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Introduction

Viroids are the only class of autonomously replicating subviral pathogens whose molecular
structure is well defined. Their structural and functional properties, as well as their
evolutionary origin differ fundamentally from those of viruses (see below), posing specific
problems for the classification of these subviral pathogens. For example, some of the
criteria suggested by the Executive Committee of the International Committee on Taxono-
my of Viruses (ICTV) for the definition of species, which include those regarding morpho-
logical characteristics, protein characteristics and antigenic properties, are not applicable to
viroids. The purpose of this note is to present a consensus taxonomic proposal (see Fig. 1)
that has emerged from consultations among the members of the Viroid Study Group of the
Plant Virus Subcommittee of the ICTV. This proposal updates and expands the previous
classification, which appeared in the Sixth Report of the ICTV [9], and is open to discussion
and suggestions.

Functional properties of viroids

Viroids have significant agricultural implications [10]. They have been identified as the
aetiologic agents of a variety of maladies affecting mono- and dicotyledonous crops of
economic importance, including potato, tomato, hop, coconut, grapevine, several subtropi-
cal and temperate fruit trees such as citrus, avocado, peach, apple, pear and plum, and
ornamental plants such as chrysanthemum and coleus.

All the available data support the contention that, in contrast to viruses, viroids do not
code for any peptide or protein. Therefore, viroids must be replicated by pre-existing host
enzymes which are activated or sequestered by the viroid genome, and the pathogenic
effects that viroids induce must result from direct interaction of their RNA with one or more
cellular targets. Viroids can be regarded as parasites of the transcription machinery,
whereas viruses are essentially parasites of the translation machinery.

Viroid replication occurs by a rolling circle mechanism, using either a symmetric or
asymmetric pathway, in three main steps: RNA transcription, RNA processing and RNA
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ligation, catalyzed respectively by enzymes with RNA polymerase, RNase or RNA ligase
activities [4]. One remarkable aspect of this process is that, at least in the replication of three
viroids, avocado sunblotch viroid (ASBVd) [16], peach latent mosaic viroid (PLMVd) [15],
and chrysanthemum chlorotic mottle viroid (CChMVd) [28], a ribozyme, instead of a
protein enzyme, is responsible for the RNase activity (see below). Potato spindle tuber
viroid (PSTVd) and some related viroids accumulate mostly in the nuclei of infected plants
[3, 13] and thus replication of these viroids is also very likely to be nuclear and to be
mediated by RNA polymerase II [27, 33]. Conversely, ASBVd accumulates mostly in the
chloroplasts [2, 22], and a polymerase different from nuclear RNA polymerase II appears to
be involved in its replication [23].

Molecular features of viroids

The sequences of 27 viroid species and of more than 100 sequence variants thereof have
been established. A compilation of viroid sequences with their accession numbers is
available on the World Wide Web [21]. They show that viroids are composed of a naked
single-stranded circular RNA that range in the size from 246 to 399 bases. In some cases,
forms generated by sequence duplications and deletions also exist [14, 34, 36], as do viroids
which appear to have emerged as a result of extensive recombination among a number of
other viroids [12, 30]. As a result of extensive intramolecular self-complementarity, viroid
RNAs have the potential to fold into compact conformations with high degrees of secondary
structure. In most cases, they adopt rod-like or quasi-rod-like conformations in vitro [11,
31], although they can also form metastable domains with hairpins that may be functionally
important [29]. In the proposed rod-like structure, five structural domains have been
defined [18], some of which also have functional significance [18, 32]. However, at least
two viroids, peach latent mosaic viroid (PLMVd) [15] and the recently characterized
CChMVd [28], do not follow this rule; they clearly appear to adopt branched conforma-
tions. There is experimental support for the contention that PLMVd and CChMVd have
unique conformations because they are insoluble in 2 M LiCl, as opposed to the other
viroids which are soluble [28].

Most viroids have a central conserved region (CCR) within the central domain of the
proposed rod-like secondary structure. The CCR is formed by two sets of conserved
nucleotides located in the upper and lower strands, with those of the upper strand being
flanked by an inverted repeat. The presence and nature of the CCR are very useful criteria
for classification purposes [19], and according to the sequence of the conserved nucleotides,
viroids can be clustered into several groups [9, 18, 20, 35]. The most distinctive property of
the three viroids that lack a CCR, ASBVd, PLMVd and CChMVd, is the ability of their
strands of both polarities to self-cleave in vitro, and very probably in vivo, through
hammerhead structures.

