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Abstract

Viroids occur in plants as swarms of sequence variants clustered around a dominant variant, leading to adoption of the
term ‘quasispecies’ to describe the viroid population in an individual host. The composition of the quasispecies can poten-
tially change according to the age of the infection, the position of the leaf or branch in the canopy, and the host species.
The primary aim of this study was to investigate the quasispecies concept for citrus viroid VII (CVd-VII), a recently
discovered member of the family Pospiviroidae. Three experiments were conducted to determine factors affecting viroid
variability (i) within different tissues of a lemon plant, (ii) among different plants of the same species (citron), and (iii)
among different species and hybrids of citrus. Using two primer sets to produce amplicons for high-throughput sequenc-
ing, viroid population profiles were generated for each sample. The number of variants that were identified with both
primer sets ranged from 2 to 13 per sample, and each sample comprised 1 to 4 major (> 10% sample) variants. The com-
position of variants differed in samples from different plants and among tissue types of a single plant. Single-nucleotide
polymorphisms (SNPs), mostly in the form of substitutions, were the primary source of variation; in this study, SNPs
were observed in approximately 10% of the viroid genome. The results of the three experiments indicate that CVd-VII
follows the quasispecies model as reported for other viroids and that variability occurs in viroid populations in different
tissue types and host species.

Introduction conservation: a central conserved region (CCR) and either

a terminal conserved hairpin (TCH) or a terminal con-
Members of the family Pospiviroidae are small (246375 served region (TCR) [10, 16, 39]. The family Pospiviroidae
nucleotides [nt]), single-stranded, circular RNA molecules is further divided into five genera (Apscaviroid, Cocadvi-
that adopt a rod-like or quasi-rod-like conformation due to  roid, Coleviroid, Hostuviroid, and Pospiviroid) based on
internal base pairing. They contain two sites of sequence  the type of CCR, the presence of a TCH or a TCR, and
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the clades observed in phylogenetic analysis. Members of
the Pospiviroidae also have five conserved structural ele-
ments: the terminal regions at the left and right extremities
of the rod-shaped structure (T, and Ty, respectively) and
the pathogenic (P), variable (V), and central (C) domains
[26]. However, the exact boundaries of these domains are
not properly defined, particularly for members of the genus
Apscaviroid [52]. Citrus viroid VII (CVd-VII, species
Apscaviroid etacitri), the topic of this paper, belongs to the
genus Apscaviroid and has a CCR that is identical to that of
apple scar skin viroid (species Apscaviroid cicatricimali),
the type member of the genus.

Members of the Pospiviroidae replicate in the nucleus
of their host and utilise host-encoded DNA-dependent RNA
polymerase II for this process [17]. This enzyme has a high
error rate during transcription, reported to be 1.4-3 x 10~*
errors per nucleotide position for potato spindle tuber viroid
(PSTVd, species Pospiviroid fusituberis) [4, 29]. The low
fidelity associated with this polymerase results in mutations
and sequence variability, which has been observed in stud-
ies where viroid cDNA transcripts were inoculated into host
plants, leading to the accumulation of genetic variants and
the formation of quasispecies [19, 22-24].

The quasispecies theoretical model was first proposed by
Eigen [15] to describe viruses that form self-sustaining pop-
ulations of sequence variants due to imperfect replication in
their host plant. This same concept applies to viroids, which
exist as a suite of sequence variants present in an individual
host with many single-nucleotide polymorphisms (SNPs)
[2, 4, 9, 20]. For example, over a third of the genome of
pear blister canker viroid (species Apscaviroid pustulapyri)
is variable [35]. However, the SNPs are not randomly dis-
tributed in the genome; rather, they accumulate in locations
where a mutation does not destabilise the secondary struc-
ture of the viroid or in core replication-associated motifs.
Selection pressures are also exerted by the host plant, thus
influencing which mutations become fixed in the quasispe-
cies population and which are eliminated [13, 47]. The term
‘quasispecies’ in this study refers to the outcomes of the
quasispecies theory, a population of closely related viroid
variants observed in an individual host.

