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ABSTRACT Tomato is a major vegetable crop that has tremendous popularity. How-
ever, viral disease is still a major factor limiting tomato production. Here, we report
the tomato virome identified through sequencing small RNAs of 170 field-grown
samples collected in China. A total of 22 viruses were identified, including both well-
documented and newly detected viruses. The tomato viral community is dominated
by a few species, and they exhibit polymorphisms and recombination in the ge-
nomes with cold spots and hot spots. Most samples were coinfected by multiple vi-
ruses, and the majority of identified viruses are positive-sense single-stranded RNA
viruses. Evolutionary analysis of one of the most dominant tomato viruses, Tomato
yellow leaf curl virus (TYLCV), predicts its origin and the time back to its most recent
common ancestor. The broadly sampled data have enabled us to identify several un-
reported viruses in tomato, including a completely new virus, which has a genome
of �13.4 kb and groups with aphid-transmitted viruses in the genus Cytorhabdovi-
rus. Although both DNA and RNA viruses can trigger the biogenesis of virus-derived
small interfering RNAs (vsiRNAs), we show that features such as length distribution,
paired distance, and base selection bias of vsiRNA sequences reflect different plant
Dicer-like proteins and Argonautes involved in vsiRNA biogenesis. Collectively, this
study offers insights into host-virus interaction in tomato and provides valuable in-
formation to facilitate the management of viral diseases.

IMPORTANCE Tomato is an important source of micronutrients in the human diet
and is extensively consumed around the world. Virus is among the major constraints
on tomato production. Categorizing virus species that are capable of infecting to-
mato and understanding their diversity and evolution are challenging due to diffi-
culties in detecting such fast-evolving biological entities. Here, we report the land-
scape of the tomato virome in China, the leading country in tomato production. We
identified dozens of viruses present in tomato, including both well-documented and
completely new viruses. Some newly emerged viruses in tomato were found to
spread fast, and therefore, prompt attention is needed to control them. Moreover,
we show that the virus genomes exhibit considerable degree of polymorphisms and
recombination, and the virus-derived small interfering RNA (vsiRNA) sequences indi-
cate distinct vsiRNA biogenesis mechanisms for different viruses. The Chinese to-
mato virome that we developed provides valuable information to facilitate the man-
agement of tomato viral diseases.
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Tomato (Solanum lycopersicum L.) is one of the most popular and extensively
consumed vegetable crops. The worldwide production of tomato in 2013 was

approximately 164 million tons, with a value of $60 billion (FAOSTAT, 2013; http://www
.fao.org/faostat). Although the annual yield of tomato has increased over the years, the
pre- and postharvest losses are still tremendous, especially in developing countries (1).
Management of viral diseases, in addition to the well-appreciated fungal and bacterial
diseases, is of paramount importance for tomato production. There are at least 136
characterized viral species that are capable of infecting tomato, a number greater than
that for other vegetables such as pepper (n � 62), lettuce (n � 53), potato (n � 57),
eggplant (n � 44), radish (n � 19), and spinach (n � 109) (2). Due to global climate
changes and increased international trade, new viruses of tomato and other crops are
frequently detected, and old viruses are found to be epidemic (3). Understanding the
diversity and evolution of viruses across major crop production areas is critical for viral
disease management.

It was not until recently that diagnosis and discovery of known and novel viruses on
a global scale became feasible (4–7). Technical strides in next-generation sequencing
(NGS) have made it possible to obtain the complete or near-complete genomes of
novel viruses without any prior knowledge. To date, several NGS approaches have been
adopted to explore viral diversity using either viral genomic RNA/DNA or small RNA
(sRNA) from an infected host (reviewed in reference 8). Using these approaches, at least
four viroid/viroid-like RNAs and 49 novel plant RNA and DNA viruses from 18 known or
unassigned viral families have been reported during the past few years (8). Among
these technologies, sequencing of virus-derived small interfering RNAs (vsiRNAs) is
becoming prevalent and has been used for virus/viroid detection in different kingdoms,
such as plants (9–11), fungi (12), insects (6, 13), and mammals (14). vsiRNAs are the
product of the antiviral defense process that is naturally invoked by a host when
perceiving viral invasion (15). Plants usually produce vsiRNAs through Dicer-like pro-
teins (DCLs). In Arabidopsis thaliana, viral RNAs are cleaved primarily by DCL4 and
secondarily by DCL2, which results in 21- and 22-nucleotide (nt) vsiRNAs, respectively
(16). The Argonaute (AGO) proteins, such as AGO1 and AGO2, are essential downstream
components for virus defense in Arabidopsis (17). AGOs selectively bind vsiRNAs to form
the RNA-induced silencing complex (RISC) and trigger RNA interference (RNAi), and the
AGO-dependent sorting on sRNAs has a strong sequence specificity (18). vsiRNAs can
also be recruited by multiple host RNA-directed RNA polymerases (RdRPs) to boost the
generation of vsiRNAs, thus amplifying defense signals (19, 20).

