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Viroid quasispecies revealed by deep sequencing
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ABSTRACT
Viroids are non-coding single-stranded circular RNA molecules that replicate autonomously in infected host
plants causing mild to lethal symptoms. Their genomes contain about 250–400 nucleotides, depending on
viroid species. Members of the family Pospiviroidae, like the Potato spindle tuber viroid (PSTVd), replicate via
an asymmetric rolling-circle mechanism using the host DNA-dependent RNA-Polymerase II in the nucleus,
while members of Avsunviroidae are replicated in a symmetric rolling-circle mechanism probably by the
nuclear-encoded polymerase in chloroplasts. Viroids induce the production of viroid-specific small RNAs
(vsRNA) that can direct (post-)transcriptional gene silencing against host transcripts or genomic sequences.
Here, we used deep-sequencing to analyze vsRNAs from plants infected with different PSTVd variants to
elucidate the PSTVd quasipecies evolved during infection. We recovered several novel as well as previously
known PSTVd variants that were obviously competent in replication and identified common strand-specific
mutations. The calculated mean error rate per nucleotide position was less than 5 £ 10¡ 3, quite comparable
to the value of 2:5 £ 10¡ 3 reported for a member of Avsunviroidae. The resulting error threshold allows the
synthesis of longer-than-unit-length replication intermediates as required by the asymmetric rolling-circle
mechanism of members of Pospiviroidae.

Abbreviations: NEP, nuclear-encoded polymerase; PolII, DNA-dependent RNA polymerase II; PLMVd, Peach latent
mosaic viroid; PSTVd, Potato spindle tuber viroid; vsRNA, viroid-specific small RNA; C, P, TL, TR, V, central, pathogenic-
ity-related, terminal left, terminal right, variable domain
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Introduction

Viroids are single-stranded circular RNA molecules that repli-
cate autonomously in infected host plants. As non-coding
RNAs, viroids do not code for any protein but possess the bio-
logic activity and function of a minimal parasite inducing spe-
cific diseases in their hosts.1-3 The severity of viroid-induced
symptoms depends on the viroid variant as well as on the host
and cultivar susceptibility. Members of the family Pospiviroidae,
including the type species Potato spindle tuber viroid (PSTVd),
are transcribed in host cell nuclei in an asymmetric rolling-cir-
cle mechanism (Fig. 1) by the host DNA-dependent RNA poly-
merase II (Pol II); members of the family Avsunviroidae are
replicated by a nuclear-encoded polymerase (NEP) in chloro-
plasts.4 Viroids induce these polymerases to accept RNA instead
of DNA as template with a resulting increase in error rates.
Indeed, for Chrysanthemum chlorotic mottle viroid, a member
of Avsunviroidae, an error rate of 2:5 £ 10¡ 3 has been demon-
strated.5 Consequently, the infecting viroid molecule—the mas-
ter sequence—gives rise to a sequence ensemble of master and
error copies termed a ‘mutant swarm’ or quasispecies.6-8

Viroids rely on both thermodynamically stable and metasta-
ble secondary structures to recruit host factors for replication,
processing, ligation, and systemic trafficking.9 These structures

mimic host binding motifs and drive selection during replication
and quasispecies formation (Fig. 1). Indeed, viroid infections
may spontaneously, or in new hosts adaptively, generate new
viable and competitive sequences.10-13 Thus, viroids as minimal
biologic entities with high replication and error rates provide a
unique opportunity to study such quasispecies.

