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ABSTRACT Viruses associated with sleeping disease (SD) in crabs cause great eco-
nomic losses to aquaculture, and no effective measures are available for their pre-
vention. In this study, to help develop novel antiviral strategies, single-particle cryo-
electron microscopy was applied to investigate viruses associated with SD. The results
not only revealed the structure of mud crab dicistrovirus (MCDV) but also identified a
novel mud crab tombus-like virus (MCTV) not previously detected using molecular biol-
ogy methods. The structure of MCDV at a 3.5-A resolution reveals three major capsid
proteins (VP1to VP3) organized into a pseudo-T=3 icosahedral capsid, and affirms
the existence of VP4. Unusually, MCDV VP3 contains a long C-terminal region and
forms a novel protrusion that has not been observed in other dicistrovirus. Our re-
sults also reveal that MCDV can release its genome via conformation changes of the
protrusions when viral mixtures are heated. The structure of MCTV at a 3.3-A resolu-
tion reveals a T= 3 icosahedral capsid with common features of both tombusviruses
and nodaviruses. Furthermore, MCTV has a novel hydrophobic tunnel beneath the
5-fold vertex and 30 dimeric protrusions composed of the P-domains of the capsid
protein at the 2-fold axes that are exposed on the virion surface. The structural fea-
tures of MCTV are consistent with a novel type of virus.

IMPORTANCE Pathogen identification is vital for unknown infectious outbreaks, es-
pecially for dual or multiple infections. Sleeping disease (SD) in crabs causes great
economic losses to aquaculture worldwide. Here we report the discovery and identi-
fication of a novel virus in mud crabs with multiple infections that was not previ-
ously detected by molecular, immune, or traditional electron microscopy (EM) meth-
ods. High-resolution structures of pathogenic viruses are essential for a molecular
understanding and developing new disease prevention methods. The three-dimensional
(3D) structure of the mud crab tombus-like virus (MCTV) and mud crab dicistrovirus
(MCDV) determined in this study could assist the development of antiviral inhibitors.
The identification of a novel virus in multiple infections previously missed using
other methods demonstrates the usefulness of this strategy for investigating multi-
ple infectious outbreaks, even in humans and other animals.

KEYWORDS cryo-EM, virus, virion structure

iruses cause serious illness and death in humans, animals, plants, and bacteria. To
date, more than 30,000 viruses have been identified and classified into 125
different virus families (1), but many more are yet to be identified and investigated. The
enormous number of different species brings great challenges for viral identification
and antiviral precautions during epidemic outbreaks.
The mud crab Scylla paramamosain is an economically important aquaculture
species in China, India, Australia, and many other countries. However, the prevalence of
sleeping disease (SD) in this species results in significant economic losses. Previous
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molecular investigations revealed two major viral pathogens: mud crab reovirus (MCRV)
and mud crab dicistrovirus (MCDV), with diameters of 72 and 30 nm, respectively (2-5).

MCDV belongs to the family Dicistroviridae, which contains three genera: Cripavirus,
Triatovirus, and Aparavirus (6). The family derives its name from the two open reading
frames (ORFs) or cistrons in the positive single-strand RNA (+ssRNA) genome. The 5’
ORF encodes the nonstructural proteins (viral polymerase, protease, and helicase),
while the 3’ ORF codes for a polyprotein precursor of the mature capsid proteins VP1,
VP2, VP3, and VP4 (6). Sixty copies of three of these major capsid proteins (VP1, VP2,
and VP3) comprise the capsid shell and are arranged in a P=3 (pseudo-T=3) lattice.

Crabs are invertebrates that lack a well-established immune system capable of
preventing virus infections. Thus, external agents and methods are essential for pre-
venting viral diseases in crabs and other organisms lacking well-constituted immune
systems. To assist in the design of an effective method to prevent future SD outbreaks,
single-particle cryo-electron microscopy (cryo-EM) reconstruction was applied to study
the structure of the two previously reported viruses. Due to its larger size, MCRV is easily
recognized, and a low-resolution structure has been reported (2). During the process of
resolving the structure of MCDV in the present study, a different virus with distinct
features different from those of MCDV, but almost the same size as MCDV, was
unexpectedly observed and identified. Interestingly, neither previous molecular assays
nor traditional EM techniques were able to distinguish this novel virus in mud crabs
simultaneously infected with three viruses.

