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Abstract Viroids are the smallest known agents of infectious disease – small, highly 
structured, single-stranded, circular RNA molecules that lack detectable messenger RNA 
activity. Whereas viruses supply some or most of the genetic information required for 
their replication, viroids are regarded as “obligate parasites of the cell’s transcriptional 
machinery” and infect only plants. Four of the nearly 30 species of viroids described to 
date contain hammerhead ribozymes, and phylogenetic analysis suggests that viroids 
may share a common origin with hepatitis delta virus and several other viroid-like satel-
lite RNAs. Replication proceeds via a rolling-circle mechanism, and strand exchange can 
result in a variety of insertion/deletion events. The terminal domains of potato spindle 
tuber and related viroids, in particular, appear to have undergone repeated sequence 
exchange and/or rearrangement. Viroid populations often contain a complex mixture of 
sequence variants, and environmental stress (including transfer to different hosts) has 
been shown to result in a significant increase in sequence heterogeneity. The new field 
of synthetic biology offers exciting opportunities to determine the minimal size of a fully 
functional viroid genome. Much of the preliminary structural and functional information 
necessary is already available, but formidable obstacles still remain.

Robert A. Owens
Molecular Plant Pathology Laboratory, United States, Department of Agriculture/Agricultural 
Research Service, Beltsville, MD 20705
robert.a.owens@ars.usda.gov
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5.1 Introduction

The first viroid disease to be studied by plant pathologists was potato spindle tuber. 
Nearly 50 years were to elapse between the discovery of its infectious nature and 
ability to spread in the field that led Schultz and Folsom (1923) to group potato 
spindle tuber disease with several other “degeneration diseases” of potatoes and the 
demonstration by Diener (1971) that the molecular properties of its causal agent, 
Potato spindle tuber viroid (PSTVd), differed fundamentally from those of conven-
tional plant viruses. In the discussion section, this seminal paper focuses on the 
possible origin and evolution of viroids – as relatives of conventional viruses or the 
“missing link” between viruses and host genes. Initially, it was the small size of the 
viroid RNA genome (105 Da or less) and the absence of a protein capsid that 
appeared to set viroids apart from conventional viruses. Later, the circular structure 
and noncoding nature of viroids was seen as evidence for only a distant relationship 
between viroids and viruses. Shortly after, Avocado sunblotch viroid (ASBVd) was 
discovered to possess catalytic (i.e., ribozyme) activity. Diener (1989) proposed 
that viroids might be living fossils of a prebiotic RNA world where RNA molecules 
functioned as both genotype and phenotype.

Since the first complete viroid nucleotide sequence (that of PSTVd; Gross et al. 
1978) was published nearly 30 years ago, much has been learned about the molecu-
lar biology of viroid replication and other aspects of viroid–host interaction. More 
than 1,100 complete sequences of PSTVd and other viroids are now available 
online from the Subviral RNA Database (http://subviral.med.uottawa.ca), and a 
number of studies have examined different aspects of viroid evolution. By examin-
ing the conceptual framework underlying existing studies of viroid evolution, this 
chapter attempts to identify fruitful areas for future studies. For information con-
cerning other aspects of viroid molecular biology, interested readers should consult 
the monograph by Hadidi et al. (2003) and a series of recent reviews (Tabler and 
Tsagris 2004; Flores et al. 2005a; Ding et al. 2005; Daros et al. 2006; Ding and 
Itaya 2007).

5.2 Genome Structure and Replication Strategy

The Eighth Report of the International Committee on the Taxonomy of Viruses 
officially recognizes 29 viroid species and divides them into two families (the 
Pospiviroidae and the Avsunviroidae) containing a total of seven genera (Flores 
et al. 2005b; Table 5.1). All species in the family Pospiviroidae have a rod-like 
secondary structure that contains five structural/functional domains (Keese and 
Symons 1985) and replicate in the nucleus. Three of the four members of the 
Avsunviroidae have a branched secondary structure, and all replicate/accumulate in 
the chloroplast. All members of the Avsunviroidae contain hammerhead ribozymes 
in both the infectious (+) strand and complementary (−) strand RNAs. Figure 5.1 
compares the secondary structures of PSTVd (rod-like, Pospiviroidae) and Peach 
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latent mosaic viroid (PLMVd; branched, Avsunviroidae). With the possible excep-
tion of PLMVd, viroids do not appear to contain any modified nucleotides or unu-
sual phosphodiester bonds.

Nucleic acid extracts from infected leaf tissue contain a variety of viroid-related 
RNAs of both polarities. Some of these molecules – especially those having a com-
plementary or (−) strand polarity – are considerably longer than the infectious cir-
cular viroid (+) strand. Northern analysis using strand-specific probes and/or 
primer extension has shown that these molecules represent the intermediates 
expected for a “rolling-circle” mechanism of replication.

Table 5.1 Officially recognized viroid species (Eighth Report of the of the International 
Committee on the Taxonomy of Viruses)

   Reported
Genusa Species Sigla variantsb Length (nt)

Family Pospiviroidae
Pospiviroid Potato spindle tuber PSTVd 109 341–364
  Chrysanthemum stunt CSVd 19 348–356
  Citrus exocortis CEVd 86 366–475
  Columnea latent CLVd 17 359–456
  Iresine IrVd 3 370
  Mexican papita MPVd 6 359–360
  Tomato apical stunt TASVd 5 360–363
  Tomato chlorotic dwarf TCDVd 2 360
  Tomato planta macho TPMVd 2 360
Hostuviroid Hop stunt HSVd 144 294–303
Cocadviroid Coconut cadang-cadang CCCVd 8 246–301
  Coconut tinangaja CCCVd 2 254
  Citrus bark cracking CBCVd 6 284–286
  Hop latent HLVd 10 255–256
Apscaviroid Apple scar skin ASSVd 8 329–333
  Apple dimple fruit ADFVd 2 306
  Apple fruit crinkle AFCVdc 29 368–372
  Australian grapevine AGVd 1 369
  Citrus bent leaf CBLVd 24 315–329
  Citrus dwarfing CDVd 53 291–297
  Grapevine yellow speckle 1 GYSVd-1 49 365–368
  Grapevine yellow speckle 2 GYSVd-2 1 363
  Pear blister canker PBCVd 18 314–316
Coleviroid Coleus blumei-1 CbVd-1 9 248–251
  Coleus blumei-2 CbVd-2 2 295–301
  Coleus blumei-3 CbVd-3 3 361–364

