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Abstract

A fast, accurate, and full indexing of viruses and viroids in a sample for the
inspection and quarantine services and disease management is desirable but
was unrealistic until recently. This article reviews the rapid and exciting
recent progress in the use of next-generation sequencing (NGS) technolo-
gies for the identification of viruses and viroids in plants. A total of four
viroids/viroid-like RNAs and 49 new plant RNA and DNA viruses from 18
known or unassigned virus families have been identified from plants since
2009. A comparison of enrichment strategies reveals that full indexing of
RNA and DNA viruses as well as viroids in a plant sample at single-nucleotide
resolution is made possible by one NGS run of total small RNAs, followed by
data mining with homology-dependent and homology-independent compu-
tational algorithms. Major challenges in the application of NGS technologies
to pathogen discovery are discussed.
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INTRODUCTION

Viruses are ubiquitous pathogens found in all types of cellular organisms. Typically, viral particles
or virions range from 30 to 450 nm in size and contain a small genome packaged by capsid proteins
with or without a lipid envelope. Whereas cellular organisms store genetic information exclusively
in DNA, both DNA and RNA can serve as the genomes of viruses. In addition to viruses, the cir-
cular noncoding RNA viroids also cause diseases in plants. Because of their small size and inability
to propagate outside living host cells, viruses and viroids remain difficult to detect and identify
compared to cellular pathogens. Enzyme-linked immunosorbent assay (ELISA), polymerase chain
reaction (PCR), and nucleic acid hybridization techniques (including microarray) developed in the
last several decades collectively provide rapid and inexpensive diagnoses for the known viruses and
viroids and are widely used in agriculture and medicine (20, 64, 70, 83). However, because these
assays depend on the reagents (antibodies, primers, or probes) developed from the characterized
viruses and viroids, they are ineffective when the disease is caused by a new pathogen or a mixture
of pathogens that share little or no sequence similarity with those described previously.

Major advances in DNA sequencing technology over the last decade have led to the develop-
ment of new approaches for the identification and detection of viruses and viroids. These new
approaches, frequently referred to as metagenomics (64), sequence the total nucleic acid con-
tent in disease samples by next-generation sequencing (NGS) technologies for the subsequent
identification of pathogens by bioinformatics tools. Unlike existing methods, the metagenomics
approach does not require prior knowledge of the pathogens and can potentially identify both the
known and new viruses and viroids in a disease sample. For example, use of NGS technologies
has played a key role in the identification of Israeli acute paralysis virus associated with colony
collapse disorder in honeybees (16) and of a polyomavirus in human Merkel cell carcinoma (30).
Rapid development in NGS technologies has dramatically reduced the cost and time for pathogen
identification by metagenomics approaches, leading to a recent explosion in metagenomics studies
on viruses and viroids in plants (46, 61, 84). After a short introduction of the main NGS plat-
forms currently available, this article reviews recent applications of the homology-dependent and
homology-independent metagenomics approaches to the identification and detection of viruses
and viroids in plants.

NEXT-GENERATION SEQUENCING PLATFORMS

The meaning of the term high-throughput sequencing (H'T'S) has changed with the advancement
of sequencing technologies. The Sanger technique had been the standard sequencing method
since it was first described in 1977. For almost a decade, DNA sequencing was a labor-intensive
process that involved determining only a few hundred nucleotides at a time (47). In a typical
Sanger sequencing reaction, short DNA fragments made from supersonic or enzyme digestion
have to be cloned into plasmids for amplification in E. coli before enzymatic dideoxy-sequencing.
The sequencing protocol includes the use of radioisotopes and harsh chemicals. Development of
capillary array electrophoresis and appropriate detection systems in the early 1990s (44) eventually
led to the production of 96-channel capillary HT'S sequencers (47). As an example of the modern
Sanger capillary sequencing systems, the 3730x] DNA Analyzer from Applied Biosystems, Inc.
(ABI) yields 96 or 384 sequences of approximately 600-1,000 nucleotides (nt) in length per run
and a maximum of approximately 1.5 Mb of DNA sequence per day (Table 1).

New “massively paralle]” DNA sequencing platforms have become available since 2005 to
sequence populations of amplified template DNA molecules with a typical “wash-and-scan” tech-
nique (47). Because these new sequencing platforms outperform Sanger sequencing technologies
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Table 1 Next-generation sequencing platforms

Platform Principle? Throughput/run Read length Time/run Single-pass error rate
ABI 3730x1 Sanger Sequencing | 64 kb 400-900 bp 1h 0.1-1%