Viroid infections also induce the production of viroid-
specific small RNAs (vsRNA) that appear to be involved in path-
ogenesis:14,15 sequence complementarity with host transcripts
results in (post-)transcriptional gene silencing and creation of a
host environment favoring viroid replication. Thus far, 3
vsRNA-based pathogenic determinants have been described; the
first involves a variant of Peach latent mosaic viroid (PLMVd),16

the second Tomato planta macho viroid ,17 and a third PSTVd.18

In this context, 3 deep-sequencing small RNA data sets iso-
lated from tomato (Solanum lycopersicum) infected with
PSTVd variants are currently available. The first is from culti-
var ‘Heinz 1706’ infected by PSTVd variants QFA, C3, or AS1
that induce mild, severe, and “lethal” symptoms, respectively.13

The second is from cultivar ‘Rutgers’ infected by PSTVd var-
iants M or I that induce mild and intermediate symptoms,
respectively.19 The third is from 4 tomato cultivars infected
with PSTVd variant RG1. RG1 induces intermediate to severe
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symptoms in cultivars ‘Heinz 1706’ and ‘Rutgers’ but only mild
symptoms in ‘Moneymaker’ and ‘UC82B’.

It is well known that the full sequence of the infecting
viroid variant (or larger viruses) can be assembled from such
small RNA data sets either using the viroid sequence as
reference20 or even without a reference.21,22 In this study, we
have gone a step further; that is, we have used small RNA
data to compare the mutational landscapes of different
infecting viroid variants. These landscapes reflect a combina-
tion of replication efficiency, selection, and sequencing
errors. We evaluated the viroids’ sequence space from the
deep-sequencing data following methods established for
RNA viruses23-27 and applied the quasispecies theorem6,28

and associated concepts to viroids to estimate a lower bound
for the replication fidelity of their genomes.

Results

vsRNA expression

We identified vsRNAs by mapping small RNA reads from
deep-sequencing data sets Ds, Do and Dp to the respective
infecting PSTVd variant with different accuracies (Fig. 2A). In
the range from 100 to 90% accuracy, only a very small number
of small RNAs from mock-inoculated deep-sequenced samples
mapped to the PSTVd variants (Fig. S2). Thus, we continued
with vsRNAs mapped with 90% accuracy for the remaining
results. That is, we tolerated up to 2 mismatches between a
standard read with length < 25 nt and a viroid sequence to
ensure sufficient specificity while allowing some variability.

The numbers of vsRNAs from intermediate and severe
PSTVd variants were similar and higher than those from mild
variants (see Table S2). In data sets Dp and Do, (¡)-stranded
vsRNAs were less abundant than (C)-stranded vsRNAs. In Ds,
vsRNA levels gradually increased from QFA to C3 to AS1.
Notably, the lower pathogenicity-related domain (PC

lower; see
Fig. S1A) of PSTVd variants AS1 and C3 exhibited vsRNA
expression peaks not seen for QFA (Fig. 2A).

In all but one case, the numbers of mapped vsRNAs
increased by about 10% (Table S2) as the mapping accuracy
was decreased from 100 to 90% (Fig. 2A). The clear exception
was the vsRNA profile of variant QFA: here the additional
mappings at 90% accuracy revealed sequence variations in the
upper central to variable domain (.C¡V/upper) and—to a
minor extent—in the lower P to terminal-left domain
(.P¡TL/lower). These mutations show up more clearly in a plot
of differences between nucleotides in vsRNAs and the infecting
PSTVd sequence (Fig. 2B). In QFA, mutations at positions
120–125 and 303–316 are up to 10 times more abundant than
the original QFA nucleotides and present in both (C)- and
(¡)-stranded vsRNAs. Other mutations appeared to be present
only in vsRNAs derived from the respective (C)-strands; e.g.,
changes near position 200 visible in all panels.

With this surprising result in mind, we mapped each deep-
sequencing data set to all PSTVd variants available in the subvi-
ral database.29 Indeed, the reads from the QFA-infected sample
were more consistent with the sequence of variant KF5M5 (AC
M93685) than with QFA (see panels marked “QFA !
KF5M5” in Fig. 2). Results for C3 and the other variants were
not as clear-cut, but this discrepancy between the infecting
sequence and that of the resulting progeny assembled from the
vsRNA reads in the case of variant QFA prompted us to ana-
lyze these deviations in all data sets in detail.