Virus detection via sRNA sequencing offers several unique advantages over other
approaches. First, both DNA and RNA viruses are subjected to host antiviral immune
systems (16, 21, 22); thus, they can be simultaneously detected in a single experiment.
Second, unlike the sporadic distribution of host-derived sRNAs, vsiRNAs are derived
from both sense and complementary strands of the viral genome. Therefore, de novo
assembly of vsiRNAs is usually enough to resolve the complete viral genomes (11, 23),
even though sRNA sequences are generally short (�30 bp). A recent study showed, by
sequencing of both sRNAs and RNAs from viral particles, that the mutation landscapes
from the two pools were very similar, implying that sRNAs are unbiased for studying the
viral diversity (24).

China is the largest tomato-producing country in the world (FAOSTAT, 2013; http://
www.fao.org/faostat/). Viral infection is one of the major factors limiting tomato
production. To obtain an overall picture of the diversity, distribution, and evolution of
tomato viruses in China, we collected 170 field-grown tomato samples across the
country. Viruses in these samples were determined using sRNA sequencing. Compre-
hensive analysis of sequencing data revealed dozens of known and novel viruses
present in tomatoes in China and provided insights into virus diversity and evolution,
offering valuable information to facilitate the development of efficient strategies for
tomato viral disease management.
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RESULTS
Small RNA sequencing unveiled viral species present in tomato. We collected

170 field-grown tomato samples with virus-like disease symptoms in 2013 from major
tomato cultivation areas in China (Fig. 1A). sRNA libraries of these samples were
constructed and sequenced, which resulted in 84,996 to 6,321,108 cleaned reads for
each sample, with a median of �1.25 million reads (see Table S1 in the supplemental
material). The sRNA reads showed two distinguishable length distributions: host-

FIG 1 Virus detection in field-grown tomato samples in China using sRNA sequencing. (A) Distribution of the
sampling regions in China. Color and size of the circles indicate the sampling size. Regions are shown by acronyms,
and their full names are listed in Table S1 in the supplemental material. (B) Read size distribution in collected
samples. (C) Classification of viruses detected in the tomato samples. (D) Viral discovery curve to assess the
saturation and estimate the richness (number of viral species). The solid green line is the rarefaction curve, the
dashed green line indicates the Chao2 estimation of asymptotic richness by sample number, and shading shows
95% confidence intervals. Current sampling size and estimated size for 97% sampling completeness are marked.
(E) Summary of samples by the number of detected viruses per sample.
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derived reads were enriched at a length of 24 nt and to a lesser extent at 21 nt, while
the remaining reads were preferentially enriched at 21 nt and less significantly at 22 nt
(Fig. 1B). The bipartite read size distribution underlined the activity of the host immune
defense system against viruses, which released large amounts of vsiRNAs of 21 and 22
nt. We analyzed the sRNA sequences using VirusDetect, a program that can efficiently
identify both known and novel viruses from deep siRNA sequences (23). In total, we
detected 22 viruses, including 21 known viruses and one newly discovered virus, as well
as two viroids (Citrus exocortis viroid, genus Pospiviroid, and Potato spindle tuber viroid,
genus Pospiviroid) from the 170 samples, and these viruses spanned 12 genera (Fig. 1C).
The sample information, sRNA sequences, and the information on the identified viruses
are available at the Chinese Tomato Virome Database (http://ted.bti.cornell.edu/
CtomatoVirome/index.html). Positive-sense single-stranded RNA [(�)ssRNA] viruses
were the dominant group, representing 77% of the identified viruses. Potyvirus was the
most abundant subgroup in the (�)ssRNA viruses, with six species detected from the
collected samples (Fig. 1C). We used the nonparametric viral discovery statistic (5, 25)
to predict the bounds of the viral community in tomato and assess the completeness
of our virus discovery effort. The curve indicated that the community may contain 30
viral species, and the viruses that we discovered from 170 samples represented �73%
of all species that may be present in tomato in China (Fig. 1D). All the samples were
diagnosed with at least one virus, consistent with their sampling based on virus-like
symptoms. Moreover, �89% of samples contain two or more viruses, with a peak at
three (Fig. 1E), suggesting a mixed infection in the majority of the collected samples.