RESULTS

Cryo-EM detection of two viruses of approximately equal size coinfecting mud
crabs. Previous reports revealed the existence of MCDV (3, 4) and MCRV (5) in mud
crabs with SD, with diameters of ~30 and ~72 nm, respectively. Sequence analyses
revealed that MCDV belongs to the family Dicistroviridae and harbors at least three
different capsid proteins: VP1, VP2, and VP3. Based on the results of negative staining
and cryo-EM, 30-nm particles were successfully isolated. The 30-nm particles were
initially believed to be MCDV. Following reference-free 2D classification, initial model
building, and reconstruction, we obtained a 3.8-A density map (Fig. 1). At this resolu-
tion, the densities of protein main chains and some side chains are visible, and we were
able to annotate the three proteins in the asymmetric unit. However, unexpectedly,
atomic model building failed due to mismatches in side chain densities, and there was
no density at all for some regions. When we tried to align the three proteins, they
aligned surprisingly well except for the terminal regions. Most side chain densities were
almost the same for the three proteins. These features suggested that the three
proteins were chemically identical.

These results implied that there might be another unknown virus in the purified
sample similar in size to MCDV and composed of only one capsid protein, whereas
MCDV is composed of at least three different capsid proteins.

To verify our hypothesis, the results of 25 iterations of reference-free two-
dimensional (2D) classification using RELION 2.0 were carefully rechecked, and it
became apparent that the sample probably contained two different viruses based on
the shape of the protrusions, which formed “dot” shapes in some particles and a
“lamina” shape in others (Fig. 1).

Further 3D classification and 50 cycles of refinement and reconstruction using
RELION 2.0 also revealed two types of particles (Fig. 1). Two corresponding virus
structures with different protrusions were eventually obtained, both ~30 nm in diam-
eter.

Finally, 31,801 particles were classified as one virus type (temporarily named type |
virus) and 41,941 particles were sorted into the other virus type (temporarily named
type Il virus) (Fig. 1). Two different icosahedral 3D maps at 3.5- and 3.3-A resolutions
were obtained.

Identification of MCDV. These structures allowed us to annotate each subunit of
the capsids, and the results revealed four subunits (VP1 to 4) in each asymmetric unit
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FIG 1 Flow chart of sample isolation and data processing. Initial data processing steps indicated by gray dotted lines
include 2D classification and reconstruction with all particles to obtain structure Il. However, the result of 2D classification
reveals two kinds of virus based on the shape of protrusions. One (colored red) has dot-like protrusions (red arrow), and
the other (gray) has lamina-shaped protrusions (gray arrow). Therefore, the final data processing step included 2D and 3D
classification, refinement, and reconstruction. The results confirm the presence of two kinds of virus with different

protrusions.

for the type | virus (Fig. 2A to C), compared with three subunits (VPa to c) in each
asymmetric unit for the type Il virus. All subunits aligned well except for terminal
regions in type Il virus, as observed for the map initially obtained before 3D classifica-
tion. These features suggested that VPa, VPb, and VPc were encoded by the same
sequence. Therefore, the capsid of the type Il virus is composed of one protein arranged
in T=3 icosahedral symmetry.

Previous reports revealed the existence of MCDV in crabs with SD (4). Members of
Dicistroviridae are usually composed of three or four capsid proteins (7, 8), but com-
parison of the structures of type | and type Il viruses indicated that only the type I virus
comprises four proteins.

Together, these results suggest that the type | virus may be MCDV. At this resolution,
the densities of most large side chains can be easily traced (Fig. 2C and D). As expected,
we succeeded in building an atomic model using the amino acid sequence of MCDV.
Amino acids 3 to 190 of VP1, amino acids 4 to 253 of VP2, amino acids 3 to 57 of VP4,
and the shell domain (S-domain) of VP3 could be traced (Fig. 2C). However, residues
253 to 447 of VP3, which is exposed on the capsid surface, could not be traced due to
high flexibility.

Therefore, we assigned the type | virus as MCDV, while the type Il virus appeared to
be novel.

Structural features of MCDV and its constituent proteins. The 3.5-A map of
MCDV demonstrates pseudo-T=3 icosahedral symmetry with 60 copies of each of the
VP1, VP2, and VP3 structural proteins, all of which share a “jelly roll” fold with B-strands
named B to | according to picornavirus convention (9). VP1 subunits form pentamers
around 5-fold axes, whereas VP2 and VP3 subunits constitute alternating heterohex-
amers around the icosahedral 3-fold axes (Fig. 2A, B, and E).