To elucidate the distribution of mismatched nucleotides in
vsRNAs, we plotted the locations of these mismatches along
the respective PSTVd sequence in Fig. 2B and the log ratio of
these mismatches to the corresponding reference nucleotide in
Fig. S3. In the latter figure, the few positive values—especially
in the QFA mapping—clearly show that a PSTVd variant(s)
different in sequence from the originally infecting PSTVd vari-
ant was present in excess among the progeny. The same mis-
match positions dominate in Fig. 2B where a clear example is
again seen at positions 61, 121, and 315 of QFA, or, less obvi-
ously, at positions 308–314 of C3.

These mutations with their relative high frequencies emerge
from a background of sequence errors, visible in both polarities
in all data sets independent of the infecting PSTVd variant, inoc-
ulation method, or tomato cultivars. This background makes it
difficult to distinguish replication-competent variants contain-
ing complementary changes in both strands from the infecting
reference sequence. To extract relevant mutations and to detect
co-appearing mutations, we developed the method NETMAP.

Identification of replication-competent PSTVd variants
using graph theory

NETMAP extracts viable and connected sequence positions from
vsRNA data. We define mutations as viable if they are present in
reads of both polarities and thus are likely to originate from repli-
cating viroids. Mutations are connected and originate from the
same genome if they are present on a single read. For further pro-
gram details see Material & Methods. This network analysis
revealed the presence of several potentially viable sequence variants
that co-existed with the inoculated PSTVd variant.

From the reads mapping to PSTVd variant QFA in Ds, NET-
MAP identified 3 significantly expressed mutations. Fig. 3A illus-
trates the deletion of an A in the oligo-A sequence upstream of G62;

Figure 1. The asymmetric rolling-circle replication of members of the Pospiviroidae
exploits the host’s Pol II. The circular monomeric PSTVd genome, arbitrarily desig-
nated as (C)-strand, is transcribed into an oligomeric linear (¡)-strand; the latter is
template for synthesis of an oligomeric linear (C)-strand. The oligomeric
(C)-strand is cleaved into monomers that are ligated to form the mature circular
form. Pol II transcription introduces mutations and generates the quasispecies to
explore the sequence space; the gray arrow indicate selection acting against non-
viable mutations.
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this deletion was present in about 29% of (C)-stranded reads cov-
ering this position and in about 76% of (¡)-stranded reads. Fig. 3B
illustrates 2 connected mutations, an A121 !U transversion and
an A deletion upstream of G125; both mutations dominated the
reference sequence in strands of both polarities. Fig. 3C illustrates
5 connected mutations including 2 insertions. These mutations
also dominated the reference sequence but at least part of this
region (i.e., positions 303–307) was only covered by low read
numbers. If all these mutations from regions Pupper, Vupper, and
Plower were present in the same molecule, the inoculated PSTVd
variant QFA would have evolved to variant KF5M5 (AC
M93685.1).

For variant C3, NETMAP identified 6 variable sites: A47 !
U and A59 !AA in region Pupper (Fig. 3G), and A308 !U,
C310 !A, U312 !A, and U314 !C in Plower (Fig. 3H). Muta-
tion C310 !A was only weakly supported (below 0.2% reads in
both polarities) and was not connected with the neighboring
mutations. The other 5 mutations were each supported by
1–15% of reads. If all 5 mutations were present in the same
molecule, the sequence of the resulting progeny would be iden-
tical to that of variant AS1. Note, however, that C3 was still the
dominant sequence at the time of sampling. For plants inocu-
lated with variant AS1, NETMAP detected no sequence
variations.

