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Abstract The family Totiviridae comprises viruses with

nonsegmented dsRNA genomes and isometric virions. A

new genus, Victorivirus, has been approved for this family,

named from the specific epithet of Helminthosporium

victoriae, host of the type species, Helminthosporium

victoriae virus 190S. Distinguishing characteristics of the

11 viruses so far assigned to this genus include infection of

filamentous fungi, an apparently coupled termination–re-

initiation mechanism for translating the RNA-dependent

RNA polymerase as a separate product from the upstream

capsid protein, and sequence-based phylogenetic grouping

in a distinct clade from other family members.

Introduction

The family Totiviridae encompasses a broad range of

viruses characterized by isometric virions, *40 nm in

diameter, that each contain a nonsegmented dsRNA

genome coding in most cases for only a capsid protein (CP)

and an RNA-dependent RNA polymerase (RdRp) [9].

Viruses of the 18 species assigned to the genera in this

family as of spring 2008 by the International Committee on

Taxonomy of Viruses (ICTV) persistently infect either

fungi or protozoa, although a similar virus causing disease

in penaeid shrimp has been reported [25]. To date, only

three genera have been formally recognized: Totivirus,

Giardiavirus, and Leishmaniavirus. Viruses infecting

yeast, smut, or filamentous fungi have been placed in the

genus Totivirus, and ones infecting parasitic protozoa in the

latter two genera.

At least three different strategies for RdRp expression

appear to be used among members of this family: (1) as a

fusion with CP (CP/RdRp) consequent to ribosomal

frameshifting, as in Saccharomyces cerevisiae viruses L-A

(ScV-L-A) and L-BC and also among the viruses that

infect parasitic protozoa [5, 6, 16, 18, 19]; (2) as a fusion

with CP without the use of ribosomal frameshifting, as in

Ustilago maydis virus H1, in which case the RdRp is

putatively released from the fusion by proteolysis [17];

and—of prime relevance to this article—(3) as a separate

protein consequent to an apparently coupled termination–

reinitiation mechanism, as in Helminthosporium victoriae

virus 190S (HvV190S) [14, 29] and proposed for other

viruses that infect filamentous fungi [2, 9, 21, 23, 24, 26,

27, 32, 35]. Sequence-based analyses have shown that the

HvV190S-like viruses moreover define a discrete phylo-

genetic clade [1, 2, 9, 21, 27].

The distinguishing characteristics of the HvV190S-like

viruses led us to propose a new genus to encompass them.

Establishment of this genus, named Victorivirus from the

specific epithet of H. victoriae, host of the type species,

Helminthosporium victoriae virus 190S, was considered by

the Executive Committee of the ICTV at its 2007 midterm

meeting in Kingston, ON, Canada. The revised proposal

was then approved by that committee at its 2008 meeting in

conjunction with the ICTV plenary session in Istanbul,

Turkey. It now awaits ratification by the full ICTV

membership.
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Taxonomic structure

Order: Unassigned

Family: Totiviridae

Genus: Victorivirus

Type species: Helminthosporium victoriae virus 190S

Other species: Chalara elegans RNA virus 1

Coniothyrium minitans RNA virus

Epichloe festucae virus 1

Gremmeniella abietina RNA virus L1

Helicobasidium mompa totivirus 1–17

Magnaporthe oryzae virus 1

Sphaeropsis sapinea RNA virus 1

Sphaeropsis sapinea RNA virus 2

Tentative species: Botryotinia fuckeliana totivirus 1

Magnaporthe oryzae virus 2

Helminthosporium victoriae virus 190S was previously

classified in the genus Totivirus and was the only ICTV-

recognized species among those listed above. In associa-

tion with approving the genus Victorivirus, the ICTV

Executive Committee reassigned it as type species of this

new genus and also approved the other listed species.

Although H. victoriae virus 190S is its ICTV-approved

name used in this article and abbreviated HvV190S, it is

commonly referred to in the literature as H. victoriae 190S

virus and abbreviated Hv190SV. Two viruses, B. fuckeli-

ana totivirus 1 and Magnaporthe oryzae virus 2, were not

included in the initial proposal to the ICTV because per-

tinent sequencing reports [4, 21] were not yet available.

They are listed above as tentative species and will be

included in a future ICTV proposal to create new species in

an existing genus. Gremmeniella abietina RNA virus L2

[33] is another reported strain of species Gremmeniella

abietina RNA virus L1 [32].

Biological properties

There are no known, dedicated vectors in nature for the

transmission of members of the genus Victorivirus (victo-

riviruses). Neither is extracellular transmission in the

absence of a vector known to occur in any regular manner.