Among the three major capsid proteins, the C terminus and CD loop of each VP1
subunit around the 5-fold axis stretch away from the major capsid surface (Fig. 3), while
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FIG 2 Structural features of mud crab dicistrovirus (MCDV). (A) Overall structure of MCDV. Protrusions (black arrow), highlighted and rendered at an isodensity
contour level of 1.5 g, are shown as translucent. Capsid proteins VP1, VP2, VP3, and VP4 are colored cornflower blue, green, red, and gold, respectively, and
rendered at an isodensity contour level of 3.5 ¢. (B) Density map of the asymmetric unit of MCDV (inside view). The color scheme is the same as that in panel
A. (C) Density maps and atomic models of VP1 to VP4. (D) Zoomed-in views of boxed regions in panel C illustrating residue features in the density map. (E)
Interactions between VP2 and VP3. The N terminus of VP2 crosses the 2-fold axis and interacts with VP2 in another asymmetric unit (labeled VP2'). The N
terminus of VP2 also interacts with VP3 (in the same asymmetric unit) via B-augmentation (blue boxed area) and approaches the 3-fold axis. (F) Zoomed-in view
of B-augmentation boxed in panel E. (G) Structure of the disk feature (colored gold), which is composed of VP4, attached to the inner face of the 5-fold axis.
(H) The B-cylinder structure (colored red) around the 5-fold axis, comprising the N termini of VP3 subunits.

the N terminus of each VP1 subunit is inserted into the inner surface of the capsid. The
N terminus of VP2 extends across the 2-fold axis and interdigitates with the neighbor-
ing VP2 subunit, then interacts with the adjacent VP3 via B-augmentation, and finally
approaches the 3-fold axis (Fig. 2E to G, Fig. 3). Thus, the N terminus of VP2 binds the
adjacent VP2 and VP3 subunits together. Five N-terminal regions of VP3 are twisted
around the 5-fold axis and interact to form a cylindrical structure (Fig. 2G and H), which
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Protuberances VP4

FIG 3 Comparison of capsid proteins and finger-like protuberances among MCDV and other dicistroviruses. The densities of finger-like
protuberances are shown in translucent gray, and models of subunits are shown in ribbon representation. The CD loop and C terminus
of VP1 are colored yellow and red, respectively. The BC loop of VP2 is colored cornflower blue. The CD loop and C terminus of VP3 are
purple and green, respectively. BQCV, IAPV, and TrV have obvious finger-like protuberances, which are inconspicuous in CrPV. In MCDV,
the finger-like protuberances are not obvious and are covered by the C-terminal protrusions of VP3.

is a common feature of dicistroviruses and many picornaviruses (7, 8). One remarkable
feature of MCDV is that VP3 has an additional 200 amino acids at the C terminus, and
this longer feature forms a unique C-terminal protrusion that sticks out from the capsid
surface around the 5-fold axes (Fig. 2A, Fig. 3).

In previous studies, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) failed to confirm the existence of VP4 in MCDV (3, 4); however, we clearly
identified obvious “disk-like” density features attached to the inner face of the 5-fold
axis corresponding to VP4 in the virion structure (Fig. 2G and H).

As a representative dicistrovirus infecting crustaceans, MCDV shares 60.2% amino
acid sequence identity with Taura syndrome virus (TSV) and significantly less identity
(11% to 18%) with other dicistroviruses (4, 10). Besides MCDV, structures of four other
viruses from the family Dicistroviridae have been determined to date (Fig. 3): Israeli
acute bee paralysis virus (IAPV) (11), triatoma virus (TrV) (8), black queen cell virus
(BQCV) (12), and cricket paralysis virus (CrPV) (7). Among these, a stable VP4 disk-like
structure was seen only in IAPV and CrPV, while atomic models could not be built for
TrV and BQCV.

Comparing MCDV with the aforementioned Dicistroviridae members, the most
remarkable feature is clearly the unique C-terminal protrusion that covers the positions
of finger-like protuberances (Fig. 2A, Fig. 3). In BQCV, the finger-like protuberances near
the 5-fold axes are composed of the short C-terminal regions of VP1 and the CD loops
of VP1 and VP3. These density features are most obvious in BQCV, less prominent in TrV
and IAPV, and almost invisible in CrPV (12). The finger-like protuberances of TrV were
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speculated to play a role in virus-host interactions, in particular those involved in
binding to the entry receptor (8). However, in MCDV, the positions of finger-like
protuberances are covered by the density corresponding to the prominent C-terminal
protrusions. Therefore, the C-terminal protrusions may play similar roles to the finger-
like protuberances in other dicistroviruses. The presence of protrusions in MCDV may
be related to its host; among reported dicistroviruses, only MCDV and TSV have an
extralong C terminus, and both infect crustaceans, while most other dicistroviruses
infect insects (10).

The genome of MCDV can be released by heating. Previous studies revealed that
the genome could be released by heating in some members of picornaviruses and
dicistroviruses (11, 13, 14). We therefore heated a mixture of MCDV and the type Il virus
to 56°C for 0.5 h. After 2D classification, we first classified the mixture into MCDV and
type Il virus. MCDV particles could then be further classified into two (empty and full)
groups. Finally, we obtained 6.8-A heated full MCDV and 6.6-A heated empty MCDV
density maps. The results revealed very few empty type Il virus particles after heating,
while 44% of MCDV particles released their genome and were empty.