GS FLX+ SBS 700 Mb 700 bp 23h 1%

HiSeq 2500 SBS 5-1,000 Gb 2 x 125bp 1-6 days 0.1%

MiSeq SBS 0.3-15 Gb 2 x 300 bp 5-55h 0.1%

Ion Torrent SBS 1.2-2 Gb 400 bp 73h 1%

Ton Proton SBS 10 Gb 200 bp 2-4h 1%

SOLID 5500x1 SBH 95 Gb 2 x 60 bp 6 days 5%

PacBio RSII SMRT 500-1,000 Mb 10-15 kb 0.5-5h 13%

*SBS, sequencing by synthesis; SBH, sequencing by hybridization; SMRT, single molecule, real time.

by a factor of 100-1,000 in daily throughput, they were termed next-generation sequencing (NGS)
instead of HT'S (47). These NGS approaches (Table 1) have different underlying biochemistries
and differ in template preparation, sequencing and imaging, and data analysis (63). For sequencing
by the 454 platform (e.g., GS FLX+; see Table 1), the DNA template is firstamplified by emulsion
PCR in which asingle DNA template is amplified to thousands of copies in each droplet of an oil so-
lution. The amplified DNA templates are incubated with a DNA polymerase, single-strand DNA
binding proteins, and the ATP sulfurylases and luciferases; the light emitted during the incorpo-
ration is captured for all wells in parallel using a high-resolution charge-coupled device (CCD)
camera. After capture of the light intensity, the remaining unincorporated nucleotides are washed
away before the next nucleotide is added. The 454 technology is referred to as pyrosequencing
because the sequencer generates visible light from inorganic pyrophosphate of deoxynucleotides
(dNTPs) released during DNA synthesis by sulfurylase and luciferase. The average number of
reads produced per run by the current GS FLX+ sequencer is more than 1 million reads of
approximately 700 bases with a run time of approximately 23 h (47, 60).

The strategy of template preparation and sequencing of Illumina instruments is quite different
from that of 454 pyrosequencing. Bridge amplification of each DNA template produces a cluster
of thousands of original sequences in very close proximity to each other on the flow cell. A typical
slide generates hundreds of millions of spatially separated clusters per run. The Illumina platform
uses four ANTPs with different reversible dye terminators in the sequencing reaction so that the
incorporation reaction is stopped after each base and the incorporated base is easily read out with
fluorescent dyes. The fluorescently labeled terminator is imaged and then cleaved from the nascent
end of DNA for the next cycle. The Illumina platform supports both single-end and mate-paired-
end sequencing. Illumina HiSeq 2500 allows a powerful combination of 2 x 125 base pair (bp)
read lengths and up to 1 Tetrabase per run within 6 days, whereas MiSeq generates up to 15 Gb
of data in only 55 h (Table 1) (59, 63).

In the SOLID platform of ABI the sequence extension reaction is carried out by ligases, rather
than polymerases as in the 454 and Illumina platforms. The single-stranded copies of the DNA
library molecules are first hybridized with a sequencing primer before the addition of a mixture of
8-mer probes carrying four distinct fluorescent labels to compete for ligation to the sequencing
primer. After the fluorescence determined by the two 3'-most nucleotides of the probe is read out,
three bases including the dye are cleaved from the 5’ end of the probe to leave a free 5" phosphate
for further ligation. After multiple cycles of ligations (typically up to 10 cycles), the synthesized
strands are melted, and the ligation product is washed away before a new sequencing primer
(shifted by one nucleotide) is annealed. The same process is repeated for the remaining three
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primers, facilitating the readout of the dinucleotide encoding for each start position in the DNA
sequence. Using specific fluorescent label encoding, the dye readouts (i.e., colors) are converted
to a DNA sequence. For parallelization, the sequencing process uses beads covered with multiple
copies of the sequence to be determined. These beads are created in a fashion similar to that
described above for the 454 platform. The SOLiD 5500xl system currently generates 95 Gb of
data per run during 6 days with a typical read length combination of 2 x 60 bp (47, 92).

New sequencing platforms with improved performance continue to be developed and released
(Table 1). Approaches that sequence single large DNA molecules without the need to halt between
read steps are sometimes referred as third-generation sequencing (88). However, Ion Torrent
and Proton are between the second and third generation, since they do not completely fulfill
the features assigned to either category (9). Advancement of sequencing technology provides
unprecedented opportunity for pathogen discovery in plants by unbiased viral metagenomics.

HOMOLOGY-DEPENDENT PATHOGEN IDENTIFICATION BY
NEXT-GENERATION SEQUENCING TECHNOLOGIES

Viral metagenomics is defined as the culture-independent study of the collective set of viral
genomes in samples from the environment, as well as from individual plants and animals (74).
Encouraged by early success in the discovery of animal viruses (16, 30, 68, 71), at least 66 stud-
ies on the metagenomics of plant viruses and viroids have been published since 2009 (Table 2).
Typically (Figure 1), identification of viruses and viroids by the metagenomics approach includes
sample preparation, DNA sequencing by an NGS platform, and bioinformatics analysis (114),
which are discussed below.

