold2 to generate
a structure-based phylogeny. This approach will be advantageous for address-
ing HABs by using algal viruses based on their host specificity. In the future,
we plan to analyze more algal Marnaviridae viruses using bioinformatic and
structural biology approaches to specifically treat HABs through viro-control.
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This approach will mitigate both the negative ecological and economic im-
pacts of HABs in the ocean.
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4. Popular Science Summary

Viruses, existing everywhere, play a crucial role globally by infecting a di-
verse range of organisms, leading to significant economic, ecological, and
health challenges. Being the smallest infectious agents, viruses replicate by
exploiting their hosts. Viruses display diverse shapes and sizes. Typically, a
virus has an outer protein shell, which we call it capsid. The heart of a virus’s
life cycle lies in its capsid—a protective cover that houses the genome, the
genetic material of the virus. This shell ensures the virus’s safety, facilitates
its replication, and aids in its infection.

To understand the correlation between viral genes and the viral life cycles,
we utilized reverse genetics, a method enabling the creation of synthetic vi-
ruses. Additionally, to visualize viruses, we employed cryogenic electron mi-
croscopy (cryo-EM) to capture detailed structures of viral capsid shells.

What is a dsRNA virus?

Double-stranded ribonucleic acid (dsRNA) viruses are a group of viruses char-
acterized by a genome comprising two RNA strands. These viruses exert a
broad range of impacts due to their diverse life cycles and the ability to infect
various hosts, impacting fisheries, agriculture, animal welfare, food produc-
tion, and human health.

Most dsRNA viruses possess one or more layers of capsids and share many
commonalities in their overall capsid structures. The typical architecture of
capsids in dsRNA viruses follows a sophisticated design: a single layer con-
structed from 120 identical protein subunits in an icosahedral (20-sided) ar-
rangement. However, for some dsRNA viruses infecting complex organisms
with multiple cells, the capsid may exhibit greater complexity. Throughout
evolution, these viruses have acquired intriguing features such as additional
proteins or entry-like pores that actively participate in their replication.

Customization of a dsRNA virus

We successfully generated the first artificial Omono River virus (OmRYV),
which is a dsRNA virus. This virus infects mosquitos, and it has a more com-
plex capsid shell than those of related viruses. Additionally, we successfully
created a genetically altered OmRYV, intentionally influencing its replication.
These achievements will allow us to unravel essential details about the inner
relations of these viruses and their genes.
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White root rot, fungus, and fungal virus

White root rot, which is a notorious fungal disease impacting various plants,
including fruit trees, is primarily caused by the fungus Rosellinia, specifically
R. necatrix. There is hope on the horizon with Rosellinia necatrix megabirna-
virus 1-W779 (RnMBV 1), a dsRNA virus that infects R. necatrix and can con-
trol white root rot. However, unlocking its full potential requires more infor-
mation, which can be provided through biological studies.

We got the first structure of the RnMBV 1 capsid shell at a good resolution
using cryo-EM. RnMBV 1 exhibits a complex capsid shell with many interest-
ing features acquired through evolution, likely playing a crucial role in its
lifecycle. Understanding these could pave the way for utilizing this virus as a
promising control measure against white root rot disease.

Algal bloom, algae, and algal virus

Harmful algal blooms (HABs) emerge when algal populations undergo un-
controlled growth in favorable conditions, posing threats such as fish die-offs
and risks to animals, humans, and economic losses. Thus, addressing HABs is
an urgent priority.

Algae, representing various types such as diatoms, serve as the foundation
of diverse aquatic food chains and webs. Chaetoceros species, the most abun-
dant marine planktonic diatoms globally, can cause HABs. Some Marnaviri-
dae viruses infect these Chaetoceros diatoms and can influence HAB dynam-
ics. These viruses share similarities with picornaviruses, such as the Hepatitis
A virus. To harness these algal viruses, a deeper understanding of them is im-
portant.

Recently, the capsid structure of a Marnaviridae virus—Chaetoceros tenu-
issimus RNA virus type II (CtenRNAVII)—has provided crucial structural
information, highlighting both its similarities and differences from picorna-
viruses. We have contributed to this knowledge by obtaining capsid structures
of another Marnaviridae virus— Chaetoceros socialis forma radians RNA vi-
rus 1 (CsftRNAV)—using cryo-EM, thereby revealing the shared and unique
features among Marnaviridae viruses. Our findings could pave the way for
utilizing these algal viruses to control HABs in the future.
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5. Sammanfattning pad Svenska

Virus, som finns 6verallt, spelar en avgdrande roll globalt genom att infektera
olika organismer och orsaka betydande ekonomiska, ekologiska och hélso-
maissiga utmaningar. Virus ar de minsta smittsamma biologiska partiklarna
och de forokar sig genom att utnyttja sina vardar. Viruspartiklar har olika for-
mer och storlekar. Vanligtvis bestar de av en yttre proteinkapsel, som vi kallar
for dess kapsid, som ér ett skyddande hélje for dess arvsmassa (dess genom).
Kapsiden spelar en central roll i virusets livscykel och sékerstiller virusets
sdkerhet, underlattar dess replikation och hjélper till vid infektionen.