The sequencing of recombinant cDNA clones to deter-
mine viroid sequence diversity has been commonly used to
analyse the quasispecies profiles of many viroid species [5,
19, 21, 24, 47, 48]. The development of high-throughput
sequencing has enabled a more thorough analysis of the
population composition of viroid sequence variants [1, 4,
22, 29, 46]. This technique permits the determination of
nearly complete genome sequences of individual viroid
molecules and their relative frequency. Tangkanchanapas
et al. [46] determined that amplicon sequencing replicates
displayed high reproducibility, with the vast majority of
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sequence variants observed in all polymerase chain reaction
(PCR) replicates of a plant sample.

Citrus plants are susceptible to a range of viroids, includ-
ing the highly pathogenic citrus exocortis viroid (species
Pospiviroid exocortiscitri) and the cachexia-inducing vari-
ants of hop stunt viroid (HSVd, species Hostuviroid impe-
dihumuli) [12, 41]. Sequence variants of citrus viroids have
long been reported to differ in their biological properties
and pathogenicity [33, 37, 38, 42, 49]. In HSVd, a single
nucleotide change is responsible for the induction of severe
or mild cachexia symptoms [43]. Citrus viroid VII is the
most recently discovered of the viroids infecting citrus and
was found in the asymptomatic lemon (Citrus Xlimon (L.)
Osbeck) cultivars, ‘Lisbon’ and ‘Eureka’ following routine
biological indexing on ‘Etrog’ citron (C. medica L.) [6]. The
viroid has only been detected in trees growing at a research
station in Dareton, New South Wales, Australia. Little is
known about the biology of this viroid, and knowledge of
the genetic variability of CVd-VII is restricted, with only
four sequence variants described [6].

The first aim of this study was to investigate the genome
variability of CVd-VII. We hypothesised that the profile
of sequence variants would vary according to host species
infected and the tissue type that was sampled. Complex
three-dimensional secondary structures play a crucial role
in determining viroid activity. The loops or bulges that are
found throughout the secondary structure of PSTVd are
hypothesised to represent functional motifs that have dis-
tinct roles in replication and trafficking processes [18, 54].
Therefore, this study also aimed to determine locations
of SNPs within the genome of CVd-VII and the effect of
any sequence variability on its structure. We also sought to
define the variable regions of the CVd-VII genome, which
need to be considered when designing PCR-based diagnos-
tic assays.

Materials and methods
Viroid source, inoculation, and sampling

The CVd-VII isolate used in this study originated from a
lemon cv. Lisbon field tree [6]. This isolate was maintained
in either a daughter lemon plant grafted onto a hybrid
rootstock (Cox; mandarin (C. Xaurantium L.) X trifoliate
orange (C. trifoliata L.)) and grown in a greenhouse under
controlled environmental conditions (26°C/22°C) with nat-
ural light or in an ‘etrog’ citron slash-inoculated with CVd-
VII RNA [6].
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Factors affecting viroid variability

Three different experiments were performed to examine
factors affecting viroid variability, as follows:

Intraplant variability of CVd-VII

Triplicate samples (~50 mg) of either leaf lamina or bark
were taken from new growth (latest flush) or mature growth
(second preceding flush) from a single CVd-VIl-infected
lemon plant grown in a temperature-controlled glasshouse
maintained at 20-25°C for RNA extraction.

Interplant variability of Cvd-VII

Eight healthy citron plants propagated from cuttings were
grown in a warm-temperature glasshouse (30°C/26°C) and
then graft-inoculated with CVd-VII using bark chips taken
from a single budstick of a CVd-VII-infected citron source
plant. Bark (~50 mg) was sampled from the single budstick
of the CVd-VlIl-infected citron source plant at the time of
inoculation of the recipient plants and from new growth
of each of the eight inoculated citron plants seven months
post-inoculation.