Comparing the maps of empty and full heated MCDV particles, densities corre-
sponding to VP4 and the N termini of VP1 and VP2 were indiscernible in empty MCDV
heated particles but presented in full particles, despite being heated at the same time
(Fig. 4A). There was neither a credible diameter change between the empty and full
heated particles nor an obvious pore or gap structure for RNA releases in both. One
reason for this could be that genome release was too fast to be captured. Another
possibility is that the holes or gaps for genome release are distributed asymmetrically
and may therefore not be visible after imposition of icosahedral symmetry.

However, after heating, the MCDV protrusions were clearly different between empty
and full heated particles (Fig. 4B and C). There are two “linked blocks” of density per
protrusion in full heated particles, similar to the high-resolution map, while in empty
particles, only one block can be seen, located between the two linked blocks in full
particles (Fig. 4B and Q). All these variations should be implicated in the genome
release.

Identification of the type Il virus. To identify the type Il virus, real-time quantita-
tive PCR (RT-PCR) was reemployed using primers based on the protein mass spectrom-
etry results for the capsid protein. As expected, a cDNA fragment was successfully
obtained; the sequence shares 97% identity with that of the Wenzhou tombus-like virus
18 (GenBank accession number KX883013) (15). Further sequence determination and
analyses were then performed. The results revealed that the type Il virus harbors a
single positive single-strand RNA (+ssRNA) genome. Unlike MCDV, which harbors a
dicistron sequence and four capsid proteins, the genome of the type Il virus harbors
one sequence that contains three ORFs and encodes only one capsid protein. These
results suggest that MCDV and the type Il virus are entirely separate species. Using the
determined sequence, we easily built an atomic model based on the density map of the
type Il virus, which we temporarily named the mud crab tombus-like virus (MCTV).

Though MCTV shares high identity with Wenzhou tombus-like virus 18, the two
viruses were identified in crabs and bivalves, respectively. To confirm that MCTV is an
infectious agent (rather than a contaminant) in crabs, we examined the proliferation of
MCTV in vivo using an artificial-infestation experiment. Real-time PCR was used to
measure MCTV loads in the hepatopancreas and hemocytes of MCTV-injected crabs at
different times. As shown in Fig. 5, the copy number of MCTV in hepatopancreas and
hemocytes increased during the course of infection. At 96 h post-MCTV infection, the
mortality rate was about 60%; this was the point at which the MCTV copy number in
surviving crabs reached its highest level. At the same time, the MCTV copy number in
the control group from 0 to 96 h was faintly increased, mainly because the mud crabs
used for the experiment carried MCTV themselves. The results suggest that the mud
crab is a host for MCTV.
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Full unheated particles | | Full heated particles | |Heated empty particles

N-ter of VP1

FIG 4 Conformational changes between unheated full particles, heated full particles, and heated empty particles of MCDV. (A)
Asymmetric units of particles. The densities of VP4 and the N-terminal regions of VP1 and VP2 (arrows) are missing in heated
empty particles. (B) Top view of the protrusion. The density of full unheated particles (gray mesh) is superimposed on that of
the empty heated particles to demonstrate the conformational changes. The map of the full unheated particles was low pass
filtered to 6.8 A, similar to that of heated particles. The density maps reveals two linked-block densities (orange and purple
arrows) for each protrusion around the 5-fold axis in both full unheated and heated particles. However, in empty heated
particles, there is only one block density (purple arrow) and more free space around the 5-fold axis. (C) Slice views of particles.

Overall structure of the type Il virus. The 3.3-A map of MCTV reveals a virion with
T=3 icosahedral symmetry and 180 copies of the capsid protein. Five copies of VPa
form pentamers around the 5-fold axes, while VPb and VPc constitute alternating
hexamers around the icosahedral 3-fold axes (Fig. 6A and B).

Most amino acids could be unambiguously identified in the 3.3-A density map (Fig.
6C and D) except for residues 1to 50 and 243 to 337 of VPa, 1to 40 and 242 to 337 of
VPb, and 1 to 29 and 250 to 337 of VPc, due to high flexibility. Alignment of the models
of VPa, VPb, and VPc indicates that most copies are identical, except for the termini (Fig.
6E). The capsid protein of MCTV includes an N-terminal region, an S-domain, and a
C-terminal P-domain (Fig. 6E). The S-domain has eight B-strands (8B to Bl). The density
of the N terminus could be only partly traced, but three short B-strands (81 to 83) in
the N-terminal region of VPc could be identified and form an N-arm (Fig. 6E). It was
impossible to build accurate models of the P-domains due to high flexibility. Even so,
the P-domain density of VPc could be clearly observed, and two such domains form a
stable dimeric protrusion (Fig. 6A). However, the density of the P-domain for VPa and
VPb was barely above the background noise, making tracing impossible.