Sample Preparation: Strategies to Enrich Virus Sequences

Six new plant viruses have been identified by directly sequencing the total RNA from host plants
(1,3, 67,95,103, 111) (Table 2). To maximize the detection of viruses, however, several strate-
gies have been developed for enrichment of the deep-sequencing reads specific to viruses and/or
viroids. Because of the overwhelming abundance of host rRNAs, rRNA depletion from total RNA
preparations will increase the proportion of virus and viroid reads relative to those of host and
nonhost origin (3). Similarly, rRNA depletion is also achieved by sequencing only the polyadeny-
lated transcripts (poly-A RNAs), and enrichment of poly-A RNAs for deep sequencing led to
the discovery of seven new RNA viruses and two DNA badnaviruses (34, 107, 113). However,
this enrichment strategy will also delete reads from many families of RINA viruses that do not
synthesize poly-A RNAs, including, for example, Tobacco mosaic virus, Cucumber mosaic virus, and
Turnip yellow mosaic virus. Thus, enrichment for the following molecules has been more common
in metagenomics studies of plant viruses.

Double-stranded RNAs. Because double-stranded RNA (dsRNA) is synthesized by RNA viruses
and viroids as replicative intermediates (Figure 1) and plants do not normally produce dsRNA,
sequencing total dsRNA dramatically increases the proportion of reads specific to viruses and
viroids (2—4, 13, 15, 76). For example, a study compared deep sequencing of total RNA and dsRNA
from the same plant samples and found that virus reads increased from 2% to 53 % after dsSRNA
enrichment (3). Use of CF11 cellulose spin-column or chromatography for the purification of viral
dsRNA isa well-established procedure in plantvirology (26, 84, 85). Recently, an improved dsSRNA
purification method based on anion exchange chromatography utilizing convective interaction
media (CIM) monolithic columns has been developed, which can be used to obtain highly pure
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Table 2 Detection of plant viruses and viroids by next-generation sequencing technologies

Viruses Viroids
New
NGS
Enrichment| platform | Assembly tools | Known | RNA | DNA | Known | New Host species Reference
Total RNA | 454 CLC 3 1 3 Grapevine 3
454 CLC 1 1 Tomato/ Gomphrena 1
globosa
454 CLC 1 Cassava 67
454 CLC 1 Canna 66
Illumina Geneious 1 Hardenbergia 104
comptoniana
Tllumina Velvet/Geneious 1 H. comptoniana 103
454 CLC 1 Lettuce 95
454 CLC 1 Tris 43
Illumina Geneious/CLC 1 Yellow tailflower 111
Tllumina Geneious 1 Capsicum annuum 99
Poly-A Tllumina Geneious 1 Passiflora caerula 105
Illumina Geneious/CLC 1 Orchid 113
Tllumina Geneious/CLC 1 Tris 44
Illumina Geneious/CLC 5 Nareissus and 106
Hippeastrum
Tllumina Geneious/CLC 4 4 Orchid 107
Tllumina Edena/Velvet/ 11 2 2 Sweet potato 34
SOAPdenovo/
CAP3
Tllumina Velvet, Oases 1 Prunus domestica 80
rRNA Illumina 3 4 Grapevine 75
depletion
dsRNA 454 BLAST 3 1 3 Grapevine 3
Tllumina Velvet 4 Grapevine 15
454 Newbler 1 Grapevine 4
Illumina Velvet/ 1 Red raspberry 76
CodonCode
454 CLC 1 Cherry 13
Illumina Velvet 1 Grapevine 6
454 Newbler 2 Maize 2v
Tllumina Geneious/CLC 1 Orchid 110
Illumina Velvet 1 Grapevine 5
Tllumina Velvet 2 Japanese 40
persimmon
Illumina Velvet PVd2| Diospyros 41
virginiana
Tllumina CLC 1 Citrus 115
Tllumina Geneious/CLC 10 Garlic 112
(Continued)
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Table 2 (Continued)