Family Avsunviroidae
Avsunviroid Avocado sun blotch ASBVd 83 239–251
Pelamoviroid Chrysanthemum chlorotic mottle CChMVd 21 397–401
  Peach latent mosaic PLMVd 168 335–351
Elaviroid Eggplant latent ELVd 9 332–335
a Names of viroid genera are derived from those of the respective type species (listed first)
b Sequences available online from the Subviral RNA Database (http://subviral.med. uottawa.ca)
c Provisional species (not officially recognized)
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Analysis of ASBVd-infected leaf tissue revealed the presence of monomeric 
circular RNAs of both polarities (Daros et al. 1994); thus, ASBVd (and presumably 
other avsunviroids) replicates via a symmetric rolling-circle mechanism (Fig. 5.2). 
Replication of PSTVd, in contrast, proceeds via an asymmetric rolling-circle 
mechanism in which progeny (+) strands are synthesized on a multimeric linear (−) 
strand template (Branch and Robertson 1984). The presence of hammerhead 
ribozymes in both strands of ASBVd allows its multimeric RNAs to cleave sponta-
neously, thereby releasing the corresponding linear monomers. Processing of 
longer-than-unit-length PSTVd (+) strand RNA requires that the central conserved 
region refold into a multihelix junction containing at least one GNRA tetraloop-
hairpin followed by cleavage by an as-yet-unidentified host nuclease (Baumstark et al. 
1997). A conserved loop E motif forms following the second cleavage reaction. 
Although evidence has been presented suggesting that monomeric linear PLMVd 
molecules can spontaneously circularize with the formation of a 2′,5′ phosphodi-
ester linkage (Coté et al. 2001), circularization of most viroids appears to requires 
the action of a host RNA ligase.

A central question about viroid replication concerns the identity of the 
polymerase(s) involved. Inhibition of (+) and (−) strand PSTVd RNA synthesis by 
α-amanitin exhibits exactly the same dose–response effect in nuclear runoff experi-
ments as host messenger RNA synthesis (Schindler and Muhlbach 1991), implicat-
ing host-DNA-dependent RNA polymerase II as the enzyme responsible for 
pospiviroid replication. Warrilow and Symons (1999) subsequently provided direct 
evidence for an association between RNA polymerase II and Citrus exocortis viroid 
(CEVd), showing that addition of a monoclonal antibody directed against the 
C-terminal domain of the largest subunit of RNA polymerase II results in immuno-
precipitation of a nucleoprotein complex containing both (+) and (−) strand CEVd 
RNAs. Resistance of ASBVd RNA synthesis in permeabilized chloroplasts to 

Fig. 5.2 Rolling-circle mechanism of viroid replication. a Avocado sunblotch viroid and other 
avsunviroids replicate via a symmetric mechanism in which cleavage of both multimeric (−) and 
(+) strand RNAs (steps 2 and 5) is mediated by ribozymes. Following cleavage, monomeric (-) 
strand RNA is circularized (step 3) before (+) strand synthesis begins. b PSTVd and other posivi-
roids replicate via an asymmetric mechanism in which multimeric (−) strand RNA synthesized by 
DNA-dependent RNA polymerase II (step 1) is not cleaved or ligated to prior to initiation of (+) 
strand synthesis (step 4)
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tagetitoxin inhibition (Navarro et al. 2000) suggests that a nuclear-encoded RNA 
chloroplastic polymerase, and not the eubacteria-like RNA polymerase encoded by 
the plastid genome, is responsible for ASBVd strand elongation.

Although the existence of a defined cleavage site theoretically eliminates the 
need for a specific site for initiation of RNA synthesis, viroid replication appears to 
be promoter-driven. For ASBVd, both (+) and (−) strand synthesis initiate within 
AU-rich regions located in the terminal hairpin loops of the rod-like native struc-
ture. The nucleotide sequences around the ASBVd start sites bear a striking resem-
blance to the promoter sequences of certain chloroplast genes transcribed by the 
same nuclear-encoded RNA polymerase believed responsible for ASBVd replica-
tion (Navarro et al. 2000). Transcription of PSTVd (+) strands by RNA polymerase 
II starts at either position 359 or position 1 in the left terminal loop (Kolonko et al. 
2006). Exactly how either of these viroids redirects the respective host-DNA-
dependent RNA polymerase to accept its quasi-double-stranded RNA genome as a 
template is not known.

5.3 Evolutionary Relationships Among Subviral RNAs

Only two characters – an arbitrary level of less than 90% sequence similarity and 
differences in at least one biological property – are sufficient to distinguish the 29 
officially recognized viroid species listed in Table 5.1. The broad outlines of this 
classification scheme first began to emerge in 1985, when Keese and Symons com-
pared the sequences of eight viroids; i.e., one avsunviroid (ASBVd) and seven dif-
ferent pospiviroids. In the resulting model, PSTVd and other pospiviroids were 
proposed to contain five structural and functional domains. As shown in Fig. 5.1, 
these domains include (1) a central domain containing a conserved pair of inverted 
repeats and involved in viroid replication, (2) flanking pathogenicity and variable 
domains, and (3) two terminal domains that are interchangeable between viroids. 
The presence of partial sequence duplications in the right terminal domain of 
Coconut cadang-cadang viroid (CCCVd) was cited as evidence for the importance 
of RNA rearrangement/recombination in viroid evolution, suggesting that recombi-
nation with host RNAs may play an important role in the origin of viroids.