Phylogenetic reconstruction of viroids

From an evolutionary perspective, viroid and viroid-like RNAs are also very intriguing
systems. It has been suggested that: i) they may have evolved from transposable elements or
retroviral proviruses by deletion of internal sequences, ii) they may represent “escaped”
introns, and iii) they may be related to a catalytic RNA, existing both in linear and circular
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forms as well as a DNA, which is replicated as a satellite of a mitochondrial retroplamid
(see [7] for a review). However, the small size of viroids, their circular structure and
especially the presence in some of them of ribozyme activities, suggest that these RNAs
could be molecular fossils of the RNA world which presumably existed on earth before the
advent of cellular life [6]. In this alternative hypothesis, viroid and viroid-like satellite
RNAs may have originated from “free-living” molecules evolving to become intracellular
parasites with a dependence on their host in the case of viroids, or on their helper virus, and
thus probably also on their host, in the case of the satellite RNAs. In this context it should be
also mentioned that at least one of the plant viroid-like RNAs may have evolved to depend
on an homologous DNA counterpart forming a retroviroid-like element [5].

Phylogenetic analyses of viroid and viroid-like satellite RNAs are consistent with a
common origin for these RNAs [8, 15]. In this scheme, viroids self-cleaving because of the
action of hammerhead ribozymes may represent the evolutionary link between the other
viroids and the self-cleaving satellite RNAs, which presumably appeared first.

Proposals

Species

Sequence data are the main criterion for the identification of viroid species. The arbitrary
level of 90% sequence identity establishes in most cases a clear border that separates
species from variants. There are some exceptions: the agent of Indian bunchy top disease
from tomato, a citrus exocortis viroid (CEVd) variant [26], and other characterized CEVd
variants from citrus [1], have sequence similarity levels slightly lower than 90%. However,
we propose to consider the recently identified Mexican papita viroid (MPVd) [24], which
has a sequence identity with tomato planta macho viroid (TPMVd) of around 90%, as a new
species because it may represent an ancestral form of extant PSTVd-related viroids and
because of its different biological properties.

Variants

Sequence variants isolated from plants different from the original host will be abbreviated
with the viroid species acronym followed with the first letter (in lower case) of the host plant
(for example CEVd-t: CEVd variant isolated from tomato), as has been common practice so
far. In some specific cases in which a variant has been identified as the causal agent of a
distinct disease, it can also retain the name derived from the disease (for example CPFVd:
cucumber pale fruit viroid, a hop stunt variant from cucumber). In those instances in which
some confusion may emerge as a result of the characterization of more than one variant
from the same host plant, the accession numbers of databases (in brackets) will also be
provided. A note of caution is needed regarding sequence variants. Due to the quasi-species
nature of viroid populations it should be expected that a spectrum of closely related variants
will co-exist within an infected plant, although one or a limited number of them, may
represent the bulk of the population.
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Fig. 1. Classification scheme for viroids. Taxa are divided by vertical lines. Type species are indicated in bold.
CCR Central conserved region

FAMILY SUBFAMILY GENUS SPECIES

PSTVd (potato spindle tuber)
MPVd (Mexican papita)
TPMVd (tomato planta macho)

POSPIVIROIDS CSVd (chrysanthemum stunt)
CEVd (citrus exocortis)
TASVd (tomato apical stunt)

POSPIVIROINAE IrVd 1 (iresine 1)
CLVd (columnea latent)

HOSTUVIROIDS HSVd (hop stunt)

CCCVd (coconut cadang-cadang)

COCADVIROIDS CTiVd (coconut tinangaja)
POSPIVIROIDAE HLVd (hop latent)
with CCR and without CVd-IV (citrus IV)
hammerhead
self-cleavage

VIROIDS ASSVd (apple scar skin)
CVd-III (citrus III)
ADFVd (apple dimple fruit)
GYSVd 1 (grapevine yellow speckle 1)

APSCAVIROINAE APSCAVIROIDS GYSVd 2 (grapevine yellow speckle 2)
CBLVd (citrus bent leaf)
PBCVd (pear blister canker)
AGVd (Australian grapevine)

CbVd 1 (coleus blumei 1)
COLEVIROINAE COLEVIROIDS CbVd 2 (coleus blumei 2)

CbVd 3 (coleus blumei 3)

AVSUNVIROIDAE AVSUNVIROIDS ASBVd (avocado sunblotch)
without CCR and
with hammerhead
self-cleavage PLMVd (peach latent mosaic)

PELAMOVIROIDS CChMVd (chrysanthemum chlorotic
mottle)