Viruses Viroids
New
NGS
Enrichment| platform | Assembly tools | Known | RNA | DNA | Known | New Host species Reference
Virus-like 454 Newbler 1 Sweet potato 81
particles  [SOLiD Velvet 1 Eggplant 28
454 Newbler 1 P. domestica 93
454 Newbler/CLC 1 Potato 79
SOLiD Velvet 1 Pepper 27
454 CLC 1 1 Sugarcane 12
454 Newbler 3 Black pepper 36
Small Tllumina Velvet/VCAKE 2 3 Sweet potato 49
RNAs 454 Velvet 2 Cocksfoot grass 72
Tllumina Blast 12 Grapevine 73
Illumina SSAKE 27 1 Grapevine 117
Illumina Velvet 1 Sweet potato 17
Tllumina Velvet 2 Tomato 35
Tllumina Velvet 1 Squash 35
Tllumina Velvet 6 Sweet potato 45
Illumina Velvet 1 1 1 Tomato 54
Tllumina Velvet 3 1 2 Grapevine 32
Tllumina Velvet 1 2 Citrus 56
Tllumina Velvet 1 Citrus 57
Illumina Velvet 1 Yam bean 31
Tllumina Velvet 10 1 Arctium 10
tomentosiumn
Illumina Velvet 1 Soybean 65
Tllumina Velvet 1 Sweet potato 19
Illumina Velvet 1 1 Potato 48
Tllumina Velvet 1 Tomato 53
Illumina Velvet/Oases 1 Citrus 86
Tllumina Velvet/Oases 1 Citrus 97
Illumina CLC 1 1 Sugarcane 12
Illumina CodonCode 1 Papaya 118
Tllumina Geneious/Velvet/ 3 1 Tomato 59
CLC/Geneious
Illumina Velvet 19 Sweet potato 62
Tllumina Velvet 1 Potato 50
Illumina Velvet 1 2 Grapevine 91
Illumina Velvet 1 3 Cassava 14
Illumina Velvet 1 Pagoda 98
Tllumina Velvet/CAP3 3 1 Rose 39
Tllumina PFOR 2 1* Grapevine 102
Illumina PFOR2 5 2% Apple/grapevine 119
430  Wuet al
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Figure 1

The key steps in the discovery of viruses and viroids by next-generation sequencing. The experimental part,
including the strategies of viral pathogen enrichment, is shown in blue, whereas the informatics process is
shown in green. Abbreviations: BLASTn, nucleotide-nucleotide BLAST; BLASTp, protein-protein
BLAST; dsRNAs, double-stranded RNAs; d'T, thymine deoxyribonucleotide; PFOR, progressive filtering of
overlapping small RNAs; VLP, virus-like particle.

dsRNA preparations shorter than 1 kb (82). However, six of the seven new viruses discovered by
dsRINA sequencing contain RNA genomes, possibly because plant DNA viruses do not produce
sufficiently long dsRNA in their life cycle. We note that the new DNA geminivirus was identified
from sequencing a total dsSRNA preparation that was not treated with RNase and DNase before
library construction (5).

Virus-like particles. Viral genomic RNA or DNA packaged in viral particles is protected from
DNase and RNase treatments. Therefore, enrichment of VLPs (Figure 1) by homogenization,

filtration, and ultracentrifugation has been widely used for virus discovery in ocean, environmental,
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and fecal samples (20, 52, 64, 96) as well as in several studies of plant samples (12, 27, 28, 36, 79, 81,
93). VLP preparations contain contaminating mitochondria and bacteria, so VLPs are often treated
with chloroform to disrupt mitochondrial and bacterial membranes before nuclease digestion and
the extraction of VLP-associated nucleic acids for deep sequencing (51, 100). Unfortunately,
enveloped viruses are also sensitive to chloroform treatment. Moreover, because successful virion
purification of many viruses requires development of specific protocols, it is unlikely that all viruses
can be captured by a single protocol for VLP enrichment. Nevertheless, deep sequencing of the
total nucleic acids from VLPs extracted from plants led to the discovery of four DNA viruses and
two RNA viruses (Table 2).

Because the total nucleic acid content from both VLP and dsRINA preparations is often very
low, an extra step to amplify the extracted nucleic acids by PCR or reverse transcription PCR
(RT-PCR) in a sequence-independent manner is necessary before the construction of libraries
for deep sequencing (Figure 1) (16, 64). An improved rolling-circle amplification technique to
amplify circular dsDNA viral genomes is available (89, 94).

Small RNAs. It is known that plants and invertebrates produce virus-derived small interfering
RNAs (siRNAs) in response to infection by both RNA and DNA viruses (Figure 1) (22-24).
Recent studies have also detected abundant production of viral siRNAs in mammalian cells after
infection by two unrelated positive-strand RNA viruses (55, 58). Moreover, dsRNA replicative
intermediates of viroids and satellite RNAs are also processed into siRNAs in plants (22-24). The
first deep-sequencing study of viral siRINAs has revealed that viral siRINAs in fact overlap each other
extensively despite being only 21 to 24 nt long (7). Ubiquitous production in diverse eukaryotic
hosts and the overlapping property of viral siRINAs have been utilized independently by two groups
to develop a novel strategy for virus discovery (Figure 2) by enriching and sequencing small RINAs
(49, 101). In this approach, known as virus discovery by deep sequencing and assembly of total
small RNAs (vdSAR), small RNAs are enriched from diseased cells/tissues for deep sequencing by
NGS platforms and assembled into large sequence contigs/fragments that are then used for virus
discovery as those sequences are obtained from dsRINAs and VLPs.