Intervarietal variability of Cvd-VII

Healthy bergamot (Citrus xlimon (L.)), blood orange (C.
xaurantium L.), lemon (cv. ‘Fino”), mandarin (cv. ‘Oroval’),
and Valencia orange (C. xaurantium L., cv. ‘Midknight’)
were grafted onto duplicate rough lemon (C. Xotaitensis
(Risso & Poit.) Risso) rootstocks at the same time as bark
inoculum from CVd-VlIl-infected citron was budded onto
the rootstock. The scions were allowed to grow out in a
temperature-controlled glasshouse maintained at 20-25°C.
Four years post-inoculation, green bark tissue (~50 mg) was
sampled from all scions for RNA extraction.

Table 1 Primers used in this study

Primer name Sequence (5°-3”) Nucleotide
position

CVdVII-F8 TCGTCGGCAGCGTCAGATGTGT 101-119
ATAAGAGACAGGTCGACGAAG
GGTTCTCCA

CVdVII-R8 GTCTCGTGGGCTCGGAGATGTG 100-82
TATAAGAGACAGGACGAGTCTC
CAGGTGAGT

CVdVII-F9 TCGTCGGCAGCGTCAGATGTGT 16-33
ATAAGAGACAGGTTCCTATGGT
GcAGccce

CVdVII-R9 GTCTCGTGGGCTCGGAGATGTG 15-365

TATAAGAGACAGCAGAAGTGTC
CTCGAGGGA

RNA extraction and RT-PCR (reverse transcription
polymerase chain reaction)

Total RNA was extracted using a MagMax Plant RNA
Extraction Kit (Applied Biosystems, Australia) according
to the manufacturer’s instructions, either manually or using
a KingFisher-96 Automated Extraction System (Thermo
Fisher Scientific, Australia), and eluted using nuclease-free
water.

To prepare cDNA, total RNA (2 pL) was reverse tran-
scribed using a Tetro cDNA Synthesis Kit (Meridian Biosci-
ence, Australia) with random hexamer primers in a 10-uL
reaction volume, as per the manufacturer’s instructions.

Two primer sets (Table 1) were designed using Geneious
Prime (Biomatters, New Zealand) to amplify the entire
CVd-VII genome. Each primer set amplified the regions
where the alternate primer binding sites are located [28],
ensuring that the complete viroid genome sequence was
determined. Illumina overhang adaptor sequences (Table 1)
were added to the 5” end of both forward and reverse prim-
ers for DNA sequence analysis on a MiSeq instrument (I1lu-
mina, United States).

Primers consisted of Illumina overhang adaptor
sequences and CVd-VIlI-specific primer sequences, which
are indicated in bold italics. The nucleotide position is in
reference to CVd-VII (GenBank accession no. KX013551).

For each cDNA sample, triplicate PCR amplifications
were performed using the CVdVII-F8/CVdAVII-R8 (P8)
and CVdVII-F9/CVdAVII-R9 (P9) primer sets in separate
reactions. The 10 pL reaction mixtures consisted of 1 pL
of cDNA, 0.2 mM each primer, and 5 pL of 2x MyFi Mix
(Meridian Bioscience, Australia). PCR cycling consisted of
95°C for 2 min followed by 35 cycles of 95°C for 20 s, 55°C
for 20 s, and 72°C for 20 s, and then a final extension at
72°C for 5 min. To confirm the generation of an amplicon of
the correct size, 2 pL of each PCR was electrophoretically
separated in a 2% agarose gel in 1x TBE and visualised
under UV light using Gel Red (Biotium Inc, USA).