Figure 2. Mapping of small RNA reads to PSTVd variants. (A) Frequency of reads mapping to PSTVd positions with different accuracies (see color code at top). Note the
differently scaled y-axes. (B) Sequence variation (see color code at top) at 90% mapping accuracy; stacked bars represent the square root of ratio of a specific variation in
relation to all variations (including the reference nucleotide) at one site. All insertions are collapsed into one count regardless of base and length. Viroid domains (see
Fig. S1A) are marked close to the top. Deletions (D), insertions (I), and mutations to A, U, G, or C are marked by different colors (see legend at top).
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In Dp, network analysis revealed sequence variation in both
PSTVd variants M and I. For variant M we identified 2 linked
and dominant mutations (deletions of U314 and U315 in about
70% of reads; Fig. 3D). For variant I we identified a minor
mutation (deletion of C301 in < 7% of the reads; Fig. 3F).
Sequence comparisons revealed no known variants associated
with these changes.

For Do, NETMAP detected only a single mutation (i.e.,
U309 ! A) in about 2% of (C)- and 4% of (¡)-stranded reads
from ‘Moneymaker’ plants (see Fig. 3E). This change is present
in several other PSTVd variants (e.g., KF440–2 (X58388.1),
X52039.1, X52040.1), but only in combination with additional
mutations. No sequence variation of the infecting PSTVd vari-
ant RG1 was detected in the other tomato cultivars.

Polarity-specific mutations

Besides the potentially replication-competent mutations
detected by NETMAP, several other mutations were identified
in reads of only one polarity. All data sets contained a deletion
at consensus position 202 in the (C)-strand with mean expres-
sion ratios vdeletioni 6 vreferencei (i D 204 for variants AS1, I, M,
and RG1, I D 203 for C3, and i D 205 for QFA) of 0.10, 0.09,
and 0.27 in Ds, Dp, and Do, respectively. This deletion could

disrupt a binding motif for viroid binding protein 1 (VirP1;
Fig. S1A and C), thereby resulting in loss of infectivity.30,31 The
Do and Dp data sets also contained a significant level of varia-
tion at position 32 in TLC

upper. However, because this reflects
mainly a A32 ! U change at the end of reads, this variation
could be a result of imperfect trimming.

We also identified a deletion at consensus position 256 that
is located in the loop E motif (see Fig. S1A) in all data sets
except Do. Loop E is involved, among other processes, in proc-
essing of (C) replication intermediates to circles [for review see
ref 9] Such a deletion would destroy the tertiary structure of
this loop,32 which is consistent with its presence only in (C)
strands. It should be noted, however, that any change not sup-
ported by the corresponding mutation in the opposite strand
has a higher chance of originating from either sequencing or
mapping errors.

Error rate, error copies, and error threshold

Using the ratio of sites containing a variant nucleotide to those
with the reference nucleotide, we estimated the probability q
for error-free reproduction of a single nucleotide in the master
copy of a viroid genome during replication (see equation (1)).
As master copy we used the sequence of the originally infecting

Figure 3. Sequence networks extracted by NETMAP from reads mapping with 90% accuracy to the respective infecting PSTVd variant. Nucleotides in solid circles show
sequence positions that are identical to the reference sequence; those in dashed circles show mutations. Insertions and deletions are indicated by ( NIns ) and ( ¡ position ),
respectively. Solid arrows connect nucleotides; dotted arrows link mutations that are located on the same read. An arrow pointing from position x to position y indicates
(C)- and (¡)-polarity if x> y and x< y , respectively. Read numbers (edge weights) label the arrows. Positions of mutations in the secondary structure of PSTVd are
shown in Fig. S1D.
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PSTVd variants as well as any suspected new variants that
evolved during infection (see Table 1).

The value of the mean error rate per nucleotide Perror D 1¡
q was .7:0 § 2:4/£ 10¡ 3 averaged over variants AS1, C3,
QFA ! KF5M5, I, M ! Var, and RG1. In contrast, the calcu-
lated error rate for variant QFA was much higher, consistent
with the observed accumulation of mutations and its replace-
ment as master copy by variant KF5M5. Similarly, the calcu-
lated error rate for variant M would not allow the error-free
replication of the originally infecting variant, and this sequence
also tended to be overgrown by a variant.