As nucleotide sequence information continued to accumulate, Elena and colleagues 
used phylogenetic analysis to examine two related topics, evolutionary relationships 
among viroids and the possible monophyletic origin of viroids and viroid-like satellite 
RNAs. Their initial study (Elena et al. 1991) included the viroid-like domain of hepatitis 
δ virus RNA and supported the previously proposed monophyletic origin for all subviral 
RNAs (Diener 1989). The resulting taxonomic classification contained both of the 
presently accepted viroid families as well as four of the five currently accepted 
Pospiviroidae genera (i.e., all except the coleviroids). When Jenkins et al. (2000) raised 
questions about the sequence alignment underlying this analysis, arguing that the 
sequence similarities needed to infer a reliable phylogeny were not present, Elena et al. 
(2001) reexamined these questions using improved techniques and a larger set of 
sequence data. Figure 5.3 shows the neighbor-joining tree produced by this reanalysis.
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Fig. 5.3 Neighbor-joining phylogenetic tree obtained from an alignment of viroid and viroid-like 
RNA satellites. The distance matrix was obtained according to Hasegawa et al. (1985) but with 
gamma-distributed rates among sites (16 categories). Bootstrap values based on 1,000 random 
replicates, and only values greater than 70% are shown; less well supported branches can be col-
lapsed. See Table 5.1 for viroid abbreviations. Viroid-like satellite RNAs: vLTSV (lucerne transient 
streak virus); vRYMV (rice yellow mottle virus); vSCMoV (subterranean clover mottle virus); 
vSNMoV (Solanum nodiflorum mottle virus); vVTMoV (velvet tobacco mottle virus); sTRSV 
(tobacco ringspot virus); sArMV (Arabis mosaic virus); sChYMV (chicory yellow mottle virus); 
sCYDV-RPV (cereal yellow dwarf virus-RPV). (Reproduced with permission from Elena et al. 2001)
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The tree shown in Fig. 5.3 reproduces all groupings observed in the earlier anal-
ysis (Elena et al. 1991). Members of the family Pospiviroidae form three groups, 
one that includes the Pospiviroid, Hostuviroid, and Cocadviroid genera plus two 
other groups containing members of either the Apscaviroid or Coleviroid genera. 
For the autocatalytic subviral RNAs, viroids in the family Avsunviroidae can be 
seen to occupy a position intermediate between members of the Pospiviroidae and 
the viroid-like satellite RNAs. Additional support for these broad groupings was 
obtained by likelihood-mapping analysis, but key to the entire analysis was its two-
stage alignment strategy. Sequences of viroids and viroid-like satellite RNAs were 
aligned separately using CLUSTAL-X and then manually edited to preserve local 
similarities; these partial alignments were then manually aligned before CLUSTAL-X 
was used to realign dissimilar regions and maximize overall similarity. An impor-
tant anchor in this final alignment is a GAAA motif found in both the catalytic core 
of hammerhead ribozymes and the upper central conserved region of pospiviroids 
(Diener 1989).

5.4  Possible Roles of Conserved Sequence Motifs 
in Viroid Evolution

As shown in Fig. 5.1 and first described by Branch et al. (1985), the central 
domain of PSTVd (as well as other pospiviroids, apscaviroids, and possibly cocad-
viroids) contains a loop E motif similar to those found in a wide variety of other 
RNAs (Leontis and Westhof 1998). During rolling-circle replication, this loop E 
motif forms after cleavage of the nascent multimeric RNA and prior to monomer 
ligation. Loop E also contains a GAAA motif that is conserved among all ham-
merhead ribozymes. The terminal left domain of pospiviroids, apscaviroids, and 
coleviroids contains a terminal conserved region (Koltunow and Rezaian 1988), 
while those of hostuviroids and cocadviroids contain a terminal conserved hairpin 
(not shown). The terminal right domain of pospiviroids contains one or two copies 
of a protein-binding RY motif containing the sequence AGG/CUUUC (Gozmanova 
et al. 2003).

As first noted by Keese and Symons (1985), the terminal domains of pospivi-
roids appear to have been the target of repeated sequence exchange/rearrangement. 
For example, Tomato apical stunt viroid (TASVd) shares 73% overall sequence 
identity with CEVd, but the terminal right domains of these two viroids are only 
46% similar. Although TASVd is less similar to PSTVd (only 64% overall similar-
ity), their terminal right domains are highly (i.e., 90%) similar. Similar exchanges 
involving the terminal left domain of Tomato planta macho viroid (TPMVd) was 
also proposed. Columnea latent viroid (CLVd) appears to be a natural mosaic of 
viroid sequences that exhibits extensive sequence similarities to PSTVd and 
related viroids but has a central conserved region identical to that of Hop stunt 
viroid(HSVd; Hammond et al. 1989). These sorts of sequence rearrangements 
could be generated either by strand scission and ligation or, more likely, by 
discontinuous transcription.
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Upon prolonged infection, both CCCVd (Haseloff et al. 1982) and CEVd 
(Szychowski et al. 2005) give rise to mixtures of larger RNA molecules containing 
duplications of part or all of the terminal right domain. In the case of CEVd, short 
AGCU tetrads provide possible sites for strand exchange by a “jumping polymer-
ase,” and the host plant plays a critical role in the origin and stability of specific 
duplications. Figure 5.4 shows the structures of CEVd-tomato and two of the longer 
CEVd-related RNAs, one containing an asymmetric duplication. Symmetrical 
sequence duplications like those found in CEVd D-87 create an additional binding 
site for Virp1, the viroid-binding host protein from tomato (Gozmanova et al. 
2003). As shown in Fig. 5.1, wild-type (i.e., nonduplicated) PSTVd also contains 
two RY binding sites, and mutational analysis suggests that the ability of one or 
both of these sites to interact with Virp1 may be essential for some aspect of viroid 
transport (reviewed in Tabler and Tsagris 2004).

Spontaneous deletions have also been observed during viroid evolution in vivo. 
For example, constitutive expression of a noninfectious 350-nt PSTVd RNA con-
taining a small deletion just upstream from the central conserved region in trans-
genic tobacco gave rise to a 341-nt PSTVd variant capable of independent 
replication in tomato (Wassenegger et al. 1994). The authors speculate that this rare 
event – observed in only a single plant expressing a (+) strand RNA transcript – was 
the result of either (1) host-DNA-dependent RNA polymerase being forced to jump 
over unpaired nucleotides in the quasi-double-stranded template or (2) a template 
repair process involving excision of unpaired nucleotides opposite the original dele-
tion, followed by religation. Whether this was an all-or-none event is not known, 
but the net effect was to remove a large bulge loop in the opposing strand created 
by the original deletion in the PSTVd complementary DNA (cDNA).