Illumina library preparation and amplicon
sequencing

Triplicate amplicons produced in separate PCRs were com-
bined and purified using an Isolate II PCR and Gel Kit
(Meridian Bioscience, Australia). Indexing PCRs were car-
ried out with Nextera XT i7 and i5 indexes (Nextera XT
index kit 24 indexes 96 samples, Illumina, USA), which
were added to samples using an amplification step with
MyFi Mix (Meridian Bioscience, Australia) in a 25-uL
reaction volume. The indexing PCR cycling conditions
were 95°C for 3 min, followed by 12 cycles of 95°C for
10 s, 55°C for 30 s, and 72°C for 30 s, and then a final
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extension at 72°C for 5 min. Purification of individual
indexed samples was completed using 45 pL of AmpureXP
beads (Sigma Aldrich, Australia) and elution in 27.5 pL of
10 mM Tris-HCI (pH 8.5). Following quantification using a
Qubit 2.0 fluorometer (Thermo Fisher Scientific, Australia)
and a 2200 TapeStation system (Agilent, Australia), a 4 nM
pooled DNA library was produced for sequencing. Librar-
ies were sequenced using an [llumina MiSeq platform with
a 500-cycle MiSeq Reagent Kit Nano V2 (Illumina, USA).

Bioinformatics

The sequencing data generated from the pooled library were
demultiplexed on the MiSeq instrument, and the quality
of fastq files was assessed using fastp v0.23.2 [8]. Primer
sequences were removed from read pairs individually using
Cutadapt v4.1 [32], and read-pairs containing both correct
primer pairs were then repaired using the repair.sh tool in
BBMap v39.01 (https://sourceforge.net/projects/bbmap/).
Reads were denoised using DADA2, and feature tables,
export read counts, and rarefaction analysis [44] were gen-
erated using QIIME2 [3]. Paired consensus sequences were
discarded if they were not 363—370 nt in length, to ensure
that only true variants were analysed. Geneious Prime (Bio-
matters) was used to exclude primer-binding regions from
the sequence variants generated with QIIME2 for each of
the primer sets (P8 and P9), leaving approximately 290 nt
of unique sequence for further analysis (Supplementary Fig.
S1).

Only sequence variants that were amplified using both
primer sets were analysed further [1, 46]. Major variants
were classed as those having>10% abundance within a
sample, while the relative abundances of all sequence vari-
ants were determined in generating the viroid profile of each
sample. A viroid profile in this study is described as the iden-
tity of the variants, and the estimations of relative frequency
of those variants, within a single plant sample. Individual
sequence variants were provided with a “V’ number.

Phylogenetic analysis

To enable alignment and structural analysis of unique vari-
ants, the primer sequences were restored to produce full-
length viroid sequences. Alignment of complete sequences
of individual sequence variants was performed using MUS-
CLE [14] with default parameters in Geneious Prime soft-
ware (Biomatters). Neighbour-joining consensus trees were
generated using Geneious Prime (Biomatters) with no out-
group, and trees were subsequently rooted with minimum
variance using FastRoot [31]. Heat maps were generated
using the Interactive Tree of Life (Version 6.8.1) online tool.

@ Springer

Sequence secondary structure predictions

To understand the possible effect of variants on viroid sec-
ondary structure, selected full-length sequences were anal-
ysed using the online RNA structure prediction tool Mfold
version 2.3 (http://www.unafold.org/mfold/applications/rn
a-folding-form.php), using default parameters for circular
RNA and a folding temperature of 25°C. To complete the
genome sequence, primer sequences were reinserted prior
to structural analysis.

Results
Detection of CVd-VII quasispecies populations

A combined total of 1,623,990 merged reads were generated
using the P8 and P9 primer sets from the 34 samples that
were used in the three experiments. Rarefaction analysis
using the Shannon diversity index showed that a sequencing
depth of 500 for the P8 primer set or 1800 for the P9 primer
set was sufficient to uncover all possible sequence varia-
tion in each sample. The primer binding regions showed low
variability (data not shown).