Interactions among subunits within each asymmetric unit. Extra densities for
metal ions in positions between VPa and VPb, VPa and VPc, and VPb and VPc were evident
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FIG 5 Proliferation of MCTV in infected mud crabs. (A) Number of MCTV genome copies in the
hepatopancreas of mud crabs at 4, 12, 24, 48, 72, and 96 h postinoculation. (B) Number of MCTV genome
copies in hemocytes of mud crabs at 4, 12, 24, 48, 72, and 96 h postinoculation. Each bar represents the
mean * standard deviation of three samples.

when atomic models were fitted into the map (Fig. 6B, Fig. 7A). Two ions are chelated by
the DxDxxD motif (Asp136, Asp138, and Asp141) of one subunit and Glu108, GIn238, and
Asn240 of the neighboring subunit (Fig. 7A), all of which are conserved in a few members
of Nodaviridae-like and Tombusviridae-like viruses Macrobrachium rosenbergii nodavirus
(MrNV; GenBank accession number ACY26145), Penaeus vannamei nodavirus (PvNV; NCBI
protein database accession number YP_004207809), Wenzhou crab virus 4 (NCBI
protein database accession number YP_009337754), Wenzhou tombus-like virus 18
(NCBI protein database accession number YP_009342271), Wenling tombus-like virus 4
(NCBI protein database accession number YP_009337116), and Wenling tombus-like
virus 5 (NCBI protein database accession number YP_009337263). This ion-binding
motif is common among various tombusviruses, sobemoviruses, and nodaviruses. Most
chelate one or two ions via a homologous motif at a similar position (16-18). Indeed,
this is thought to be a key interaction for capsid assembly and stability.

The N-terminal regions play different roles in MCTV. VPa, VPb, and VPc of MCTV
are chemically identical, but the structures of their N termini are different (the disor-
dered N terminus of VPa could not be traced).

The N-terminal region of each VPb subunit forms a short helix attached to the inner
surface, close to the 5-fold axis, and five helices together form an ~8-A-wide hydro-
phobic tunnel beneath the 5-fold vertex (Fig. 7C). The helices and the tunnel structure
are unique among reported tombus-like viruses and nodaviruses.

The N-arm of each VPc subunit contains three extra short B-strands, and three
N-arms of VPc subunits from different asymmetric units interdigitate to form a “trident”
structure around the 3-fold axis (Fig. 7E). In the middle of the trident, a conserved
proline close to the 3-fold axis plays an important role in stabilizing the structure, and
few hydrogen bonds are formed around this proline (Fig. 7D). In addition to these
hydrogen bonds close to the 3-fold axis, three short B-strands of the N-arms also
interact with the hexamer via B-augmentation (Fig. 7E and F), which not only reinforces
the stability of the hexamer but also establishes a steady network for binding neigh-
boring hexamers together.

The interactions around the 3-fold axis are critical for the assembly and stability of
the capsid. During heating of mixtures as described above, MCTV exhibited higher
stability than MCDV; most MCTV particles did not lose their RNA genome, and capsids
showed no observable changes following heating. This indicates the presence of
powerful interactions between subunits.

Structural features around the 3-fold axis are diverse in Nodaviridae-like and
Tombusviridae-like viruses. In MCTV, grouper nervous necrosis virus (GNNV) (19), and
Orsay virus (20), three N-arms form a trident structure as described above (18-20)
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S-domain

FIG 6 Overall structure of MCTV. (A) Overall structure of MCTV. Protrusions (black arrow) are highlighted, rendered at an isodensity
contour level of 1.5 o, and shown as translucent. Capsid proteins VPa, VPb, and VPc are colored purple, blue, and orange, respectively,
and rendered at an isodensity contour level of 4 ¢. (B) Density map of the asymmetric unit of MCTV (inside view). (C) Density maps
and atomic models of VPa, VPb, and VPc. (D) Zoomed-in views of the boxed regions in panel C illustrating residue features in the
density map. (E) Aligned models of VPa, VPb, and VPc. The B-barrels and most loops are nearly the same, except the N and C termini.
There are three extra short B-strands in VPc, named B1, 82, and 3.

(Fig. 7E, Fig. 8A). However, in some alphanodaviruses, such as Nodamura virus (PDB
identifier [ID] TNOV) (21), there are three a-helices around the 3-fold axes (Fig. 8A).
Meanwhile, some tombusviruses possess no stable N-arms at all, and some, such as
cucumber necrosis virus (CNV; PDB ID 4LLF), have a special structure that is distinct
from the trident (22). The N-arms of VPc in CNV intertwine around a Zn2* ion at the
3-fold axis (Fig. 8A). Thus, differences around the 3-fold axis may provide a basis for
classification of these viruses.