Instead, these viruses are transmitted intracellularly: ver-

tically during host cell division and sporogenesis and

horizontally during cell–cell fusion such as in hyphal

anastomosis between compatible host strains [9]. Victori-

viruses that infect ascomycetous fungi appear to be largely

excluded during ascospore formation.

Experimental host ranges for victoriviruses are unknown

because of a lack of suitable infectivity assays. Their nat-

ural host ranges are limited to individuals within the same

or closely related vegetative compatibility groups. They are

disseminated in nature via asexual spores, which are often

produced in great profusion.

Victoriviruses are associated with persistent, commonly

symptomless infections of their hosts. Although several of

these host fungi are phytopathogens, there are so far no

confirmed examples in which fungal pathogenicity is pos-

itively or negatively modulated by victorivirus infection.

Whether HvV190S affects the pathogenicity of H. victo-

riae, the causative agent of Victoria blight of oats, remains

under investigation [9]. Unlike in yeast and smut totivi-

ruses [34], there are no known examples of victoriviruses

that express killer toxins from satellite dsRNAs.

Mixed infections with two or more fungal viruses are

common, probably as a consequence of how they are

transmitted in nature and replicate persistently in their

hosts. Dual infection of Sphaeropsis sapinea with

Sphaeropsis sapinea RNA viruses 1 and 2 is an example of

a mixed infection involving two distinct victoriviruses [26].

Dual infection of H. victoriae with victorivirus HvV190S

and chrysovirus H. victoriae 145S virus is an example of a

mixed infection involving two dsRNA viruses from dif-

ferent families [13, 28].

The cell biology of victorivirus infections, including

subcellular localizations of their replication and assembly

complexes, remains largely unexplored. Except for the

multifunctional cellular protein Hv-p68, a protein kinase/

alcohol oxidase/RNA-binding protein that is overpro-

duced in HvV190S-infected H. victoriae isolates [30,

36], host factors that are required for, modulate, inhibit,

or are affected by victorivirus infections are also

unknown.

Virions and replication

Victoriviruses have isometric virions, 35–45 nm in diam-

eter as visualized by negative staining and transmission

electron microscopy. The capsids appear single layered and

thin, with relatively smooth surfaces. Genome-deduced

protein sequences have suggested that the CPs of different

victoriviruses are similarly sized (Table 1), from 746 to

789 aa or approximately 77 to 83 kDa. The victorivirus

CPs are unique in the family Totiviridae in having an Ala/

Gly/Pro-rich region predicted near their C termini. The

C-terminal sequence of HvV190S CP, for example, is

VPLPPAPGAAPPPPPGPPNGPPAGPPPSDDGSSNPAAP

VPTAIHAPPAAAQADRAEGQ [14]. HvV190S is the best

characterized of these viruses with regard to its molecular

features.
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The capsid structure of HvV190S has been determined

at a nominal resolution of 14 Å by using transmission

electron cryomicroscopy and three-dimensional image

reconstruction [1]. The capsid is made up of 60 asymmetric

CP dimers arranged in a T = 1 (so-called ‘‘T = 2’’) ico-

sahedral lattice. This capsid organization is very much like

that of ScV-L-A [3, 22] and is indeed related to that shared

by members of several other dsRNA virus families. The

outer surface of the capsid is notably smooth except for

short projections that appear to coalesce over the fivefold

axes. The buoyant density in CsCl of HvV190S virions is

1.43 g/cm3, and (as its name implies) the sedimentation

coefficient is 190S (S20, w, in Svedberg units). Particles

lacking RNA have a sedimentation coefficient of *80S

[1, 28].

Full-length HvV190S CP migrates with a relative

molecular weight of 88,000 in denaturing gels. Two C-

terminally cleaved forms of CP, detected as 83,000 and

78,000 gel bands, can also be associated with HvV190S

particles [10, 15], but are not required for capsid assembly

[31]. The C-terminal 132 aa of CP are in fact dispensable

for capsid assembly [15]. The two larger forms of CP are

phosphorylated, probably near their C termini since the

smallest form is not [12]. Phosphorylated and/or cleaved

forms of CP may be important for the RNA packaging and

synthesis functions of HvV190S particles [9, 12].

Genome-deduced protein sequences have suggested that

the RdRps of different victoriviruses are also similarly

sized (Table 1), from 825 to 871 aa or approximately 90 to

98 kDa. A few, perhaps one or two, copies of the RdRp

have been shown to be packaged in HvV190S virions [14],

probably by noncovalent anchoring inside the capsid [1].