After filtering for length, 143 and 152 unique sequences
were amplified using the P8 and P9 primer sets, respec-
tively, which constituted 96% of all reads. Genome length
was 363-370 nt, with a mode of 368 nt (29% of the variant
population). However, genomes of 365 nt and 366 nt were
also common, each constituting 24.2% of the variant pop-
ulation. A total of 62 unique CVd-VII variants (GenBank
accession nos. PQ339054-PQ339115) were discovered after
combining P8 and P9 amplicon sequences, and the 10 most
abundant variants (V1 to V10) accounted for 64.6% of the
merged reads. Only four variants (V1, V2, V20, and V40),
all from the same ‘clade’ (Fig. 1), were found in each of
three experiments.

Twenty-seven major variants were identified, each of
which accounted for more than 10% of all reads from a
sample (Fig. 1). Twenty-five polymorphic positions were
observed in these major variants, which increased to 38
polymorphic positions (approximately 10% of the CVd-VII
genome) when considering the 62 unique variants detected
in this study. Thirty variants were only detected in a single
sample, while variants V1 and V2 were found in 24 and 21
samples, respectively.


http://www.unafold.org/mfold/applications/rna-folding-form.php
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Fig. 1 Phylogenetic tree of the major variants (variants with a rela-
tive abundance of >10% of the total variants found in a sample) of
CVd-VII observed throughout the three experiments. The neighbour-
joining consensus tree was generated using Geneious Prime software

Factors affecting viroid variability
Intraplant variability of Cvd-VII

Fourteen unique variants of CVd-VII were detected in a sin-
gle ‘Lisbon’ lemon tree, with the three most abundant vari-
ants (V1, V2, and V6) accounting for 94% of all sequence
reads. These variants were nearly identical, differing by
just single SNPs. Variant V1 is identical to the exemplar
sequence variant for the viroid species (GenBank acces-
sion no. KX013551) reported by Chambers et al. [6]. When
compared with V1, five variants contained a single SNP, six
variants contained two SNPs, and two variants contained
three SNPs. One SNP (77A> G) was detected in nine dif-
ferent variants. Most of the SNPs occurred in the putative
pathogenic domain, and the remainder were in the putative
T, (2 SNPs) and Ty (1 SNP) domains. Variant V1 was the
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with no outgroup and was rooted with minimum variance using Fast-
Root. SNP locations are based on the reference sequence of CVd-VII
(KXO013551), which is identical to variant V1. Filled squares indicate
that an SNP is present at a given location

dominant variant in all samples except for new-leaf sam-
ples, where variant V2 was dominant (Fig. 2). Interestingly,
variant V2 was more abundant in new growth (33—40% of
the variant profile in bark tissue samples and 74-77% of
the variant profile in leaf tissue samples) than in mature
flush (0-2% or 1-2% of viroid profile bark and leaf tissues,
respectively). The lowest number of variants was found in
the new-bark samples, with either two or three variants in
each sample.

Interplant variability of CVd-VII

Twenty-two different variants were detected among the
eight replicate-inoculated citron plants, seven of which were
not observed in the citron source inoculum (Fig. 3). Variants
V3 and V4, which have 97.8% nt sequence identity, were
the most abundant in citron, accounting for more than 71%

@ Springer
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Fig.2 Analysis of CVd-VII quasispecies profiles in different tissues of
a single lemon tree. (A) Phylogenetic tree showing the sequence simi-
larity between CVd-VII variants found in different lemon tissues. The
neighbour-joining consensus tree was generated using Geneious Prime
software with no outgroup and was rooted with minimum variance
using FastRoot. (B) Relative abundance (%) of each variant in each

of all reads. Neither variant was observed in any other host
species. Two of the eight inoculated citron plants (replicates
P6 and P8) did not contain variant V3, which was the most
abundant variant in the other replicate plants and the source
citron. However, P6 and P8 contained a unique variant, V10,
present at 35.1% and 50.6%, respectively, which was absent
from the source and other inoculated citron plants analysed.
Plants P6 and P8 also contained two other variants, V25 and
V28, that were not seen in other source or inoculated citron
plants. All plants in this experiment showed similar disease
symptoms, including leaf bending, epinasty, midvein necro-
sis, stem grooving, and mild dwarfing.