The original protocols to constructa library of small RNAs for sequencing took up to two weeks
(7, 8). However, current protocols no longer require gel purification of small RNAs either before
or after ligation with 5" and 3’ adaptors and may be completed within one day (55). Because the
sequence-independent amplification required for dsRNA and VLP preparations is not necessary,
sample preparation for small RNA sequencing is less technically demanding and time-consuming
than are dsRNA and VLP purification protocols (Figure 1).

There are several reasons why more investigators chose to enrich and sequence small RNAs
for the identification of plant viruses and viroids over other enrichment strategies (Table 2). First,
replication of RNA and DNA viruses and replication of subviral agents such as viroids and satellite
RNAs in plants all induce extremely abundant accumulation of the pathogen-specific siRNAs,
which represent up to 30% of total small RNAs sequenced from diseased plants (22-24). Because
both the amount of sequencing and data complexity are greatly reduced, sequencing of multiple
samples marked by barcodes in a single lane still provides sufficient depth for pathogen discovery.
Thus, vdSAR is cost-effective. Second, unlike dsSRINA and VLP preparations, all replicating viruses
and viroids in a diseased plant can be detected in principle from the deep sequencing of a single
library of small RNAs. This feature is particularly attractive for many disease diagnostic and
quarantine applications. Third, viral and subviral siRINAs are the products of an active hostimmune
response to infection and exhibit specific patterns of size distribution in distinct host species due
to their biogenesis by specific Dicer proteins (22-24). Therefore, the size distribution pattern of
small RNAs may reveal if the identified viral and subviral pathogen actively replicates in plants or
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The classification principles of endogenous and exogenous small RNAs (sSRNAs) sequenced from plants in the discovery of (7) viruses
by deep sequencing and assembly of total small RNAs (vdSAR) and (i7) viroids by progressive filtering of overlapping small RNAs
(PFOR). Abbreviations: nat-siRINAs, natural antisense siRNAs; nt, nucleotides; tasiRNAs, trans-acting siRINAs; miRNAs, microRNAs;
SLS, splitting longer reads into shorter fragments.

in the associated fungal or insect species (119). Finally, data mining of the same libraries of small
RINAs may lead to the discovery of novel pathogens that exhibit no sequence similarity detectable
by currently available informatics tools (Figures 1 and 2; see also below).

Bioinformatics Analysis

Prior to sequence assembly and pathogen identification, the raw data generated by NGS platforms
must be preprocessed to remove adaptors and low-quality sequences (Figure 1). The quality
control is dependent on the sequencing technology used. Standard parameters and thresholds are
usually provided by the manufacturer. It is now a standardized process on “older” technologies
like 454/Roche pyrosequencing or Illumina sequencing by synthesis. For multiplex sequencing of
mixed libraries in a single lane, an extra step of demultiplexing using barcodes built in the PCR
primers is necessary before sequence assembly. When the genome sequence of the host plant is
available, in silico subtraction of host-specific sequences (Figure 2) before assembly will speed up
the downstream bioinformatics analysis (54, 64). It should be pointed out that adaptor removal
and computational filtering of host sequences can lead to other artifacts (43, 84).

The assembly of the preprocessed reads can be executed by several mainstream algorithms that
are publicly available, including Velvet, Oases, and VCAKE (42, 90, 116). The parameters used
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in sequence assembly are similar to those for genome assembly and are defined by the algorithm
employed. Subsequently, the assembled contig sequences are queried by homology search tools
against previously documented sequences stored either in a local database or in public databases
such as GenBank (64). A common approach is to compare the assembled sequences with the
nonredundant nucleotide database of GenBank using a BLAST package. BLASTn and BLASTx
are the two frequently used programs for nucleotide and amino acid comparison, respectively.
New and known viruses are readily identified when contigs show high similarity (>90% similarity
and 85% coverage) with a known virus (78, 101). When a contig shows distant homology with a
known virus, especially only at the protein level, the contig often represents a new virus that can
be taxonomically assigned only at the level of the virus family (78, 101).

A bottleneck in the viral metagenomics approach is the de novo annotation of thousands
of the assembled contigs. The computing time required for the annotation is likely to increase
as sequence databases continue their exponential growth. The use of dedicated databases or of
subsections of GenBank could overcome this problem; however, it will not be possible to identify
bacterial, archaeal, and nonhost eukaryotic sequences, leading to an overestimation of the fraction
of unknowns (64). To meet the demand of the huge number of sequencing data from NGS,
computer programs that are orders of magnitude faster than BLAST have been developed, such
as USEARCH and HHbits (29, 77).