As discussed by Schuster (2001), RNA molecules have many theoretical advan-
tages over proteins for studies of the relationship between genotype and phenotype. 
These relationships are many-to-one and, thus, give ample room for neutrality. This 
is especially true for viroids where the rod-like (pospiviroids) or branched (avsun-
viroids) secondary structure predicted by computer calculation appears to be 
strongly conserved. Recently, Sanjuán et al. (2006) compared the “mutational 
robustness” of all 29 viroid species by calculating the structural effects of all possi-
ble single nucleotide point mutations. An evolutionary trend toward increased 
structural robustness was detected during viroid radiation, giving support to the 
presumed adaptive value of robustness. Genomic redundancy (see above) appears 
to contribute to structural stability, and the differences in robustness observed 
between the two viroid families can be explained by the relative fragility of the 
branched structure of members of the Avsunviroidae.

5.5 Structure of Viroid Quasispecies

Like many RNA viruses that infect plants or animals, individual viroids exist as 
complex populations of often closely related sequence variants in vivo. A number 
of studies have examined natural variability within viroid populations, and the 
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Subviral RNA Database now contains the complete sequences of more than 1,100 
viroid variants. In many cases, multiple sequence variants have been isolated from 
a single infected plant. Here, I focus on those viroids (e.g., HSVd, CEVd, PSTVd, 
and PLMVd) where (1) sequence information is abundant and (2) this information 
has been used to ask important questions about viroid–host interaction.

5.5.1 Origin of Viroid Diseases

As discussed by Diener (1996), several viroid diseases appear to be the result of 
chance transfer from an unknown (and possibly symptomless) wild host to large-
scale monocultures of susceptible, genetically identical crop plants. The identity of 
these viroid reservoirs remains mysterious. Two groups of studies illustrate how the 
properties of different viroid variants have been used to explain the origin of spe-
cific viroid diseases.

The first example concerns hop stunt disease. Since its 1977 discovery as the 
causal agent of hop stunt disease, HSVd has been isolated from a wide variety of 
herbaceous and woody hosts (reviewed in Sano 2003). Two different groups have 
published phylogenetic analyses of known HSVd sequence variants (Kofalvi et al. 
1997; Sano et al. 2001), and these can be divided into five clusters on the basis of 
the original host species:

1. A plum–peach–almond–apricot cluster
2. A German grapevine cluster
3. A general grapevine–hop cluster
4. A US citrus cachexia cluster
5. A general citrus–cucumber cluster

Figure 5.5 shows the neighbor-joining tree constructed by Sano et al. (2001), who 
used these relationships to propose a possible explanation for the origin of hop stunt 
disease in Japan.

Hops are native to the Mediterranean and Caucasus regions and were initially 
introduced to Japan from Europe and the USA at the end of the nineteenth century. 
Modern Japanese cultivars have been developed from these parental materials by 
crossing and selection. Hop stunt disease was first recognized in Nagano and 
Fukushima prefectures in the 1940s–1950s. So far, it has not been observed in 
either Europe or the USA. Thus, it would appear that the causal agent of hop stunt 
disease was introduced into hop from another host approximately 40–50 years after 
the introduction of hops into Japan. The close relationship between hop and grape-
vine isolates of HSVd shown in Fig. 5.5 strongly suggests that hop stunt disease 
originated when a sequence originally infecting grapevine invaded a new host (i.e., 
hop). Because phylogenetic analysis indicates that most HSVd-hop sequences form 
a single clade, the movement of HSVd-g from grapevine to hop must have been a 
unique (or at least an extremely rare) event. Hop gardens are often found adjacent 
to vineyards in Nagano and Fukushima prefectures, and farmers there seem to like 
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planting a grapevine in a corner of their plowed field or hop garden. Once estab-
lished, the viroid would be easily transmitted mechanically from hop to hop 
through contaminated tools because the titer in hops is more than 10 times higher 
than that in grapevine.

Another viroid that is 93–98% similar to AFCVd has been isolated from hops 
growing in Akita Prefecture, where apple cultivation is widespread. As described 
by Sano et al. (2004), phylogenetic analysis suggests that accumulation of host-
specific sequence variation following isolation in different host species may be 
leading to the divergence of two viroid species from a common ancestor. A similar 
scenario has been proposed to explain several outbreaks of PSTVd in commercially 
grown tomatoes.

In 1990, Puchta et al. reported the isolation of a new strain of PSTVd from 
tomatoes being grown in two experimental greenhouses in the Netherlands. 
PSTVd-N contained only 356 nt and differed in sequence from the intermediate 
strain of PSTVd at 21 of 360 positions in a pairwise alignment (i.e., 5.8%). The 
same viroid was detected in healthy-looking pepino plants (Solanum muricatum) 
being grown in the same greenhouses; the seeds of these pepinos had been imported 
from New Zealand and Crete. Shortly thereafter, Behjatnia et al. (1996) reported 
the isolation of a very similar PSTVd variant from a wild Solanum sp. coinfected 
with two geminiviruses related to the Australian strain of Tomato leaf curl virus and 
growing in the Northern Territory of Australia. In recent years, infections of both 
field-grown (New Zealand) and greenhouse-grown (UK) tomatoes involving addi-
tional PSTVd variants related to PSTVd-N have been reported. Unlike the several 

Fig. 5.5 Neighbor-joining analysis of HSVd variants recovered from a variety of hosts. CEVd 
and HLVd have been used as outgroups, and names of individual isolates are abbreviated. 
Lowercase letters indicate the original host plant: h hop, g grapevine, ci citrus, pl plum, pe peach, 
al almond, ap apricot, and cu cucumber; isolate names or numbers follow. Values on the nodes are 
confidence level estimates from bootstrap sampling (1,000 replicates). (Reprinted with permission 
from Sano et al. 2001 who sequenced the isolates denoted by asterisks)
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host-specific groupings observed with HSVd (Fig. 5.5), unpublished phylogenetic 
analyses indicate that the PSTVd variant population is relatively unstructured. The 
one exception is PSTVd-N and the small group of related variants that appear to 
have originated in Oceania. It appears likely that one or more Solanum spp. act as 
a symptomless reservoir from which these variants periodically emerge to infect 
tomato (Verhoeven et al. 2004).