Intervarietal variability in CVd-VII

Thirty-nine variants were observed in the duplicate plants
from five different asymptomatic host species that were
inoculated with CVd-VII four years prior to sampling, with
up to 10 variants detected in a single plant (Fig. 4). Differ-
ent variants were dominant in the different host varieties.
Variants V1 and V2 were detected in five and four host plant
samples, respectively, and other variants detected in this
experiment were found in one or two samples only. Variant
V5 was detected only in a single lemon plant in this experi-
ment and has a sequence almost identical to V1 but with a
single nucleotide deletion (SNP105U>-). Major differences
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triplicate sample of different tissues (MB, mature bark samples; ML,
mature leaf samples; NB, bark of the most recent flush; NL, leaves of
the most recent flush). Red indicates highly abundant variants, yellow
indicates low-abundance variants, and black indicates the absence of
variants

were observed between quasispecies profiles of different
plants of a single host, in addition to variation among the
five host species studied. In the sequence variants identified
in this experiment, 29 different SNP sites were observed,
primarily located in the putative terminal and pathogenic
domains.

Effects of quasispecies variation on the predicted
secondary structure of CVd-VII

The secondary structure of all variants that were detected
in this study was predicted using the RNA folding program,
Mfold, and differences in secondary structure of major
variants (> 10% of the relative abundance in a sample) are
shown in Fig. 5. Twenty-five loops are present in the sec-
ondary structure of the most abundant variant, V1; between
24 and 28 loops are present in each of the variants. The
major structural changes in the CVd-VII variants occurred
in the putative terminal right domain (Fig. 6). Twenty-six
variants, including 13 of the major variants, have a rod-
shaped terminal right region, whereas the remaining vari-
ants have a bifurcated terminal right region. Primarily, the
SNPs 194G>U or 194G >A are associated with the rod-
shaped right terminal region for these variants. Variants V3,
V4, V10, V12, V13, V25, and V28 have a reduced loop 8
present in the pathogenic domain, whereas V4, V12, and
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Fig. 3 Analysis of CVd-VII quasispecies profiles in the citron par-
ent (inoculum source) and eight inoculated progeny plants (P1-P8).
(A) Phylogenetic tree showing the genetic relationships among vari-
ants found in the source and inoculated plants. The neighbour-joining
consensus tree was generated using Geneious Prime software with no

V13 have an additional small loop in this region. V14, V17,
and V29 are missing the large loop 10 that is present in all
other variants, due to the 293 A > U change in those variants.
SNP240U > A reduces the size of loop 18 in the variable
region and occurs in the major variants V3, V10, V25, V28,
and V30 (Fig. 6).

Discussion

Citrus viroid VII is the most recently discovered and least
understood of the suite of viroids that infect citrus. In this
study, we investigated factors affecting the evolution of the
viroid and identified the sites in the genome that are most
prone to mutation. Sixty-two different sequence variants
of CVd-VII were observed, but two to four major variants
accounted for over 80% of the population. Likewise, two to

Relative abundance (%)

H
8

17
V19 26
-V59 35
-V3 43
V35 52

61

V25 70
V51 78
V10 87

outgroup and was rooted with minimum variance using FastRoot. (B)
Relative abundance (%) of variants per sample in eight different inocu-
lated plants and the source plant, with red indicating highly abundant
variants, yellow indicating low-abundance variants, and black indicat-
ing the absence of variants

six sequence variants make up 65-75% of the population
of columnea latent viroid (species Pospiviroid latenscolum-
neae), with the remainder being low-frequency variants
[46]. At least some of the low-frequency variants may be
RT-PCR artifacts or ‘dead-end’ progeny from viroid repli-
cation that are rapidly culled from the population through
purifying selection. To resolve these questions, the replica-
tion competency of each low-frequency sequence variant
would need to be studied by generating infectious clones
of CVd-VIIL.