Although software packages used for viral metagenomics are freely accessible, data analysis
often requires a trained bioinformaticist, a requirement that hinders the routine application of
NGS in the identification of viruses and viroids. Recently, an easy-to-use graphical interface,
SearchSmallRINA, became available to reconstruct viral genomes with high reliability using small
RNA data from NGS. SearchSmallRNA bypasses the need of line command and basic bioinfor-
matics knowledge (18). Commercial packages such as CLC Genomics Workbench and Geneious
or open platforms such as Galaxy also provide user-friendly interfaces and simplify the use and
parameterization of these tools. These efforts will facilitate identification of viruses and viroids by
NGS technologies.

Homology-Dependent Discovery of Viruses and Viroids in Plants

Diverse eudicot and monocot plant species have been selected for the identification of viruses and
viroids by metagenomics approaches (Figure 3). These efforts have resulted in the discovery of
at least 49 new RNA and DNA viruses in total. Among these new viruses, 36 can be classified
into the existing genera of 16 different families, nine may become the founding members of new
genera in five different families, and the remaining four viruses cannot be assigned to a known
virus family (Table 3). The comparison shown in Table 2 shows that enrichment of small RNAs
for deep sequencing is the most effective strategy in terms of both the number and diversity of the
new viruses identified. Both RNA and DNA viruses are readily detected by enriching VLPs for
sequencing. However, viroids are not found in VLPs as expected. Detection of the known viroids
is possible by sequencing small RNAs and total RNAs with or without rRNA depletion (Table 2).
A new viroid was identified by total dsSRNA sequencing (41). In contrast, new viroids have not been
sequenced from many plant samples with the available bioinformatics tools. We note that a major-
ity of investigators chose Illumina as the NGS platform for viral metagenomics studies in plants.

HOMOLOGY-INDEPENDENT IDENTIFICATION OF VIROIDS

Although prior knowledge of the pathogens is not necessary to initiate the diagnostic procedure by
the metagenomics approach, a pathogen is identified only when it exhibits nucleotide or amino acid

W et al.
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The taxonomy of host plant species selected for the identification of viruses and viroids by next-generation
sequencing. Also shown are the strategies (frequencies are marked by colored boxes) used to enrich virus and/or
viroid sequences in each host species. The clustering of host species on a tree may not be strictly consistent
with the phylogenetic relationship of these species. Abbreviations: dsSRNA, double-stranded RNA; poly-A

RNA, polyadenylated transcript; ribo-RNA, ribosomal
virus-like particles.

RNA-depleted RNA; sRNA, small RNA; VLPs,

sequence homology with a known pathogen in a database. Therefore, the metagenomics approach

as described above cannot discover novel pathogens that show little or no sequence homology with

known pathogens. In a hypothetical scenario, for

example, BLAST searches would not be able to

identify NGS reads of geminiviruses as virus-specificin 1977 (33, 38) because geminiviral genomes
show no detectable sequence similarity with other viruses (37).
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Table 3 New plant viruses and viroids discovered by next-generation sequencing

Virus Family (genus) Infective? Reference
RNA viruses
Gayfeather mild mottle virus (GMMYV) Bromoviridae (Cucumovirus) Yes 1
Grapevine Syrah virus-1 (GSyV-1) Tymoviridae (Marafivirus) NA 3
Cassava brown streak virus (CBSV) Potyviridae (Ipomovirus) NA 67
Hardenbergia virus (HarVA) Betaflexiviridae NA 103
Lettuce necrotic leaf curl virus (LNLCV) Secoviridae (Torradovirus) Yes 95
Yellow tailflower mild mottle virus (YTMMYV) Virgaviridae (Tobamovirus) Yes 111
Caladenia virus A (CalVA) Potyviridae (Poacevirus) NA 113
Donkey orchid virus A (DOVA) Potyviridae (Potyvirus) NA 107
Diuris virus A (DiVA) Betaflexiviridae (Capillovirus)
Diuris virus B (DiVB) Betaflexiviridae (Capillovirus)
Diuris pendunculata cryptic virus (DPCV) Partitiviridae
Ipomoea batatas Rhabdovirus N-like sequences Rhabdoviridae NA 34