How are these calculated error rates for viroid replication
and selection affected by sequencing errors? To estimate the
effect of sequencing errors, we determined the apparent error
rates for 2 tomato microRNAs (see Table S3). Like viroids,
microRNAs are transcribed by Pol II, but from a DNA rather
than an RNA template. The calculated error rates for these
microRNAs were close to 6£ 10¡ 4 and quite similar for the
different data sets. Error rates for Pol II transcription of
mRNAs are known to be in the range of 1£ 10¡ 5 ¡
1£ 10¡ 6;33,34 consequently, our higher-than-expected error
rate for microRNA synthesis is due to sequencing error. Note,
however, that this rate of sequencing error is lower than the
error rate of viroid replication and selection (.7 § 2/£ 10¡ 3)
by about a factor of 10. Our data sets also contained sequences
derived from several other small non-coding RNAs (e.g., 5.8S
RNA, 7SL RNA, and tRNA), but their synthesis involves poly-
merases other than RNA Pol II. Furthermore, the number of
reads recovered from such RNAs were � 10-fold fewer than
those derived from the 2 microRNAs (data not shown).

Finally, from the estimated error rates of viroid replication
we calculated the probability of error-free unit-length copies
Perror-free D .1¡ Perror/ j S j D q j S j .6 As shown in Table 1, 20% or
less of the PSTVd population per replication cycle corresponds
to the original variant genome. We also calculated the error
threshold based on the determined error rates to estimate the
longest possible error-free viroid genome (Fig. 4). Error rates
for the original variants M and QFA were clearly too high to

support the size of their genome leading to an error catastro-
phe.6 In contrast, the error thresholds for the evolved variants
M ! Var and QFA ! KF5M5 were much higher, thereby
allowing these sequences to co-exist with or even outcompete
the respective original variants.

Discussion

We examined 3 sets of small RNA deep-sequencing data
derived from PSTVd-infected tomato plants for evidence of
viroid sequence evolution/drift. As expected, we were able to
reconstruct the sequences of the PSTVd variants used to initiate
infection after mapping the reads with SEGEMEHL at 100%
accuracy. Reducing the mapping accuracy to 90% revealed the
presence of additional reads that allowed us to detect variants
of the inoculated PSTVd sequences.

In the data set from plants inoculated with QFA, we detected
all 8 mutations by which QFA differs from the known mild var-
iant KF5M5. The use of cloned cDNA as inoculum and a new,
viroid-free climate box to maintain the plants after inoculation
(see Materials & Methods) allows us to exclude one possible
explanation for such a result; i.e., contamination of the QFA
inoculum by KF5M5. From the small read data alone we cannot
be sure that all the mutations detected were present in the same
PSTVd genome. It is highly likely, however, that at least a sig-
nificant proportion of the progeny did so because only 3 of 266
unique PSTVd variants (see Fig. S4) recovered from GenBank
contain all the changes between positions 302 and 312 shown
in Figs. 3C and S1D. Each of these variants (i.e., KF5M5 plus
the closely related KF5M3 and KF5M4) also contain all the
changes detected in the upper portions of the pathogenicity
and variable domains. Thus, our analysis captured the in planta
evolution of a new PSTVd quasispecies.

This uncertainty could be overcome by the analysis of quite
large RNA-Seq libraries of circular PSTVd variants; to our
knowledge, however, such an analysis has only been performed
for PLMVd.35 The uneven distribution of short reads along the
PSTVd genome (“hotspots”) should not create major problems

Table 1. Parameters of vsRNAs mapping to their respective PSTVd genomes in both polarities.