For att forstd sambandet mellan virala gener och virusets livscykl anvdnde
vi sa kallad omvind genetik, en metod som mojliggor skapandet av syntetiska
virus. Dessutom anvidnde vi kryogen elektronmikroskopi (kryo-EM) for att
visualisera virus och erhélla detaljerade strukturer pa deras kapsid.

Vad dr ett dsRNA-virus?

Dubbelstrangat RNA (dsRNA) virus &dr en grupp virus kidnnetecknade av ett
genom bestdende av tvd RNA-strdngar. Dessa virus har vittskild paverkan
inom manga nischer pa grund av sina varierande livscykler och formagan att
infektera olika vérdar. De paverkar fiske, jordbruk, djurskydd, livsmedelspro-
duktion och ménsklig hélsa.

De flesta dSRNA-virus har en eller flera lager av kapsider och har manga
gemensamma drag vad géller kapselstrukturer. Den typiska arkitekturen hos
kapsiderna i dsSRNA-virus foljer en sofistikerad design: Vanligtvis bestar kap-
siden av ett enkelt lager av 120 identiska proteindelar arrangerade med ikosa-
edral (20-sidig) symmetri. Men for vissa dsSRNA-virus som infekterar kom-
plexa, flercelliga organismer kan kapsiden uppvisa storre komplexitet. Genom
evolution har dessa virus erhillit intressanta egenskaper sdsom ytterligare pro-
teiner eller porer som aktivt deltar i deras replikation.

Anpassning av ett dsRNA-virus

Vi har framgingsrikt skapat det forsta syntetiska Omono River-viruset
(OmRYV), som éar ett dsSRNA-virus. Detta virus infekterar myggor och har ett
mer komplext kapsidhdlje dn besliaktade virus. Dessutom har vi lyckats intro-
ducera genetiska forandringar i detta syntetiska OmRV, med avsikt att pa-
verka dess replikationsforméga. Dessa framsteg kommer kunna leda oss vi-
dare till nya insikter kring egenskaperna hos viruset och dess gener.
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Rotrota, svamp och svampvirus

Rotrota dr en 6kdnd svampsjukdom som paverkar olika véxter, inklusive
frukttrdd. Det orsakas framst av svampen Rosellinia, specifikt R. necatrix. Det
finns dock en ljusning vid horisonten. Rosellinia necatrix megabirnavirus 1-
W779 (RnMBV1) dr ett dsSRNA-virus som infekterar R. necatrix och kan dér-
med anvéndas for att bekdmpa rotréta. Men for att lyckas med det krdvs mer
biologiska studier.

Vi har for forsta gangen lyckats strukturbestimma kapsiden fran RnMBV 1
med mycket god upplosning genom att anvinda metoden kryo-EM. RnMBV 1
har ett komplext kapselholje med flera intressanta evolutionart forvarvade de-
taljer som verkar spela avgorande roll i dess livscykel. Den forstdelsen kan
Oppna vagen till att anvénda detta virus som en kontrollatgérd mot rotrota.

Algblomning, alger och algvirus

Skadliga algblomningar uppstar nar algpopulationer genomgar okontrollerad
tillvaxt under gynnsamma forhallanden och utgér hot sdsom risker for djur,
ménniskor, fiskdéd och ekonomiska forluster. Att kunna begrinsa algblom-
ningar dr darfor ett akut problem och av hogsta prioritet.

Kiselalger utgdr grunden for flertalet akvatiska niringskedjor och nétverk.
Chaetoceros-arter ar de mest talrika kiselalgerna globalt sett och dr ofta orsa-
ken till skadliga algblomningar. Vissa Marnaviridae-virus infekterar
Chaetoceros och kan didrmed paverka dynamiken i algblomningarna. For att
kunna utnyttja dessa algvirus ér det viktigt med en djupare forstaelse av dem.
Dessa virus delar dven manga likheter med picornavirusen till vilka exempel-
vis Hepatit A-viruset tillhor.

Den nyligt losta strukturen av kapsiden hos Marnaviridae-viruset
Chaetoceros tenuissimus RNA-virus typ Il (CtenRNAVII) gav avgdrande
strukturell information och belyst bide dess likheter och skillnader jAmfort
med picornavirus. Nu har vi ytterligare kunnat bidra till denna kunskap genom
att erhalla kapsidstrukturen av ett annat Marnaviridae-virass—Chaetoceros
socialis forma radians RNA-virus 1 (CsfrRNAV)—med hjilp av kryo-EM,
vilket avsldjade gemensamma men dven flertalet unika drag hos dessa virus.
Véra fynd kan 6ppna vigen for att anvinda dessa algvirus for att kontrollera
algblomningar i framtiden.
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