(IbRNLS)
Cymbidium mosaic virus (CymMV) Alpbaflexiviridae (Potexvirus)
Raspberry latent virus (RpLV) Reoviridae (Reovirus) Yes 76
Grapevine virus F (GVF) Betaflexiviridae (Vitivirus) Yes 6
Donkey orchid symptomless virus (DOSV) Unassigned Yes 110
Persimmon virus A (PeVA) Rhabdoviridae (Cytorbabdovirus) Yes 40
Persimmon latent virus (PeLLV) Unassigned
Eggplant mild leaf mottle virus (EMLMYV) Potyviridae Yes 28
Pepper yellow leaf curl virus (PYLCV) Luteoviridae (Polerovirus) Yes 27
Tomato necrotic stunt virus (ToNSV) Potyviridae (Potyvirus) Yes 54
Grapevine pinot gris virus (GPGV) Betaflexiviridae (Trichovirus) NA 32
Citrus yellow vein clearing virus Y1 (CYVCV-Y1) Alpbaflexiviridae (Mandarivirus) Yes 56
Yam bean mosaic virus (YBMV) Potyviridae (Potyvirus) Yes 31
Woolly burdock yellow vein virus (WBYVV) Unassigned NA 10
Sweet potato C6 virus (SPC6V) Betaflexiviridae (Carlavirus) Yes 19
Andean potato mild mosaic virus (APMMYV) Tymoviridae (Tymovirus) Yes 48
Tomato mottle mosaic virus (ToMMYV) Virgaviridae (Tobamovirus) Yes 53
Citrus leprosis virus cytoplasmic type 2 (CiLV-C2) Cilevirus Yes 86
Citrus vein enation virus (CVEV) Luteoviridae (Enamovirus) Yes 97
Tomato matilda virus (TMaV) Iflaviridae (Tomavirus) Yes 59
Cassava polero-like virus (CsPLV) Luteoviridae (Polerovirus) Yes 14
Cassava new alphaflexivirus (CsNAV) Alpbaflexiviridae (Potexvirus)
Cassava torrado-like virus (CsTLV) Secoviridae (Torradovirus)
Rose leaf rosette-associated virus (RLRaV) Closteroviridae (Closterovirus) NA 39
DNA viruses
Sweet potato badnavirus C1 (SPBV-C1) Caulimoviridae (Badnavirus) NA 34
Sweet potato badnavirus C2 (SPBV-C2) Caulimoviridae (Badnavirus)
Grapevine red blotch-associated virus (GRBaV) Geminiviridae Yes 5
Sugarcane white streak virus (SWSV) Geminiviridae (Mastrevirus) NA 12
Piper yellow mottle virus (PYMoV) Caulimoviridae (Badnavirus) Yes 36
Piper DNA virus 1 (PDV-1) Caulimoviridae NA
Piper DNA virus 2 (PDV-2) Caulimoviridae NA

(Continued)
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Table 3 (Continued)

Virus Family (genus) Infective? Reference

Two badnaviruses Caulimoviridae (Badnavirus) NA 49

One mastrevirus Geminiviridae (Mastrevirus)

Grapevine vein clearing virus (GVCV) Caulimoviridae (Madnavirus) Yes 117

Citrus chlorotic dwarf-associated virus (CCDaV) Geminiviridae Yes 57

Grapevine geminivirus (GVGV) Geminiviridae NA 91

Pagoda yellow mosaic associated virus (PYMAV) Caulimoviridae (Badnavirus) NA 98

Viroids

Persimmon viroid 2 (PVd2) Apscaviroid Yes 41

Grapevine hammerhead viroid-like RNA (GHVd Avsunviroidae NA 102
RNA)

Apple hammerhead viroid-like RNA (AHVd-like Avsunviroidae NA 119
RNA)

Grapevine latent viroid (GLVd) Pospiviroidae Yes 119

Abbreviation: NA, not available.

A novel homology-independent metagenomics approach has been recently developed for the
discovery of viroids (102). This approach (Figure 2) involves analyzing the sequences of the
total small RNAs of the infected plants obtained by NGS with a novel computational algorithm,
progressive filtering of overlapping small RNAs (PFOR). Viroid infection triggers production of
viroid-derived overlapping siRINAs that cover the entire genome at high densities (11, 21, 69).
However, these viroid siRNAs cannot be assembled into complete viroid genomes by conventional
genome assembly algorithms such as Velvet because of the high heterogeneity of viroid populations
(102). PFOR retains viroid siRNAs for genome assembly by progressively eliminating small RINAs
that do not overlap and those that overlap but cannot be assembled into a direct repeat RNA, which
is synthesized during the rolling-circle replication of the viroid RNA. Viroids from both of the
known viroid families are readily identified and their full-length sequences assembled by PFOR
from small RNAs sequenced from infected plants. The recent algorithm update significantly
enhances the performance by adopting parallel programming into the filtering step, which takes
up more than 90% of the running time (119).

A new viroid, Grapevine latent viroid (GLVd), was identified by the homology-independent
metagenomics approach (119). GLVd was proposed as a new species of Apscaviroid because it
contains the typical structural elements found in this group and independently infects grapevine
seedlings (119). PFOR/PFOR?2 also enabled the discovery of two putative viroids designated
grapevine hammerhead viroid-like RNA (GHVd RNA) and apple hammerhead viroid-like RNA
(AHVd RNA), neither of which exhibits sequence similarity with any of the known molecules
detectable by the available algorithms. Assembly of AHVd and GHVd RNA repeats by PFOR
from siRNAs, with their 21-nt/22-nt ratio characteristic of the viral siRINAs targeting plant
RINA viruses known to replicate in the cytoplasm, indicates that both circular RNAs replicate
via the rolling-circle mechanism. Both AHVd and GHVd RNAs also encode a biologically
active hammerhead ribozyme in each polarity that is structurally conserved in viroids from the
Avsunviroidae. Moreover, AHVd RNA was not specifically associated with any of the viruses found
in apple plants by deep sequencing. Although independent infectivity has yet to be demonstrated,
the available lines of evidence suggest that AHVd and GHVd RNAs may represent novel viroids.