Perror 6 10¡ 3c Perror-free
d

data set Cultivar a PSTVdb (C) (¡) (C) (¡)

Ds Heinz1706 AS1 5.6 4.0 0.13 0.24
C3 4.4 4.4 0.21 0.21
C3! AS1 99 71 0.00 0.00
QFA 196 1170 0.00 0.00
QFA! KF5M5 4.3 3.5 0.21 0.28

Dp Rutgers I 7.7 5.8 0.06 0.12
I! Var 9.9 9.1 0.06 0.12
M 24 17 0.00 0.00
M! Var 10.1 6.5 0.03 0.10

Do Heinz1706 RG1 8.6 10.5 0.05 0.02
Rutgers 9.9 10.9 0.03 0.02
UC82B 6.3 6.6 0.10 0.09
Moneymaker 8.0 8.6 0.06 0.05
Moneymaker RG1! Var 133 65 0.00 0.00

aTomato cultivar used for infection.
bvsRNAs were determined by mapping the small reads to the sequence S of the respective inoculated PSTVd variant using SEGEMEHL with 90% accuracy; if mutations
point to presence of an additional PSTVd variant, the mapping was repeated with this other variant.

cPerror D S j S j
iD 1v

var
i 6 vrefi

� � 6 j S j ; mean error rate per nucleotide position.
dPerror-free D .1¡ Perror/ j S j D q j S j ; probability for exact reproduction of the respective viroid sequence.

RNA BIOLOGY 321



for our type of quasispecies analysis because all calculations are
only based on relative count numbers vvar 6 vref (see (1) and
(2)).

In data sets from ‘Moneymaker’ plants inoculated with RG1
or ‘Heinz 1706’ plants inoculated with AS1, C3, or I, only
minor levels of mutations were detected; that is, the inoculated
variant remained the master sequence at the time of sampling.
In contrast to the closing remarks in ref. 37 where the authors
recommend the use of cloned cDNA as inoculum rather than
the inherently more heterogeneous RNA transcripts, the type
of inoculum used in our studies appears to have had little or no
effect on sequence evolution in vivo.

PSTVd variants I and M share 97% sequence homology, and
a previous comparison of cloned RT-PCR products suggested
that both variants replicate stably when inoculated to tomato.36

Our analysis of small RNAs extracted from an independent set

of plants infected with these 2 variants indicates that this con-
clusion may need to be reexamined. In data set Dp a novel vari-
ant differing from PSTVd-M by a 2-nucleotide deletion in the
lower P region was present at levels comparable to the inocu-
lated variant. PSTVd-I appeared to be more stable than
PSTVd-M, and the low levels (<7%) of a novel variant in the
progeny could well have escaped detection by cDNA cloning.

Taken together our results fit quite well with quasispecies
theory; i.e., the viroid quasispecies serves as a source of adapta-
tion to new hosts, and changes in selective pressures are able to
induce the rapid emergence of new variants.11,38-43 The fitness
landscape of PSTVd seems to contain a limited number of
peaks,12 many of which coincide with known variants. In addi-
tion to replication-competent mutants, mutations that are pres-
ent in only one polarity might also be advantageous for viroid
evolution. Such mutations may allow fast adaptation to new

Figure 4. Dependence of the calculated error thresholds ( tmax ; see equation (3)) on selective advantage ( s ; see equation (2)) of the master copy for individual PSTVd
variants based on the Perror values calculated from analysis of the respective vsRNA populations (see Table 1). Solid lines connect thresholds for (C)- (circles) and
(–)-strands (triangles) of the same sample. Dotted horizontal lines indicate the mean PSTVd genome length (359 nt) times the number given on the left end of lines.
Dashed curved lines indicate mean error rate per nucleotide Perror given on the right end of lines.
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environments, as shown for example for ribozyme selection,44

and may also increase the spectrum of host targets susceptible
to post-transcriptional gene silencing. Thus, a PLMVd variant
that contains a specific hairpin insertion sequence and induces
a loss of pigmentation known as ‘peach calico’, expresses a
vsRNA that targets the mRNA of chloroplastic heat-shock pro-
tein 90 leading to chloroplast malformation.16 Also, PSTVd
variants M and I express a scarce vsRNA from PC

upper that pairs
a tomato CalS11-like mRNA.18 vsRNAs encoded by the mutant
swarm rather than the master sequence could allow the viroid
to attack additional targets, thereby creating a cellular environ-
ment more favorable for viroid replication.