Features of the dimeric protrusion of MCTV. MCTV has 30 prominent dimeric
protrusions extending from the surface at the 2-fold axis of the capsid (Fig. 6A). The
resolution of the protrusions is somewhat lower than that of the major capsid structure,
indicating higher flexibility. The density map, together with the atomic model, reveals
that the dimeric protrusions are composed of the C termini (residues 250 to 337) of two
VPc subunits at the 2-fold axis; hence, MCTV only has 30 obvious protrusions (Fig. 6A).
By decreasing the threshold density to the mean of the map, extra inconspicuous
extending density between VPa and VPb was revealed close to each 5-fold axis, and the
C termini of VPa and VPb contribute to this inconspicuous density.

Protrusions of viruses usually play important roles in the organization of the capsid,
attachment to host cells, and other important steps in the life cycle of viruses. In
previously reported tombus-like and noda-like viruses, there are two different types of
protrusions (Fig. 8B). In the first type, the C termini of VPa, VPb, and VPc protrude from
the quasi-3-fold axis of the asymmetric unit, forming a “VPa-VPb-VPc" trimeric protru-

April 2019 Volume 93 Issue 7 e€02255-18 jviasm.org 9


http://www.rcsb.org/pdb/explore/explore.do?structureId=1NOV
http://www.rcsb.org/pdb/explore/explore.do?structureId=4LLF
https://jvi.asm.org

Gao et al. Journal of Virology

FIG 7 Interactions of the capsid proteins of MCTV. (A) Zoomed-in view of the interactions between neighboring subunits within one
asymmetric unit (Fig. 6B). The density of the two metal ions between VPa and VPc is represented as green balls. These ions are chelated
by D136, D138, and D141 of VP1 and E108, Q238, and N240 of VP3. (B) Inside view of the atomic models of MCTV. One asymmetric unit
is highlighted, while others are translucent. Boxed regions in red and black are the areas around 3-fold and 5-fold axes, respectively. (C)
Zoomed-in view of the area close to the 5-fold axis indicating the five helices of VP3 interacting with each other via hydrophobic
interactions and the formation of the tunnel around the 5-fold axis. (D) Zoomed-in view of the area close to the 3-fold axis boxed in
turquoise in panel E. Hydrogen bonds around Pro44 are shown as dotted lines. (E) Zoomed-in view of the interactions around the 3-fold
axis. The hexamer is composed of three VPb subunits (B1, B2, and B3) and three VPc subunits (C1, C2, and C3). Three neighboring VPc
subunits (C4, C5, and C6) interact with the hexamer via B-augmentation. Two types of B-augmentation can be formed, indicated in the
two (magenta and blue) colored boxes. (F) Zoomed-in view of B-augmentation. One type (magenta box) is composed of BF of B2, B3 of
C4, and B2 of C5. The other augmentation type (blue box) is composed of I, BB of C1, and B1 of C5.

sion (Fig. 8B). The betanodavirus member GNNV VLP has 60 protrusions organized in
this way (18, 19). In the second type, a pair of C termini from neighboring subunits from
different asymmetric units protrudes and interacts with each other, forming a dimeric
protrusion. Through these interactions, all 180 C termini of proteins in a single capsid
form a coherent network with 90 protrusions (Fig. 8B). This protrusion type is common
among members of Tombusviridae, such as tomato bushy stunt virus (TBSV) (23) and
CNV (22). Among the 90 protrusions, there are two types of interactions: VPa-VPb and
VPc-VPc (Fig. 8B). Protrusions composed of VPa and VPb are close to the 5-fold axis,
while protrusions composed of the two termini of VPc are located at the 2-fold axis of
the capsid (24). Strikingly, in MCTV, strong density was observed only for VPc-VPc
protrusions at the 2-fold axis, although the resolution was relatively low due to high
flexibility. Meanwhile, the density of the C termini of VPa and VPb was too weak to
indicate the formation of protrusions. Therefore, MCTV has only 30 distinguishable
dimeric protrusions (Fig. 6A, Fig. 8B).

DISCUSSION

The development of molecular and immunological techniques, such as enzyme-
linked immunosorbent assay and PCR, has provided effective tools for high-throughput
and high-sensitivity detection of various pathogens (25, 26). However, in the event of
a disease caused by unknown pathogens, it can be difficult to select the appropriate
reagent or probe for pathogen identification. Therefore, EM still plays an indispensable
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Nodamura virus CNV

GNNV CNV MCTV

FIG 8 Structural comparison of MCTV with other viruses. (A) Comparison of the characteristic structural features
close to the 3-fold axis. The VPbs and VPcs of the three viruses are colored blue and orange, respectively. The
N-terminal regions of VPcs around 3-fold axes are colored red. MCTV forms a trident structure. Nodamura viruses
have three helices. CNV has a distinctive structure at this location. (B) Organization of protrusions in GNNV, TBSV,
and MCTV. The VPas, VPbs, and VPcs of the three viruses are colored purple, blue, and orange, respectively. Dashed
lines indicate inconspicuous density.