A final example involves the possible origin of potato spindle tuber disease. As 
described by Martínez-Soriano et al. (1996), the cultivated potato (Solanum tubero-
sum L.) originated in the Andes of South America, but attempts to isolate PSTVd 
or a similar viroid from other solanaceous species growing in this area, including 
some known to have been used in potato breeding, have been unsuccessful. 
Solanaceous plants native to Mexico have also been used in potato breeding, and 
one such species (i.e., Solanum cardiophyllum Lindl.) was shown to harbor Mexican 
papita viroid (MPVd), a previously unknown pospiviroid most closely related to 
TPMVd. These authors suggest that potatoes grown in the USA may have become 
infected by chance transfer of MPVd or a related viroid from endemically infected 
wild solaneous germplasm that was imported from Mexico in the late nineteenth 
century in efforts to identify sources of resistance to late blight. For this scenario to 
be correct, sequence evolution must have proceeded very rapidly after transfer to 
potato, however. While the two most distantly related variants in the PSTVd species 
differ by approximately 6%, PSTVd and MPVd exhibit only 80% sequence iden-
tity. The original host of PSTVd has yet to be identified.

5.5.2 Molecular Conformation and Disease Induction

Mild and severe strains of PSTVd (as well as several other viroids) differ only 
slightly in nucleotide sequence (Dickson et al. 1979), and much effort has been 
expended to determine how as few as one or two substitutions can have such dra-
matic biological effects. Less widely appreciated is the variation in sequence com-
plexity exhibited by different viroid isolates. Pioneering studies by Visvader and 
Symons (1985) showed that both mild and severe isolates of CEVd contain a com-
plex mixture of sequence variants, and characterization of three phenotypically dif-
ferent isolates of PSTVd yielded similar results (Góra et al. 1994). Additional 
studies have described the structure of ASBVd (Rakowski and Symons 1989; 
Schnell et al. 2001), CDVd (Owens et al. 2000), GYSVd (Rigden and Rezaian 
1993; Polivka et al. 1996), Hop latent viroid (HLVd; Matousek et al. 2001) and 
HSVd (Palacio-Bielsa et al. 2004) populations. Arguably, the quasispecies concept 
has had the greatest influence on studies of PLMVd pathogenicity.

As discussed in Sec. 5.4, theoretical studies indicate that the branched secondary 
structure of PLMVd is more susceptible to disruption by point mutations than the rod-
like conformation of members of the Pospiviroidae (Sanjuán et al. 2006). Naturally 
occurring isolates of PLMVd are divided into severe or latent strains depending on the 
appearance of leaf symptoms on seedlings of the peach indicator host GF-305 under 
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greenhouse conditions. Extensive sequencing studies with PLMVd have been carried 
out by two different groups, and phylogenetic analysis of over 100 variants indicates 
that they can be divided into two groups sharing 85% sequence identity (Fig. 5.6). 
Group II variants include 99 variants showing 93% or more identity and can be further 
subdivided into three subgroups, each showing specific structural features. Variants in 
subgroup IIb appear to be the product of RNA recombination between members of 
subgroups IIA and IIC during coinfection (Hassen et al. 2007).

Taking advantage of this extensive sequence variation, both the Spanish and 
Canadian groups have used covariation analysis to refine their proposed secondary 
structure models for PLMVd. As shown in Fig. 5.1b, the right side of PLMVd con-
tains a pseudoknot detected by nuclease probing in vitro (Bussière et al. 2000). 
Covariation analysis provides strong support for the existence of (1) several hairpin 
stems within this complex, highly branched region, and (2) a second pseudoknot 
that crosses the extended left side of the molecule containing the (+) strand (−) 
strand ribozymes (Ambros et al. 1998; Pelchat et al. 2000; Hassen et al. 2007). 
Induction of an extensive leaf chlorosis known as “peach calico” requires the 
presence of a 12–13-nt insertion in the hairpin loop containing positions 337 and 1. 
Although direct evidence is lacking, the presence of this insertion does not appear 
to interfere with pseudoknot formation; furthermore, the insertion spontaneously 
reappears upon prolonged passage of PLMVd molecules from which it had been 
deleted (Malfitano et al. 2003).

5.5.3 Stability of Natural Viroid Populations

Viroid isolates from woody perennials such as grapevine (Polivka et al. 1996) or cit-
rus (Owens et al. 2000) may contain complex mixtures of sequence variants, likely 
reflecting the extended opportunity for sequence drift, RNA recombination, and/or 
reinfection. These naturally occurring viroid isolates (i.e., those not derived from 
cloned cDNAs) are usually quite stable when passaged in a single host under control-
led conditions. On at least one occasion, however, a severe (and more rapidly replicat-
ing) sequence variant of PSTVd was observed to sweep through the quasispecies 
surrounding the intermediate green strain under house conditions (Gruner et al. 
1995). Although the spontaneous conversion of PSTVd-Int to RG1 requires only 
three substitutions, mutational analysis suggests that PSTVd-Int occupies a compara-
tively steep peak within the fitness landscape (Owens et al. 2003).