The concept of an error threshold6 limits the length of a self-
replicating molecule to the inverse of the error rate of its repli-
case. This concept also holds for viroids that utilize a host poly-
merase for replication. Because the host polymerase, either Pol
II for members of Pospiviroidae or NEP for members of Avsun-
viroidae, has to act on a foreign RNA rather than its normal
DNA template, it is often assumed that the error rates could
well be higher than those observed with DNA templates.
Indeed, the error rate of a member of Avsunviroidae has been
shown to be 2:5£ 10¡ 3,5 resulting in »1 mutation per genome
replication. Considering the higher structural constraints
imposed by the rod-shaped structure of members of Pospiviroi-
dae in comparison to the branched structure of most members
of Avsunviroidae, Dur�an-Vila et al. have proposed that the
error rate of Pospiviroidae should be 10-fold lower than that of
Avsunviroidae.45 Our data for PSTVd indicates, however, an
upper limit of 5£ 10¡ 3 for the error rate, a value which is quite
similar to that for a member of Avsunviroidae. Additional
measurements using other viroid-host combinations are
needed before a firm conclusion can be drawn.

The studies described here used a collection of vsRNA sam-
ples isolated from a single host species at just one time point
comparatively late in the PSTVd infection process. Despite these
limitations, we have shown that vsRNA analysis can distinguish
mutations that block PSTVd replication and/or movement from
those that allow continued systemic infection. Future studies of
carefully selected combinations of viroid variant and host plant
growing under controlled conditions and repeatedly sampled
throughout the course of infection should provide new insights
into several aspects of viroid-host interaction.

Materials and methods

Deep-sequencing data sets of small RNAs

We analyzed 3 published sets of small RNA sequence data,
which are abbreviated as Ds, Dp and Do, respectively. In the fol-
lowing we summarize the small RNA preparation and sequenc-
ing to point out some experimental differences and
commonalities between these data sets.

Ds
13 is from S. lycopersicum ‘Heinz 1706’ plants infected

with PSTVd variants QFA (mild, GenBank AC U23059.1), C3
(severe, HE575349.1), or AS1 (“lethal,” AY518939.1). Plants
containing 3 true leaves were biolistically inoculated42 with
StyI-cleaved full-length cloned cDNA,41 and plants were main-
tained in climate boxes at 28�C under a mixture of fluorescent
and incandescent illumination (10,000 lx for a 16 h-day

period). Samples of leaf and stem tissue were collected 30 d
post infection (dpi); total RNA was prepared by phenol/chloro-
form extraction and ethanol precipitation, and small RNAs
were enriched by denaturing gel-electrophoresis and gel-
elution. Ligation of 30 and 50 adapters and cDNA synthesis was
performed by vertis Biotechnologie (Freising, Germany); Illu-
mina sequencing of the cDNA was done by GATC Biotech
(Konstanz, Germany) on a HiSeq 2000 system.