Genera

Once viroid species are defined, the introduction of higher order taxa seems appropriate
because the number of viroid species which have been sequenced is now relatively high
(twenty-seven at present) and also because classification of viroids into groups has been a
regular practice for several years. The two possible classification criteria, presence and
type of CCR [19], and phylogenetic trees [8], lead essentially to the same grouping,
although the first criterion is more direct and easier to apply. We propose to assign a name
to the genera using for this purpose the names advanced previously for the groups
emerging from the phylogenetic trees [8]. These names, derived from those of the type
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member of each genus, following the same rules used previously for naming groups of
plant viruses, are:

Pospiviroid (from potato spindle tuber viroid, PSTVd)
Hostaviroid (from hop stunt viroid, HSVd)
Cocadviroid (from coconut cadang-cadang viroid, CCCVd)
Apscaviroid (from apple scar skin viroid, ASSVd)
Coleviroid (from coleus blumei viroid 1, CbVd1)
Avsunvinoid (from avocado sunblotch viroid, ASBVd)
Pelamoviroid (from peach latent mosaic viroid, PLMVd).

Two situations present some problems. One is that of columnea latent viroid, CLVd [12],
which can be grouped either with pospiviroids or with hostuviroids. The main argument
supporting classification of CLVd together with HSVd is that they share a common CCR.
On the other hand, the reasons favouring classifying CLVd with viroids of the genus
Pospiviroid (type member PSTVd) are: they appear in the same monophyletic group, and
CLVd has the terminal conserved region (TCR) [20], which is present in all pospi- and
apscaviroids as well as in the two largest coleviroids, but not in HSVd. Moreover, HSVd
seems to be a unique viroid in two additional respects: i) it infects a very broad range of
natural hosts, probably because it contains one or more so far undetermined molecular
domains capable of interacting with a wide spectrum of plants, and ii) it does not display the
structural periodicity that has been found in PSTVd and other viroids [17]. On the basis of
the preceding arguments CLVd is classified in the PSTVd genus (as in the accompanying
classification scheme in Fig. 1).

The second problem is establishing genera within the three viroids endowed with
hammerhead self-cleavage ability because they lack a CCR as well as any other region with
extensive sequence similarities. Nevertheless, PLMVd and CChMVd are more closely
related to each other on the basis of their G+C content, predicted secondary structures of
lowest free energy and morphology of their hammerhead structures, as well as on a physico-
chemical basis, such as their insolubility in 2 M LiCl. Therefore, we propose to classify the
self-cleaving viroids in two genera: Avsunviroid containing ASBVd and Pelamoviroid
containing PLMVd and CChMVd.

Families and subfamilies

Two criteria [19] allow a clear grouping of the genera into two families. Family 1 has
members that are characterized by the presence of a CCR and by lacking self-cleavage
mediated by hammerhead ribozymes. Family 2 has members that do not have a CCR but
both polarity strands of which have the ability to self-cleave using hammerhead ribozymes.

The inclusion of the second criterion (existence or lack of hammerhead structures)
seems appropriate for several reasons: i) it is connected with replication, and the character-
istics of replication are one of the criteria recommended for virus, and, by extension, for
viroid classification, ii) it leads to the same grouping as the first criterion (presence or
absence of CCR), and iii) it establishes an evolutionary link between viroids and viroid-like
satellite RNAs, which in all cases contain hammerhead structures in one or in both polarity
strands.
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The reason for introducing the subfamily taxon is that members of the genera Pospi-
viroid, Hostuviroid and Cocadviroid share an identical subset of nucleotides within their
CCRs which are more closely related with each other than any is with the CCRs of apsca-
and coleviroids.

Based on the rules pertaining to virus family nomenclature [25], the names for
families 1 and 2 are Pospiviroidae and Avsunviroidae respectively, and the names for
subfamilies of the Pospiviroidae are Pospiviroinae, Apscaviroinae and Coleviroinae,
according to the names of the corresponding “type genus” (see Fig. 1).
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Erratum

In the article entitled “The universal system of virus taxonomy of the International Commit-
tee on Virus Taxonomy (ICTV), including new proposals ratified since publication of the
Sixth ICTV Report in 1995” by C. R. Pringle [Arch Virol (1998) 143: 203–210] errors have
been introduced on pages 207–210 during preparation of the article for publication. It
should noted that in the negative stranded RNA virus category the order Mononegavirales
comprises the four families of monopartite genome viruses Bornaviridae, Filoviridae,
Paramyxoviridae and Rhabdoviridae. The three families of segmented genome viruses,
Arenaviridae, Bunyaviridae and Orthomyxoviridae, are not included in this order. Likewise
in the positive stranded RNA virus category, the order Nidovirales comprises only the two
families Arteriviridae and Coronaviridae; the other 15 families and unassigned genera are
not included in this order.
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