In the case of CEVd, sequential passage of an isolate from a single sweet orange 
source through a series of alternate hosts (Etrog citron, Gynura aurantiaca, a 
Lycopersicon esculentum × L. peruvianum hybrid tomato, and disorganized hybrid 
tomato callus) resulted in a series of isolates differing in symptom expression, titer, 
and electrophoretic mobility (Semancik et al. 1993). Sequence analysis suggested 
the existence of a “tomato signature,” a pattern of sequence changes shared by all 
isolates derived from hybrid tomato tissues. Two of these changes are located in the 
loop E motif of CEVd.
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Fig. 5.6 Relationships among PLMVd sequence variants. a Dendrogram based on the genetic 
distances calculated between the 29 PLMVd sequence variants. Three groups are delineated, and 
asterisks near nodes indicate their statistical significance as determined by bootstrap analysis (100 
replicates). Double asterisks node detected in 90–100% of replicates; single asterisks node 
detected in more than 50% of replicates. b Distribution of polymorphic positions along the sec-
ondary structure of PLMVd. Sequence changes (substitutions, insertions, or deletions) are marked 
by circles, and the number of variants in which each specific position is affected is indicated. 
Regions involved in forming (+) and (−) strand hammerhead structures are flanked by flags, the 
conserved nucleotides present in most natural hammerhead structures are indicated by bars, and 
the self-cleavage sites are indicated by arrows. Black symbols and white symbols refer to (+) and 
(−) polarities, respectively. The reference sequence is marked every 20 nt with boxed numbers. 
Inset: Alternative cruciform conformation for the hammerhead arm in the most stable secondary 
structure. (Reproduced with permission from Ambros et al. (1998))
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Transfer of PSTVd from tomato (its most common experimental host) to tobacco 
(Nicotiana tabacum L.) results in the appearance of new sequence variants. Some 
of these variants contain a C/U substitution at position 259 (Wassenegger et al. 
1996); another contained a U/A substitution at position 257 (Zhu et al. 2002). Both 
of these changes are located within the conserved core of loop E motif in PSTVd. 
A subsequent study by Zhong et al. (2006) considers the effects of these and other 
mutations in loop E on PSTVd replication and transport in light of the need to 
maintain its overall conformation. Because loop E motifs in cellular RNAs are well 
known to serve as important protein binding sites, it is easy to imagine how 
sequence changes in this portion of PSTVd or CEVd could result in dramatic shifts 
in quasispecies composition.

Thermotherapy is widely used to produce virus-free plant material (Mink et al. 
1998), but the underlying mechanisms are not understood. Possibilities include (1) 
inactivation of intact virus particles and/or (2) an inhibition of virus replication/
transport that allows the actively growing shoot apex to “outgrow” the much-
reduced rate of virus spread. Viroid populations are also sensitive to heat stress. 
Using a combination of temperature gradient gel electrophoresis and DNA heter-
oduplex analysis to examine the effect of thermal stress on viroid populations in 
HLVd-infected hops (Matoušek et al. 2001) and PSTVd-infected N. benethamiana 
(Matoušek et al. 2004), Matoušek et al. showed that heat treatment is followed by 
a significant increase in sequence polymorphism (Fig. 5.7). Many variants contained 
multiple mutations, suggesting an accumulation of mutations during successive 
replication cycles; furthermore, approximately two thirds of all sequence changes 
in HLVd or PSTVd were located in the left side of secondary structure.

All HLVd variants tested were infectious, and all gave rise to complex progeny 
populations in hop. Most interesting were the populations of HLVd or PSTVd 
“thermomutants” observed after transfer to alternative hosts. Although no evidence 
of systemic infection could be detected when Arabidopsis thaliana was biolistically 
inoculated with PSTVd-Int strain, biolistic inoculation with a population of PSTVd 
thermomutants passaged through the intermediate host Raphanus sativus was fol-
lowed by progeny accumulation to levels approximately 0.3% of those observed in 
tomato (i.e., detectable only by reverse-transcription PCR). Many of these mole-
cules contained sequence changes in the upper portion of the central conserved 
region (a region known to play a key role in replication/cleavage), but these changes 
were not stably maintained when the individual variants were returned to tomato. 
Similar experiments involving transfer of HLVd thermomutants to tomato or 
N. benthamiana resulted in progeny accumulation to levels detectable by molecular 
hybridization (Matoušek 2003). Clearly, much remains to be learned about how the 
genetic diversity generated by thermal (and other possibly other environmental) 
stress may contribute to changes in viroid host range and speciation.

At high mutation rates, the fittest organisms are not necessarily those that repli-
cate most quickly but rather those that show the greatest robustness against the 
generally deleterious effects of mutations. This phenomenon is sometimes termed 
“survival of the flattest.” A recently published study by Codoñer et al. (2006) com-
pared the ability of two viroids to compete against one another in coinfected 
chrysanthemum plants. One of the viroids tested (i.e., Chrysanthemum stunt viroid, 
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CSVd) replicates rapidly in the nucleus, and the progeny are genetically homogene-
ous. Chrysanthemum chlorotic mottle viroid (CChMVd), in contrast, replicates at a 
slower rate in the chloroplast, and progeny populations are highly variable. Under 
optimal growth conditions, CSVd outcompetes CChMVd as predicted by the 
Darwinian “survival of the fittest” paradigm. When the mutation rate is increased 
by exposure to UV radiation, however, the slowly growing (but more robust) 

Fig. 5.7 Heat-induced accumulation of HLVd sequence variants. a Temperature gradient gel elec-
trophoresis (TGGE) analysis of double-stranded HLVd complementary DNAs (cDNAs) prepared 
from viroid recovered from control and heat-treated hops. The control sample was loaded first; after 
15 min of electrophoresis at 10°C, the sample from heat-treated plants was applied. The melting 
temperature of the major HLVd variant is indicated by the single arrow; additional cDNA species 
with melting temperatures in the range 42–48°C are indicated by the double arrows. These variants 
are present only in HLVd cDNA from heat-treated hop. b TGGE analysis of an HLVd population 
following heat treatment and three passages in Nicotiana benthamiana. HLVd cDNA was synthe-
sized by reverse-transcription PCR, denatured, and allowed to form heteroduplexes before analysis. 
The range of melting temperatures of HLVd heteroduplexes is indicated by the arrows. A tempera-
ture gradient of 20–65°C was used for both analyses, and nucleic acids were visualized by silver 
staining. Double- and single-stranded portions of each gel pattern are indicated by ds and ss, respec-
tively. (Modified with permission from Matousek et al. 2001 and Matousek 2003)
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CChMVd predominates. These experimental results are consistent with computer 
simulations of competing viroid populations.