role in the detection of unknown infectious agents from unusual outbreaks and in the
control of biosafety (27, 28), as demonstrated by the severe acute respiratory syndrome
pandemic in 2003 (29, 30) and various monkeypox outbreaks in the United States (31).
Furthermore, molecular probe- or antigen-based detection can often miss additional
pathogens present in cases of dual or multiple infections. The present study investi-
gated the application of single-particle cryo-EM to a multiple-infection case. The results
suggest that this approach offers an effective complementary method for routine
clinical or molecular diagnosis. Furthermore, our work suggests that the structures of
intricate protein mixtures may also be determined using batch processing methods
rather than complicated purification steps, particularly with the rapid development of
cryo-EM.

MCDV shares several typical structural features with picornaviruses. However, on the
capsid surface of human rhinovirus 14 and other similar picornaviruses, there is a
hydrophobic pocket in VP1, which is a target of some inhibitors (32). Virus-receptor
binding and genome release can be prevented when inhibitors bind to this pocket (33,
34). Considering the lack of the hydrophobic pocket in VP1, similar to other reported
dicistroviruses (7, 8, 11, 12), MCDV shall have different receptor binding sites. A previous
report has revealed that the finger-like protuberance of TrV plays roles in virus-host
interactions (8), whereas the C terminus of MCDV VP3 occupies the location of finger-like
protuberance. Furthermore, the conformation change of C-terminal protrusion ob-
served in the heating experiments is involved in RNA release. Therefore, we believe that
the C-terminal protrusion of VP3 plays important roles in both virus-receptor binding
and genome release and can be a possible target for the design of inhibitors.

In this work, MCTV was detected by single-particle cryo-EM. Sequence analysis
revealed that the genome of MCTV shares 97% identity with that of Wenzhou tombus-
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TABLE 1 Parameters used for high-resolution image collection and model refinement

Value for:
Parameter MCDV MCTV
Pixel size, A 0.933 0.933
Defocus range, um 1-3 1-3
Acceleration voltage, kV 300 300
Dose, e/A2 20 20
Final resolution, A 3.5 33
EMDB accession number 9673 9754
RMSD? bonds, A 0.0086 0.0082
RMSD angles, A 1.14 1.12
Avg B factor 183.4 174.7
Clash score 10.74 9.5
Good rotamers, % 99.85 100
Ramachandran favored, % 91.20 90.79
Ramachandran allowed, % 6.50 7.57
Ramachandran outliers, % 2.30 1.64
PDB ID 6l1C 6lZL

aRMSD, root mean square deviation.

like virus 18, originally detected in bivalves (15). Analysis of genomic structures sug-
gests that Wenzhou tombus-like virus 18 shares similarity with Tombusviridae, while the
sequence of the capsid protein is much more similar to that of its counterparts in MrNV
and PvNV, which infect crustaceans. Our results demonstrate some common structural
features of tombusviruses and nodaviruses, while the N-arms of VVPb are similar to those
of GNNV, Orsay virus, and some sobemoviruses. However, MCTV also possesses some
unique features, such as the 5-fold hydrophobic tunnel and dimeric protrusions. These
structural features suggest that MCTV may belong to a novel virus class that is closely
related to Tombusviridae and Nodaviridae in terms of taxonomy. However, virus taxon-
omy requires more extensive morphological and molecular biological evidence, and
detailed taxonomy and evolutionary analysis of MCTV is needed.

MATERIALS AND METHODS

Virus isolation, purification, and identification. The gills of SD mud crabs were homogenized in
phosphate-buffered saline (PBS; 2.7 mM KCl, 137 mM NaCl, 10 mM Na,HPO,, 2 mM KH,PO, [pH 7.4]) at
4°C. To remove tissue and cell debris, homogenized samples were centrifuged for 1 h at 10,000 X g, and
supernatants were then ultracentrifuged at 200,000 X g for 2 h. Pellets were resuspended in PBS and
loaded onto a 15% to 45% (wt/wt) CsCl gradient and ultracentrifuged at 200,000 X g for 8 h at 4°C. The
recovered fractions were diluted in PBS and ultracentrifuged for 2 h at 200,000 X g to obtain a workable
concentration. Finally, pellets were resuspended in PBS and checked by negative staining with a
transmission electron microscope (TEM; JEM 100CX II) to ensure that the concentration and purity were
adequate for further cryo-EM imaging. For negative-stain EM, 3 ul of sample was applied to a glow-
discharged grid covered with carbon film for 1 min. After removal of excess buffer, the grid was stained
with 3% (wt/vol) phosphotungstic acid (PTA) for 1 min. Excess PTA was then removed with a filter paper,
and the grid was air dried.