Despite the short length of sRNA sequencing reads, the complete genomes of 13
out of 22 detected viruses could be assembled and the genomes of another 5 were
nearly complete (genome coverage �90%) (Fig. 2), affirming the efficiency of viral
genome recovery from sRNA sequences (11). Viruses such as Tomato mosaic virus
(ToMV, genus Tobamovirus), Tomato yellow leaf curl virus (TYLCV, genus Begomovirus),
Potato virus Y (PVY, genus Potyvirus), Southern tomato virus (STV, genus Amalgavirus),
Cucumber mosaic virus (CMV, genus Cucumovirus), Chilli veinal mottle virus (ChiVMV,
genus Potyvirus), Tomato mottle mosaic virus (ToMMV, genus Tobamovirus), Tomato
chlorosis virus (ToCV, genus Crinivirus), Tomato zonate spot virus (TZSV, genus Tospovi-
rus), and Tomato spotted wilt virus (TSWV, genus Tospovirus) have been well docu-

FIG 2 Viral distribution pattern in field-grown tomato samples from China. Regions of samples are clustered according to virus occurrence profiles
and displayed on the top. The full information for the region acronyms is listed in Table S1 in the supplemental material. Viruses that were first
reported in tomato are in blue text.
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mented in tomato in China and elsewhere. These viruses represent the most prevalent
viruses in our sampling set, and the number of samples containing these viruses ranged
from 6 to 118 (Fig. 2). In contrast, several detected viruses were reported for the first
time in tomato, including Potato virus H (PVH, genus Carlavirus), Turnip yellows virus
(TuYV, genus Polerovirus), Potato virus S (PVS, genus Carlavirus), Tobacco vein banding
mosaic virus (TVBMV, genus Potyvirus), and Potato virus A (PVA, genus Potyvirus) (Fig. 2;
see also Table S1 in the supplemental material). The presence of a subset of these
viruses was further confirmed by reverse transcription-PCR (RT-PCR) using specific
primers (PVH, 5=-CCGGATGCACAGTCAGCGAT-3= and 5=-GTACCTCGGCCGTGAAGAGC-
3=; TVBMV, 5=-GAATGGGATCGCGCCACAGA-3= and 5=-TGTGCCGCTGGTTCCAACAT-3=)
(Fig. 3). Meanwhile, we identified a fungal virus (Sclerotinia sclerotiorum mitovirus 4,
genus Mitovirus) in one sample (T131; Table S1). A close examination of sequencing
reads from this sample showed that �3% of total sRNAs came from the fungus S.
sclerotiorum, suggesting the coexistence of a fungal pathogen in the tomato sample.

Although the tomato viral community in China was dominated by few species, the
distribution of these viruses showed variations across sampling regions. ChiVMV was
the major problem for tomato in the Chongqing (CQ) area, and this virus was previously
shown to infect tomato crops in a nearby region (26), while CMV, ToMV, and TYLCV
were more abundant in the Hengyang (HY), Shouguang (SG), and Shanghai (SH)
regions, respectively (Fig. 2). Unlike the well-established ones, the newly emerged
viruses showed sporadic distribution. Region CQ was the single area containing more
than one aforementioned new virus, whereas in most other regions, these viruses were
not detected in the studied samples (Fig. 1A and 2).

Genetic diversity of widely distributed tomato viruses. Due to high mutation
and recombination rates, viruses (particularly RNA viruses) are one of the fastest-
evolving biological entities. The viral populations within the host contain many non-
identical but similar genome sequences often referred to as quasispecies (27). To
evaluate the genetic complexity of viral quasispecies, we focused on the top seven
widely distributed viruses, which emerged in at least seven regions. Reads from
individual samples were mapped back to the viral consensus genomes to call single
nucleotide polymorphisms (SNPs). The percentages of polymorphism sites in viruses
fluctuated. CMV had the highest frequency of polymorphic sites (n � 296; 13.36%),
which was �27 times higher than that of the lowest one, ToMMV (n � 32; 0.50%). The
two most widely distributed viruses, ToMV and TYLCV, had relatively high frequencies
of polymorphisms of 3.69% (n � 236) and 2.15% (n � 60), respectively (Fig. 4). The
frequency of polymorphisms for TYLCV, a DNA virus, was even higher than that for
some RNA viruses, such as PVY (n � 115; 1.18%), STV (n � 27; 0.77%), and ChiVMV (n �

117; 1.20%), concordant with a previous finding that some DNA viruses also have high
evolutionary rates (28). SNPs in most viruses were scattered on the genome and did not
display obvious hot spots or cold spots. However, there are two exceptions, PVY and
ToMMV, which exhibited considerable numbers of SNPs in their genomes, but none of
them were located in genes encoding coat proteins (CPs), indicating that negative

FIG 3 RT-PCR validation of a subset of identified tomato viruses.
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selection might act on these regions. This finding is consistent with the fact that coat
proteins usually evolve under selective constraint (28, 29).