A simple computational program known as SLS (for splitting longer reads into shorter frag-
ments) was recently developed as part of PFOR2 to discover biologically active circular RNAs via
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the deep sequencing of long RNAs instead of small RNAs (119). The program (Figure 2) cuts
the sequenced long RNAs into 21-nt virtual small RNAs of 20-nt overlap with their 5" and 3’
neighboring small RNAs before PFOR?2 analysis to retain only those that could be assembled into
direct repeat RNAs. SLS-PFOR2 was validated by successful assembly of the full-length PSTVd
genome from the total RNAs deep sequenced from the infected potato plants after rRNA depletion
or RNase R treatment to enrich circular RNAs (119). The development of SLS-PFOR2 allows
the discovery of viroids that infect a host species but do not trigger Dicer-dependent biogenesis
of viroid siRNAs, which may lead to the identification of novel viroids.

CONCLUDING REMARKS

Determination of the total nucleic acid content in a biological sample by NGS technologies pro-
vides a powerful tool for plant pathologists in the diagnosis and identification of viruses and viroids.
NGS technologies will also likely transform the inspection and quarantine services required to
provide a fast, accurate, and full indexing of viruses and viroids in plant samples. In contrast to the
current techniques such as ELISA, PCR, and microarray, the metagenomics approaches do not
require prior knowledge of the pathogens. Successful detection of diverse viruses and viroids by the
metagenomics approaches has been described in plants since 2009. Available data show thatamong
the strategies developed to enrich NGS reads specific to viruses and/or viroids, targeting the total
small RNAs for deep sequencing has been the most effective to identify RNA and DNA viruses as
well as viroids (25). Analyses of plant samples by NGS and homology-dependent computational
algorithms have identified two new viroids and 49 new viruses from 20 known or assigned virus
families in the last six years. Notably, development of the algorithm PFOR allows the discovery
of viroids independent of not only the tedious purification of the naked circular RNAs but also
any sequence similarity to a known viroid. Despite widespread distribution in potato, horticultural
species, and fruit trees, viroids have so far not been found in many major monocot or small fruit
crops, or in animals. The recent algorithm update SLS-POFR?2 further expands the range of host
species for viroid discovery to include those that may not produce overlapping siRINAs targeting
the replicating circular RNAs.

Many challenges remain in the application of NGS technologies to pathogen discovery. First,
there is a critical need for the development of new computational algorithms capable of discover-
ing novel viruses from NGS datasets in a homology-independent manner, as illustrated by PFOR
in viroid discovery. These algorithms may also help identify the origins of the large volume of un-
known sequences present in any deep-sequencing project that are not homologous to any entry in
GenBank. Second, development of user-friendly software interfaces such as SearchSmallRNA that
are accessible to the public and require little informatics training will facilitate more widespread
applications of NGS technologies to the diagnosis and identification of viruses and viroids. Third,
Koch’s postulates have not been fulfilled for many viruses and viroids discovered by the metage-
nomics approaches. However, because production of virus- and viroid-specific siRNAs reveals
induction of the host immune response to an active infection, identification of viruses and viroids
by small RNA sequencing also provides evidence for their replication in the host.

SUMMARY POINTS

1. The power of next-generation sequencing (NGS) technologies to allow rapid determina-
tion of the total nucleic acid content in a biological sample has transformed the diagnosis
and identification of viruses and viroids.
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. All viruses and viroids identical or similar to those described previously can be identified

in a plant sample by a single NGS run and homology-dependent algorithms.

. Atotal of 49 new viruses and one new viroid have been identified by NGS and homology-

dependent algorithms since 2009. Twelve of these viruses may become the founding
members of new virus genera or families.

. Common strategies to enrich viruses and/or viroids for deep sequencing include the

purification of dsRINAs, virus-like particles, or small RNAs. However, identification of
RNA and DNA viruses as well as viroids in a single NGS run is possible only by sequencing
total small RNAs.

. The recent development of the homology-independent algorithm PFOR/PFOR2 makes

it possible to discover novel viroids by deep sequencing of small RNAs and total RINAs
either deleted of rRNA or enriched for circular RNAs. It is likely that PFOR will facilitate
discovery of previously uncharacterized viroids in diverse plant and animal species in both
agriculture and the environment.
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