Quantification of MCTV by real-time PCR. Two-month-old mud crabs (100 * 10 g) were collected
from a farm (Guangdong Province, China) and maintained in the aquarium facilities as described
previously (35). Mud crabs (n = 200) were assigned randomly to experimental and control groups. The
experimental group received an intramuscular (i.m.) injection of MCTV (10* copies/g of body weight),
whereas the controls received PBS. Nine crabs were selected randomly at each time point (4, 12, 24, 48,
72, and 96 h postinoculation), and total RNA was extracted according to the manufacturer’s instructions.
Reverse transcription was performed using the PrimeScript RT reagent kit (TaKaRa, Japan) according to
the manufacturer’s instructions. Real-time quantitative PCR (RT-PCR) was conducted using SYBR Premix
Ex Taq (TaKaRa, Japan) and a Roche LightCycler 480 (Roche). The primers used for RT-PCR were based on
the MCTV sequence (MCTV-qPCR CGGAAGCGACTACCTTGGT and MCTV-gqPCR CGATGGGCTCACGGA
TAAGA). Plasmid pMCTV (obtained by cloning a short sequence of MCTV into the pMD-19T vector) was
serially diluted to obtain a standard curve, which was then used to quantify MCTV viral genomic copy
numbers in the samples. Each assay was carried out in triplicate. The mean and standard deviation of the
three replicate real-time PCR values were determined.

Virus heating. The isolated virus mixture was incubated in a water bath at 56°C for 0.5h for
subsequent cryo-EM sample preparation.

Cryo-EM sample preparation and data acquisition. R1.2/1.3 copper Quantifoil holey grids (Quan-
tifoil Micro Tools, GmbH, Germany) were coated with a fresh layer of continuous thin carbon film
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FIG 9 FSC curves of the reconstructions. (A) FSC curves MCDV (3.5 A) and MCTV (3.3 A). The curves for MCDV and MCTV are colored red
and blue, respectively. (B) FSC curves of heated empty MCDV (6.6 A) and heated full MCDV (6.8 A). Heated empty MCDV and heated full

MCDV are colored red and blue, respectively.

immediately before cryo-EM sample freezing, and 2.5 ul of sample was applied, blotted, and flash-frozen
in precooled liquid ethane using an Vitrobot Mark IV machine (FEI Company) at 100% humidity.

High-resolution cryo-EM data were collected on an 300kV Titan Krios cryo-EM instrument (FEI
Company) equipped with a Ultra-Scan4000 16-megapixel charge-coupled-device (CCD) camera (Gatan)
at a nominal magnification of X96,000, corresponding to a final pixel size of 0.933 A. Data were collected
from heated samples on an Tecnai F20 cryo-EM instrument (FEI Company) operated at 200 kV, equipped
with an Eagle 16-megapixel CCD camera (FEI Company) at a nominal magnification of X100,000,
corresponding to a final pixel size of 1.09 A. The total dose was ~20 e~/A2, and defocus values ranged
from 1.0 to 3.0 um (Table 1).

Data processing. A total of 74,880 particles (~30 nm in diameter) were selected from 3,470 CCD
cryo-EM frames captured by the Titan Krios instrument, and ~14,000 heated particles from 552 CCD
frames were collected using the Tecnai F20 instrument and selected using the e2boxer.py program in
EMAN2 (36). Contrast transfer function parameters were determined using Gctf (37).

RELION 2.0 (38, 39) was used to perform reference-free 2D classification. An initial model was built
by e2initialmodel.py in EMAN2, and 3D classification was then carried out by RELION 2.0. Two models
were selected, and JSPR was used to refine the center, orientation, defocus, astigmatism, and magnifi-
cation value of each particle and for density map reconstruction (40). The resolution of the maps was
evaluated using the “gold standard” Fourier shell correlation (FSC) at 0.143 criterion (41, 42). The
resolutions of the MCDV, MCTV, and heated full and empty MCDV are 3.5A, 33A, 684, and 6.6A,
respectively (Fig. 9).

Model building and assessment. The initial models of MCDV and MCTV were predicted using the
Phyre2 server (43). After fitting into the density map of one virus, models were adjusted according to the
densities of the amino acid side chains.

All manual adjustments were performed with Coot (44), followed by automatic refinement using
Phenix (45). All parameters used for model refinement are listed in Table 1.

Data availability. Density maps of MCTV and MCDV have been deposited in the EMDataBank (EMDB)
under entries EMD-9754 and EMD-9673, respectively. Models for MCTV and MCDV have been deposited
in the Protein Data Bank (PDB) under entries 61ZL and 6IIC, respectively. Density maps of heated full
MCDV and heated empty MCDV have been deposited at EMDB under entries EMD-9755 and EMD-9756,
respectively.
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