Dp
19 is from S. lycopersicum ‘Rutgers’ plants infected with

the PSTVd variants Intermediate (I, AY937179.1) or PSTVd
Dahlia (M(ild), AB623143.1), respectively. Plants having only a
single true leaf were inoculated with dimeric RNA transcribed
with T7 polymerase from cloned cDNA;46 plants were grown
in a growth chamber controlled at 25�C, with a 16-h day and
high light intensity (fluorescent, 40 W £ 4). Leaf samples were
collected 21 dpi; total RNA was prepared by phenol/chloroform
extraction and DNase I treatment; small RNAs were enriched
by denaturing gel-electrophoresis and gel-elution. Ligation of
adapters, cDNA synthesis and deep-sequencing was performed
by Hokkaido System Science Co. (Sapporo, Japan) using a
Genetic Analyzer IIx platform. Do is from 4 different tomato
cultivars infected with monomeric T7 RNA transcripts47 hav-
ing the sequence of the PSTVd variant RG1 (intermediate–
severe, U23058.1). Cultivars ‘Heinz 1706’ and ‘Rutgers’ are
PSTVd-sensitive, and the PSTVd-insensitive ‘Moneymaker’
and ‘UC82B’ are nearly asymptomatic. Plants having 3 true
leaves were mechanically inoculated with T7-RNA transcripts;
samples of young leaf tissue were collected 27 dpi and small
RNAs were extracted using Trizol reagent (Life Technologies,
Carlsbad, CA, USA) and enriched mirVanaTM kit (Life Tech-
nologies). Ligation of adapters, cDNA synthesis and deep-
sequencing was performed by Expression Analysis/Q2 Solu-
tions (Durham, NC, USA).

For Ds, we used PrinSeq48 for entropy-based removal of
uninformative poly-A tails derived from the sequencing proce-
dure. Illumina adapters were removed using TRIMMO-
MATIC.49 We used SEGEMEHL v. 0.2.050,51 to map deep-
sequenced vsRNAs to their infecting PSTVd variant reference.
Parameters for use of these programs are listed in Table S1.

Sequence evolution

We followed Eigen’s formalism for the evolution of sequences.6

In brief, read mappings with 90% accuracy resulted in positions
i deviating from the reference sequence S; consecutive inser-
tions were handled as a single mutation at the corresponding
first position. The read count with the reference nucleotide at
position i is vrefi , the sum of all reads with nucleotide changes
(substitutions, insertions, or deletions) at position i is denoted
as vvari . Then the probability q for exact reproduction of a nucle-
otide was estimated by the mean error rate Perror over all sites:

q.S/D 1¡
Xj S j
iD 1

vvari

vrefi

0
@

1
A 6 j S j D 1¡ Perror (1)

Under the assumption that master and error copies exhibit
the same decay rate, we estimated the average selective
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advantage s of the master copy over the error copies under 90%
accuracy mapping52

s.S/D
Xj S j
iD 1

vrefi

vvari
(2)

and the error threshold

tmax < ln.s/ 6 .1¡ q/: (3)

Sequence network mapping with NETMAP

We developed a graph-orientated method named NETMAP, a
PERL script based on SAMTOOLS53 and Bio::DB::Sam, to assem-
ble the PSTVd sequence space frommapped deep-sequenced small
RNA reads. A PSTVd sequence of length l is represented by j v j l
vertices with v 2 A; C; G; U; D.eletion/; I.nsertion/f g con-
nected by weighted directed edges e. A weight w is the count of 2
adjacent vertices located in any single read; the edge direction rep-
resents (C) and (¡) strandedness of reads. The graph GD .V ; E/
is constructed from short reads mapped by SEGEMEHL with
90% accuracy to a reference sequence, which is the PSTVd variant
used for infection.

We applied the following filter steps to vsRNA reads to
reduce noise based mainly on sequencing errors:

1. Two neighboring sequence positions .u; v/ are only con-
nected by an edge e.u; v/ if they are in the same read
with read counts w.e.u; v//� 20 and relative counts
w.e.u; v// 6 w.e.uref ; vref //� 0:01 .

2. Mismatching bases at the 50 or 30 end of a read are con-
sidered as adaptor contamination or sequencing error if
no other reads embed these variations.

3. Only variants present in both polarities are considered
competent for replication.

4. Two (or more) sequence variations are only considered
as connected (i.e., derived from one genome) if a read
includes both; that is, variations further apart than the
length of a read might originate from different PSTVd
genomes. If 2 variants are present on both polarities but
are only connected in one polarity, we still considered
them as connected.
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