These virion-associated RdRp molecules are expected to

mediate synthesis of the victorivirus RNAs during repli-

cation and transcription.

The genome of victoriviruses is a nonsegmented mole-

cule of dsRNA, consistently sized near 5,000 bp in

nondenaturing gels. As demonstrated for HvV190S [14],

the genomic plus strand of each victorivirus is thought to

be neither capped at its 50 end nor polyadenylylated at its 30

end. A single one of these dsRNA molecules is thought to

be packaged in the capsid-enclosed interior of each virion,

along with the few copies of RdRp. In many fungal viruses,

satellite or defective RNAs can be packaged and replicated

in parallel with the viral genome segment(s). Their sig-

nificance to infection is commonly unknown, but in yeast

and smut totiviruses, satellite dsRNAs can encode killer

toxins that provide an advantage to the infected host [34].

To date, satellite or defective dsRNAs have not been

widely reported in victoriviruses, although a putative

satellite dsRNA has been described in association with

Helicobasidium mompa totivirus 1–17 [23].

Table 1 Viruses in the new genus Victorivirus, family Totiviridae

Virus name GenBank

accession no.

Genome

length (nt)

CP coding

region (nt)

RdRp coding

region (nt)

CP

length (aa)

RdRp

length (aa)

BfTV1a NC_009224 5,261 337–2,634 2,631–5,147 765 788

CeRV1b AY561500 5,310 329–2,641 2,634–5,246 770 871

CmRVc AF527633 4,975 62–2,389 2,386–4,875 775 829

EfV1 AM261427 5,109 271–2,571 2,568–5,051 766 827

GaRV-L1 AF337175 5,133 276–2,606 2,603–5,080 776 825

HmTV1-17 AB085814 5,207 200–2,566 2,563–5,100 788 845

HvV190Sd HVU41345 5,179 290–2,608 2,605–5,112e 772 835e

MoV1 AB176964 5,359 575–2,815 2,818–5,316 746 832

MoV2a AB300379 5,193 275–2,641 2,638–5,130 788 830

SsRV1 AF038665 5,163 251–2,581 2,574–5,090 776 838

SsRV2 AF039080 5,202 296–2,665 2,658–5,135 789 825

BfTV1 Botryotinia fuckeliana totivirus 1; CeRV1 Chalara elegans RNA virus 1; CmRV Coniothyrium minitans RNA virus; EfV1 Epichloe
festucae virus 1; GaRV-L1 Gremmeniella abietina RNA virus L1; HmTV1-17 Helicobasidium mompa totivirus 1-17; HvV190S Helmintho-
sporium victoriae virus 190S; MoV1 and MoV2 Magnaporthe oryzae viruses 1 and 2; SsRV1 and SsRV2 S. sapinea RNA viruses 1 and 2
a Tentative member. Sequence report has either not yet appeared (BfTV1) or only recently appeared (MoV2) in a reviewed journal
b Genome sequence has a stop codon dividing the RdRp ORF into two halves, probably due to a sequencing error. Values for RdRp in this table

assume correction of this putative error
c Genome sequence may have a deletion in the 50 UTR, suspected due to the smaller length of this region relative to that in other genus members
d Prototype (representing type species)
e Re-examination of the HvV190S genome sequence has recently extended the RdRp ORF (see GenBank entry), bringing the length of the RdRp

more in line with that of other victoriviruses
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Like those of other dsRNA viruses, the RdRp-containing

particles of victoriviruses are expected to be nanomachines

for RNA synthesis, as already shown for HvV190S.

Transcription by HvV190S virions is asymmetric (meaning

that only plus-strand transcripts are generated) and con-

servative (meaning that the parental plus strand is retained

as part of the duplex template while the newly synthesized

plus strand is released) [11]. Moreover, as demonstrated for

HvV190S [11], the primary products of transcription by

each victorivirus are thought to be full-length copies of the

genomic plus strand, which serve for translation by host

ribosomes and also for incorporation into newly assem-

bling virions. Since the genomic plus strand of HvV190S is

not capped or polyadenylylated, these transcripts of

HvV190S and other victoriviruses are presumably not as

well. Whether the capsids of HvV190S and other victori-

viruses function to cleave the 50 caps from host mRNAs, as

does ScV-L-A [22], remains unknown. The victorivirus

RdRp is also presumed to mediate one round of minus-

strand synthesis (replication) to generate the duplex gen-

ome molecule in newly assembled virions before switching

to the transcription mode. Since victoriviruses are regularly

transmitted only by intracellular routes, their virions are

expected to lack the machinery for cell entry.