Variable positions in the viroid genome were primar-
ily located in the putative pathogenic and terminal right
domains, with some occurring in the terminal left region;
few occurred in the variable or central regions. A single
SNP, 240U > A, occurred in the metastable hairpin II (HPII)
5’ stem of 10 variants and was predominantly found in cit-
ron plants, except for variants V19 and V30, which were
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Fig. 4 Analysis of CVd-VII quasispecies profiles in the various cit-
rus host plants. (A) Phylogenetic tree showing the sequence similarity
between variants found in the duplicate plants of the various host spe-
cies: lemon (cv. ‘Fino”), Valencia orange (cv. ‘Midknight’), mandarin
(cv. ‘Oroval’), bergamot, and blood orange. The neighbour-joining
consensus tree was generated using Geneious Prime software with no
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outgroup and was rooted with minimum variance using FastRoot. The
tree scale is shown, and branch lengths are displayed on tree branches.
(B) Relative abundance (%) of CVd-VII variants per sample in dupli-
cate host plants, with red indicating highly abundant variants, yellow
indicating low-abundance variants, and black indicating the absence
of variants
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Fig. 5 Phylogenetic tree and predicted secondary structure of CVd-
VII major variants. The neighbour-joining consensus tree was gener-
ated using Geneious Prime software with no outgroup and was rooted
with minimum variance using FastRoot. The tree scale is shown, and
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Fig.6 Location of SNP sites and loops and bulges found in major vari-
ants of CVd-VII. SNP locations are indicated by black arrows pointing
to the nucleotide involved in the secondary structure of the CVd-VII
V1 variant. Putative domains based on [52] terminal left (T;) patho-

also found in bergamot samples and bergamot and mandarin
samples, respectively. This SNP leads to a shorter stem of
the HPII structure, an element that is critical for infectivity
in PSTVd [30]. The secondary structure of hairpin I (HPI)
was stable in all variants observed in this study. With the
exception of V16, the terminal left and central conserved
regions were identical in all variants, consistent with previ-
ous findings that these regions play essential roles in PSTVd
replication [53]. Two models of the secondary structure of
the terminal right region of CVd-VII were predicted: an

ny: l
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branch lengths are displayed on tree branches. The secondary structure
of major variants determined in this study was predicted using Mfold.
Structural differences from variant V1 are highlighted
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genic (P), central (C), variable (V) and terminal right (Ty) domains are
delineated by blue dashed lines, while loop/bulge identifying numbers
are shown with blue triangles at the position of the feature

elongated rod-shaped model and a bifurcated model. Dupli-
cate reverse-complemented repeat regions of nucleotides
forming a branched terminus predicted in CVd-VII were
similarly predicted in some PSTVd variants in the terminal
left region [11]. Most loops that are found in the secondary
structure of PSTVd are thought to play a role in the rep-
lication and/or trafficking of the viroid [54]. The numer-
ous loops predicted by the secondary structure analysis of
CVd-VII are possibly involved in the above processes, but
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no clear relationship between secondary structure and host
adaptation was revealed in our study.

Spatial differences in the profile of sequence variants
of CVd-VII were also observed in a single ‘Lisbon’ lemon
tree. Variant V1 was dominant in all samples taken from
the bark and leaves of previous season flushes, and from
the bark of the current season flush. However, in the leaf
samples of the latest flush, variant V2 dominated over vari-
ant V1. In the remainder of the samples, Variant V2 was in
relatively low abundance in the samples from the previous
season’s flush and was a secondary major variant in the bark
of the current season’s flush. In a study of PSTVd in tomato
seedlings, Adkar-Purushothama et al. [1] showed that viroid
profiles change over time (14 weeks). Wu and Bisaro [51]
suggested that some variants of PSTVd are more likely to
infect new cells, establishing dominance, as they may have
a higher movement capacity than other variants. However,
the profile differences may also be attributed to the exclu-
sion of a variant from mature tissue, assuming that variant
was present in the mature tissue previously or that variant
may only be able to infect new tissue.