5.5.4 Generation of Populations From Individual Viroid Variants

Several different approaches have been used to monitor the genetic stability of 
individual viroid sequence variants in vivo. These include (1) inoculation with 
recombinant plasmid DNAs (Góra-Sochacka et al. 1997; Ambrós et al. 1999), (2) 
Agrobacterium-mediated introduction of nondisarmed recombinant Ti plasmids 
(Hammond 1994), and (3) Agrobacterium-mediated plant transformation 
(Wassenegger et al. 1994). When working with highly debilitated variants that are 
only weakly infectious, constitutive expression from an integrated transgene 
provides an effective means to detect the rare events that can restore viroid 
infectivity.

Góra et al. (1994) used a reverse-transcription PCR strategy to generate, in a 
single step, infectious full-length cDNAs from three phenotypically dissimilar 
isolates of PSTVd. When this method was applied to a “mild” isolate, only a single 
sequence variant was recovered. “Intermediate” and “severe” isolates yielded 
three and four variants, respectively. Not all of the variants recovered from the 
severe isolate produced severe symptoms when inoculated onto Rutgers tomato; 
thus, the presence of milder variants in a mixed inoculum may be masked by vari-
ants that are more severe. Follow-up studies (Góra-Sochacka et al. 1997) revealed 
that many of these naturally occurring PSTVd sequence variants were unstable 
when inoculated alone – sometimes disappearing within a single 5–6-week pas-
sage in tomato. This finding supports one of the basic tenets of the quasispecies 
theory, that mixtures of variants can complement each other, and hence the whole 
population is in essence a single entity analogous to an individual with thousands 
of alleles rather than just two. In most cases, the new variants detected induced 
symptoms that were less severe than those of the parent. The number of sequence 
changes detected in both studies was relatively limited, confined almost exclu-
sively to the pathogenicity and variable domains (Fig. 5.1) with only a few changes 
located in the terminal right domain.

A similar study carried out by Ambrós et al. (1999) with PLMVd yielded very 
different results. As shown in Fig. 5.6, sequences comprising the PLMVd species 
can be divided into three groups. When GF-305 peach seedlings were slash-inocu-
lated with a series of four cDNAs derived from PLMVd variants of differing patho-
genicities, the resulting progeny contained a total of 33 sequence variants. The 
structure of the viroid populations derived from single PLMVd sequences differed 
according to the observed phenotype, and mutation frequencies were considerably 
higher than those reported for PSTVd (see above). While Malfitano et al. (2003) 
have shown that spontaneous mutational changes in PLMVd can include the 
appearance of a 12–13-nt insertion in the loop closing the hammerhead arm 
(Fig. 5.1b), the majority of changes observed were single nucleotide substitutions. 
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As discussed by the authors, this rapid evolution of PLMVd may be due to the 
involvement of a different (more error-prone?) RNA polymerase in its replication 
that contributes to the fluctuating symptoms observed with naturally occurring 
severe isolates of PLMVd. Polymorphisms appear to be limited by the need to 
maintain ribozyme activity and certain other structural and functional elements of 
PLMVd.

One important advantage of screening assays that involve mechanical inocula-
tion of full-length viroid cDNAs or RNA transcripts is that the results are usually 
available within a few weeks. Many point mutations in PSTVd and other viroids, 
however, appear to abolish infectivity via mechanical inoculation. In some cases, 
these mutations have been shown to inhibit replication; in other cases, cell-to-cell 
or long-distance transport is disrupted (Qi et al. 2004). Placement of appropriately 
designed PSTVd cDNAs under the control of a constitutive or tissue-specific pro-
moter followed by introduction of the resulting transgene into the nuclear genome 
of the host has made it possible to study the process by which severely debilitated 
variants regain systemic infectivity. No comparable experiments involving 
Avsunviroidae mutants and plastid transformation have been reported.

PSTVd mutants with changes in the terminal loops are not infectious when 
tomato cotyledons are mechanically inoculated with either cDNA or RNA tran-
scripts (Hammond and Owens 1987). Nevertheless, when Agrobacterium-mediated 
inoculation was used to introduce a PSTVd mutant containing several changes in 
the right terminal loop into stem tissue, both replicative intermediates and viroid 
progeny could be recovered from gall and root tissues (Hammond 1994). Progeny 
were only occasionally detected in newly developing leaves, and sequence analyses 
revealed that the initial mutations in PSTVd-R were not stably maintained. 
Mutations in the right terminal loop do not abolish the ability of the PSTVd to rep-
licate; rather, they appear to alter interaction with specific host components (e.g., 
VirP1; Gozmanova et al. 2003) and restrict the normal pattern of intercellular trans-
port. Their phenotype resembles that of mutations elsewhere in the molecule that 
regulate transport across the bundle sheath–mesophyll boundary (Qi et al. 2004).

In a further refinement of this transgene-based approach, Wassenegger et al. 
(1994) used transformed tobacco to study the evolution of a second noninfectious 
PSTVd mutant in planta. The mutant contained a 9-nt deletion located immediately 
adjacent to the upper portion of the central conserved region in PSTVd-Int, and 20 
independent primary transformants were screened by northern hybridization. Only 
one plant proved to be PSTVd-infected, and sequence analyses of the progeny 
revealed a surprising result. Instead of the 350-nt PSTVd variant encoded by the 
transgene, the infectious replicon contained only 341 nt. In addition to a comple-
mentary 9-nt deletion that restored the integrity of the rod-like native structure, the 
progeny also contained five additional point mutations. One of these point muta-
tions was the same C259/U change in the loop E motif that is found in tobacco 
mechanically inoculated with PSTVd isolate KF440-2 (Wassenegger et al. 1996). 
Because the defective PSTVd RNA is continually produced in every cell nucleus 
and is available for RNA–RNA replication catalyzed by RNA polymerase II, it can 
be continuously mutated with selection acting at each step in the replicative pathway. 
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Unfortunately, the stochastic nature of this “repair” process makes it difficult to 
capture in its entirety.