Genomic and coding properties

Complete nucleotide sequences of HvV190S and the ten

other viruses so far assigned to the genus Victorivirus have

been deposited in GenBank (Table 1). All have total

lengths of 4,975–5,359 bp. There is no clear evidence for

widely conserved sequences at the genome termini of the

different victoriviruses.

The genomic plus strand of each victorivirus has two

long open reading frames (ORFs). The upstream ORF

(ORF1) encodes the CP, the downstream ORF (ORF2)

encodes the RdRp, and the two ORFs are in different

frames (Fig. 1). In 8 of the 11 victoriviruses including

HvV190S, ORF2 is in the -1 frame relative to ORF1, and

in all but one of the 11 viruses (Magnaporthe oryzae

virus 1 [35] is the exception), the ORFs overlap by just a

few nt (see further description below). Among the 11

victoriviruses, the 50 untranslated region (UTR) varies

fairly widely in length, from 61 to 574 nt, although in nine

of the viruses including HvV190S, the range is less, from

199 to 336 nt (Table 1). The 30 UTR is more consistently

sized, from 43 to 114 nt, among the 11 victoriviruses. The

genomic minus strand of each virus appears to have little or

no coding potential, consistent with its lack of access to

host ribosomes during the viral replication cycle.

The sequence region in which the end of ORF1 overlaps

or approaches the beginning of ORF2 has related features

in all victoriviruses. In 7 of the 11 viruses including

HvV190S, the AUG start codon at the beginning of ORF2

overlaps the stop codon at the end of ORF1 in the tetra-

nucleotide sequence AUGA. In three other victoriviruses,

the AUG start codon at the beginning of ORF2 precedes

the stop codon at the end of ORF1 by two intervening nt

(e.g., AUGUCUAG in Chalara elegans RNA virus 1 [24]).

In the one remaining virus, M. oryzae virus 1, the AUG

start codon at the beginning of ORF2 follows the stop

codon at the end of ORF1 by two intervening nt

(UAGAUAUG). Thus, despite some variation, the pre-

dicted ORF1 stop and ORF2 start codons are closely

juxtaposed in each genome, which is thought to contribute

to the internal initiation mechanism for ORF2 translation

from the dicistronic transcript.

The genomic and coding properties of HvV190S are the

best characterized among victoriviruses. Several lines of

evidence support the conclusion that expression of

HvV190S CP and HvV190S RdRp initiate from the AUG

start codons at positions 290–292 and 2605–2607, respec-

tively [14, 15, 29]. In addition, the UGA stop codon for

ORF1 at nt 2,606–2,608 has been verified by site-directed

mutagenesis. As also described above, the RdRp-encoding

ORF2 of HvV190S is downstream of ORF1, and its start

codon (nt 2,605–2,607) overlaps the stop codon of ORF1

(nt 2,606–2,608) in the tetranucleotide sequence AUGA

(Fig. 1). HvV190S RdRp is detectable as a separate, virion-

associated component, and not as part of a larger fusion

protein, consistent with its independent translation from

ORF2 [14]. Its translation as an independent protein from

dicistronic transcripts in eukaryotic cells has also been

demonstrated and appears to depend on one or more host

factors since its translation from matching transcripts in

290
5112

1
5179

5’-UTR

3’-UTR

ORF 1
ORF 2

CP
RdRp

AUG
UGAAUGA

2605-2608

2605 2608

Fig. 1 Genome organization of the prototype victorivirus HvV190S.

The genomic plus strand includes two large, overlapping ORFs, with

the 50 one (ORF1) encoding the CP and the 30 one (ORF2) encoding

the RdRp. The stop codon of ORF1 overlaps the start codon of ORF2

in the tetranucleotide sequence AUGA
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bacterial cells is negligible [29]. Nevertheless, its effi-

ciency of translation in eukaryotic cells is substantially less

than that of the CP, consistent with the many fewer copies

of RdRp in HvV190S virions [14]. The 50 UTR of the

HvV190S plus strand is predicted to be highly structured

and contains two minicistrons [14]. Combined with the fact

that the genomic plus strand is not capped or polyade-

nylylated, these features suggest that the CP-encoding

ORF1 (with its start codon present in suboptimal context

according to Kozak criteria) is translated via a cap-inde-

pendent mechanism (Fig. 1).