In the interplant variability experiment, only one inocu-
lated plant had all of the variants that were present in the
source citron plant, indicating that the viroid profile stability
among citron plants is low. The inoculated plants P6 and P8
did not contain the most abundant variant observed in this
experiment, V3, but the same symptoms were observed in
all inoculated trees. This suggests that the genetic changes
that had occurred in the quasispecies, particularly in plants
P6 and P8, were not associated with symptom development
or that the change in variant V3 was not associated with
symptom expression. Wu and Bisaro [51] suggested that
the evolution of PSTVd quasispecies could be influenced
by unpredictable and unknown factors leading to biological
replicates evolving distinct profiles or that the generation
of quasispecies is a stochastic process. Whatever the cause,
such variation was clearly observed in the viroid profiles of
the citron plants.

The greatest variation in viroid sequence profiles was
observed in our intervarietal variability experiment, with 39
different variants found in the various citrus host species.
Host-dependent variability in the genome sequence and
structure of viroids is well documented [2, 40, 45, 47], and
this was also observed in our study of CVd-VII. The vari-
ability of the viroid profiles seen in different hosts may be
attributed to the individual host-encoded DNA-dependent
RNA polymerase II enzymes used for viroid replication
having different error rates, different selection pressures in
different plant species, or a combination of these factors.
The variation may also be due to a founder effect in which,
by chance, the bark sample used for inoculation contains
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rare sequence variants, which are amplified when a new
plant is inoculated.

Analysis of the SNP data provides insight into how qua-
sispecies genomic variation potentially affects published
diagnostic assays. The SNP 240U > A is at the location of
the 5’ end of the reverse primer (VII-R6) used in the RT-
qPCR assay for detection of CVd-VII [7]. Viroid variants
containing this SNP were primarily found in citron. These
include V3 (up to 87% of a sample), V10 (50%), V19 (9%),
V25 (20%), V28 (10%), V30 (12%), V35 (2%), V51 (3%),
and V59 (0.2%). RT-qPCR analysis of these citron samples
revealed that the mismatch does not appear to hinder the
amplification of the CVd-VII variants present (data not
shown). Therefore, this study provides confidence in the
diagnostic assay developed for CVd-VII [7], given its abil-
ity to detect multiple variants.

Analysis of viroid quasispecies profiles in this study
using high-throughput amplicon sequencing technologies
showed that there were multiple variants of the viroid pres-
ent in all of the plants sampled. This raises the possibility
that the findings of earlier studies were misinterpreted [34,
36, 43], where Sanger sequencing of RT-PCR amplicons
led to the conclusion that one variant was present in a plant
or where a limited number of clones were used to examine
genetic variability [6, 25, 27]. Newer technologies provide
deeper insight into the viroid populations within a plant;
therefore, caution must be used when interpreting studies
that employed older techniques.

This study confirms that CVd-VII exists as a quasispe-
cies of closely related variants, as found previously in stud-
ies with other viroids [1, 2, 4, 20, 50]. In the current study,
we did not investigate the symptom expression of different
CVd-VII variants, instead focusing primarily on the com-
position of the viroid profile in a range of circumstances.
Future experiments involving specific variants of CVd-VII
would provide insights into the molecular mechanisms of
pathogenicity of specific variants. High-throughput ampli-
con sequencing technologies could be used further in inves-
tigations of CVd-VII variant genomic stability over time,
variant populations in symptomatic vs. non-symptomatic
leaves, and the biological interactions of different variants.
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