5.6 Origin and Evolution of Viroids

Several possible origins for viroids have been proposed. Viroids could be primi-
tive ancestors or highly degenerate derivatives of conventional viruses, but as 
discussed by Diener (1989), their unusual molecular structure and biological 
properties together with a lack of sequence similarity. Evolution argue against 
this possibility, of viroids from transposable elements, plasmids, or introns has 
also been proposed. At the present time, the balance of evidence suggests that 
viroids could represent “relics of precellular RNA evolution”, and several 
reviews exploring this area have been published (Diener 1996, 2001, 2003).

In essence, the argument for viroid origin in the RNA world is straightforward: 
RNA is the only known biological macromolecule that can function as both genotype 
and phenotype, allowing evolution to occur in the absence of DNA or protein. As 
described by Diener (1989), a simple hammerhead ribozyme similar to those found 
in ASBVd and other members of the Avsunviroidae is theoretically capable of per-
forming all the polymerization, cleavage, and ligation steps required for viroid repli-
cation. The circular structure of the viroid genome and the rolling-circle mechanism 
of replication eliminate the need for replication to initiate at a specific site; likewise, 
the apparently polyploid nature of viroid genomes (Juhasz et al. 1988) would have 
favored their survival under the error-prone conditions of the prebiotic world.

Figure 5.8 compares the structure of the first intermediate in the PSTVd cleav-
age-ligation pathway (Baumstark et al. 1997) with those of the hammerhead and 
hairpin ribozymes.The upper portion of the pospiviroid central conserved region 
contains a short sequence motif (GAAA) that is also present in hammerhead 
ribozymes (Diener 1989). Moving from the level of RNA primary/secondary 
structure to tertiary structure, however, one can see that pospiviroids share an 
even greater degree of similarity with ribozymes. The hairpin ribozyme found in 
(−) strand satellite RNA of Tobacco ringspot virus contains two domains that 
interact in the transition state. Like the central conserved region of pospiviroids, 
the loop B domain of the hairpin ribozyme also contains a loop E motif. Loop E 
motifs are found in many different contexts, often acting as “organizers” for 
multihelix loops in ribosomal RNAs (Leontis and Westhof 1998; Hendrix et al. 
2005); in the case of the hairpin ribozyme, a conformational change in the loop 
E motif accompanies domain docking and is essential for catalysis (Hampel and 
Burke 2001). In addition to sequence-specific cleavage, the hairpin ribozyme also 
catalyzes RNA ligation. Recent experimental work with the hammerhead and 
hairpin ribozymes suggests that they have are more similar than previously 
thought (Burke 2002), and the possibility that viroids are “relics of precellular 
evolution” continues to be very much alive.
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5.7 Concluding Remarks

The now-routine determination of the nucleotide sequences of entire microbial 
genomes has led to the development of synthetic biology, a new field in which it is 
possible to ask, “How few parts (i.e., proteins and RNAs) does it take to construct 
a cell?” Recent experimental studies involving Mycoplasma genitalium (an obli-
gate parasite requiring relatively little adaptive capability) suggest that the answer 
is 43 RNA-encoding and 400 or fewer protein-coding genes (Glass et al. 2006; 
Koonin 2000). The genomes of known viroids are approximately 1,000–2,000 
times smaller than those of mycoplasmas, ranging in size from 246 to 401 nt. Has 
the time now come to ask, “What is the minimal size of the viroid genome?” 
Perhaps so, for much of the necessary preliminary information is either already in 
hand or is currently the subject of active investigation.

The existence of five structural domains in members of the Pospiviroidae was 
first proposed more than 20 years ago on the basis of the comparison of only eight 
different viroids (Keese and Symons 1985), and much effort has since been 
devoted to probing the biological role(s) of individual domains by a variety of 
techniques. The Subviral RNA Database now contains the complete sequences of 
more than 1,100 viroid variants, information that can be used to compare the evo-
lutionary constraints operating on viroids. A series of RNA structural studies car-
ried out by Detlev Riesner and colleagues and largely focused on PSTVd have 
identified several alternative interactions such as secondary hairpin II that are 
essential for viability (reviewed in Steger and Riesner 2003). Multimeric PSTVd 
RNAs undergo a complicated series of structural rearrangements during conver-
sion into monomeric progeny but, a recent study by Schrader et al. (2003) clearly 
showed that a “miniRNA” containing only sequences from the central domain of 
PSTVd can be efficiently processed in a nuclear extract. Interactions with host 
protein(s) are almost certainly required for other steps in the replication pathway 
as well. For example, interaction of PSTVd with Virp1, an RNA-binding protein 
from tomato containing a nuclear localization signal, involves a discrete sequence/
structural motif in the right terminal loop (Martínez de Alba et al. 2003). Following 
transport into the nucleus, synthesis of PSTVd (−) strands by RNA polymerase II 
initiates in the left terminal loop at either position 359 or position 1 (Kolonko 
et al. 2006).

Several studies have described the expression of potentially infectious viroid 
RNAs from transgenes inserted into the nuclear genomes of both host and nonhost 
plant species. This is a particularly powerful experimental strategy, because it 
allows time for an initial variant that is only very weakly infectious to mutate and 
evolve in vivo. As described earlier, Wassenegger and colleagues have used this 
strategy to demonstrate (1) a role for the loop E motif in determining PSTVd host 
range as well as (2) the evolution of a PSTVd variant lacking a large portion of 
the pathogencity domain. Such an error-correction mechanism will be very 
important in future efforts to design a minimal viroid genome capable of autono-
mous replication, because much about viroid–host interaction remains only 
poorly understood. Viroid replication appears to be relatively resistant to RNA 
silencing (Wang et al. 2004) but unanticipated interactions between individual 
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structural domains provide a particular challenge. Sequence changes in all but the 
terminal right domain have been shown to influence symptom development (Sano 
et al. 1992; Qi and Ding 2003), and a series of five sequence changes in patho-
genicity and variable domains of PSTVd disrupts transport from the bundle 
sheath to the leaf mesophyll (Qi et al. 2004). Even small deletions are likely to 
have unpredictable effects.
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