Phylogenetic relationships

HvV190S and other victoriviruses are phylogenetically

closer to each other than to the family members from yeast

and smut fungi, which remain grouped in the genus Toti-

virus. The fact that independent alignments of the CP and

RdRp sequences suggest similar relationships among these

groups (Fig. 2) supports the conclusion that the HvV190S-

like viruses should reside in a separate genus. In fact,

nearly all other members of the family Totiviridae,

including the yeast and smut totiviruses, express the RdRp

as part of a polyprotein [8], and this key coding difference

parallels their separation from victoriviruses in the

sequence-based phylogenies. The different patterns of

phylogenetic branching in the two trees in Fig. 2 are

probably explained in part by different rates of evolution

between the CP and the RdRp in these viruses.

Interestingly, according to phylogenetic analyses of both

CP and RdRp sequences, victoriviruses are more closely

related to leishmaniaviruses than to the viruses of yeast and

smut fungi (Fig. 2). For example, whereas HvV190S RdRp

Fig. 2 Neighbor-joining phylogenetic trees (bootstrap consensus)

based on the complete CP sequences (left) or a 480-aa sequence

region encompassing the RdRp conserved motifs (right) of each

analyzed virus. RdRp conserved motifs 1–8 were as previously

designated [6]. Sequences were multiply aligned using PRANK?F

(Prankster version 080215) [20]. Trees were generated using PAUP*

(version 4.0b10) and plotted using TreeEdit (version 1.0a10). Boot-

strap values (%) calculated from 2,000 replicates are indicated at the

nodes. See Table 1 for abbreviations and GenBank (GB) accession

numbers for viruses in genus Victorivirus. Other recognized or

tentative members of family Totiviridae included in the tree are:

EbRV1, Eimeria brunetti RNA virus 1 (GB, AF356189); LRV1-1,

Leishmania RNA virus 1-1 (GB, M92355); LRV2-1, Leishmania RNA

virus 2-1 (GB, U32108), LRV1-4, Leishmania RNA virus 1-4 (GB,

U01899); TVV1, Trichomonas vaginalis virus 1 (GB, U08999); TVV2,

Trichomonas vaginalis virus II (GB, AF127178); TVV3, Trichomonas

vaginalis virus 3 (GB, AF325840); ScV-L-A, Saccharomyces cerevi-

siae virus L-A (GB, J04692); ScV-L-BC, Saccharomyces cerevisiae

virus L-BC (GB, U01060); UmV-H1, Ustilago maydis virus H1 (GB,

U01059); GLV, Giardia lamblia virus (GB, L13218); and IMNV,

penaeid shrimp infectious myonecrosis virus (GB, AY570982). The

trees were rooted by designating IMNV as outgroup. Viruses in genus

Victorivirus are labeled in orange (including tentative members BfTV1

and MoV2), those in genus Leishmaniavirus in green, those in genus

Giardiavirus in magenta (including tentative members TVV1, TVV2,

and TVV3), and those in genus Totivirus in cyan. Viruses labeled in

black (EbRV1 and IMNV) are tentative members of family Totiviridae,

not yet assigned to a genus

Victorivirus, a new genus of fungal viruses in the family Totiviridae 377

123



shares 34% sequence identity with Leishmania RNA virus

1-1 across a 480-aa region encompassing the eight con-

served RdRp motifs [8], its identity with ScV-L-A in that

region is only 22%. The closer relationship of victorivi-

ruses to leishmaniaviruses was previously noted [8] and

supports the conclusion that fungal viruses in the family

Totiviridae are polyphyletic.

Another reported virus from a parasitic protozoan,

Eimeria brunetti RNA virus 1 (EbRV1) [7], is identified in

the phylogenetic trees as the virus next most closely related

to victoriviruses (Fig. 2). Notably, EbRV1 appears to share

the victorivirus strategy for RdRp expression as a separate

protein, with the RdRp start codon overlapping the CP stop

codon in the -1 frame at an AUGA tetranucleotide. In

addition, the lengths of the EbRV1 genome (5,358 nt), 50

UTR (357 nt), and CP (770 aa) are all within the ranges for

these values defined by assigned victoriviruses (see

Table 1). Because of the distinct host from which EbRV1

was isolated, however, we have not grouped it in the genus

Victorivirus. Instead, depending on future results, EbRV1

might be more properly placed in another genus of proto-

zoan viruses.

The phylogenetic trees constructed with CP and RdRp

sequences in this and other reports [1, 9, 21, 27] suggest the

existence of two subclades of viruses within the genus

Victorivirus (Fig. 2). Because other known properties do

not differentiate these subclades, however, all have been

encompassed by the new genus.
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