Recombination events in the genomes of tomato viruses were also detected. CMV
and ToMV showed high frequency for both positive-to-positive-strand and positive-to-
negative-strand recombination (Fig. 4). Genomic sites where recombination occurred
frequently in different individual samples were suggested as hot spots. ToMV harbored
the most recombination hot spots in its genome, followed by CMV. Interestingly, we
found a highly frequent recombination between Nlb and other open reading frames
(ORFs) in PVY and ChiVMV, both of which are potyviruses, suggesting that the Nlb
region might be a recombination hot spot.

The origin and evolution of tomato viruses are critical questions in viral biology;
however, answering these question is challenging for most viruses due to the limited
availability of genomic information and the restricted sampling effort. Previous studies
have proposed a history, origin, and worldwide spread for TYLCV (29), but how and
when this virus became prevalent in China still remain unclear. Our phylogenetic
analysis of whole-genome sequences from all previously reported TYLCV strains in
China as well as those identified in this study revealed that all Chinese strains fell into
one clade with two subgroups, indicating the parallel evolution of Chinese strains from
a single origin, with their ancestor likely from the TYLCV-IL strain (Fig. 5). Chinese strains
from different locations showed significant diversity. Strains from Shandong province
were more divergent than those from other regions as inferred from the branch lengths
of the phylogenetic tree. As Shandong is the most important vegetable-producing area
in China, it might have been one of the earliest regions suffering from TYCLV infection.
TYCLV was first reported in China in 2006 (30), but the exact date of its first appearance
in China would undoubtedly be much earlier. To make an estimate of this date, we
selected 56 representative strains and inferred the evolutionary rate and time scale
using the Bayesian phylogenetic method (31). Because of the high recombination
frequency in the TYCLV genome, using the whole-genome sequence would push the

FIG 4 Population diversity of tomato viruses in China. Genomes of the seven most prevalent tomato viruses are shown. SNP positions in the genome of each
virus are indicated as black lines in the outer circle of each plot. Colored segments close to the outer circle are coding regions. Depth for vsiRNA reads mapped
on the positive strand (red) or negative strand (green) is shown in the inner circle. Orange and gray lines link the recombination sites from positive-positive
and positive-negative strands, respectively. Recombination frequencies in the samples are indicated by the line width.
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estimate of most recent common ancestor (MRCA) much deeper into the past (32).
Therefore, a better choice would be to use the coat protein (CP) region (28, 29). The
mean evolutionary rate for CP was estimated to be 9.66E�4 substitutions per site per
year (95% highest posterior densities [HPDs], 5.58E�4 to 1.38E�3), which is similar to
the previously reported data (29). The mean age of MRCA for TYLCV is estimated to be
83 years (95% HPDs, 31.80 to 159.81) (Fig. 6), which is in line with the time of the first
description of tomato yellow leaf curl disease-like symptoms in the late 1920s (33). The
Chinese strains formed a monoclade with the mean age of MRCA being 18 years (95%
HPDs, 10.63 to 26.59). These data suggested that TYLCV may have been present in
China as early as 1996, about 10 years before it was first reported in 2006.

Discovery of a new virus in tomato. Five samples (T065, T093, T094, T096, and
T108) from the Chongqing region contained highly identical long contigs that matched
viral RNA-dependent RNA polymerase (RdRp) with moderate sequence identity (�50%).
The complete genome of this virus was assembled and has a size of 13,389 bp

FIG 5 Phylogeny of TYLCV in China. Genome sequences of TYLCV strains identified in this study and those from China and elsewhere downloaded from
GenBank (accession numbers are shown in the figure) were used for the phylogenetic analysis. A maximum likelihood (ML) tree was constructed using PhyML
with the best-fitted model GTR ��4 and 100 bootstraps. Branches in red indicate the highly diverged strains collected from Shandong province.
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(GenBank sequence accession no. KY075646) (Fig. 7A). We have tentatively named this
new virus tomato yellow mottle-associated virus (TYMaV) as the tomato leaves harbor-
ing this virus showed symptoms including epinasty of leaflet blades, yellow spots,
puckering, and mottling (Fig. 7B). We confirmed the presence of TYMaV in the above-
mentioned samples using RT-PCR but failed to detect it in other samples without similar
symptoms (primers 5=-TTTCCTCGGGGCGCTTGTTT-3= and 5=-GAAGGCCCCCAAGGTCC
CTA-3=) (Fig. 3). However, further investigation is required to determine whether TYMaV
is the causal factor for the observed symptom. TYMaV has a relatively low frequency of
polymorphism (n � 151; 1.1%) and recombination, implying that it is a recently
emerged tomato virus in China. The closely related counterparts of TYMaV fall in the
genus Cytorhabdovirus, a group of the negative-stranded RNA viruses, and their ge-
nomes usually encode six or seven proteins (Fig. 7A). Plants are the natural host for
Cytorhabdovirus, but currently, only nine viral species belonging to Cytorhabdovirus are
recorded in the ICTV database (http://www.ictvonline.org), although 11 described
viruses have genome information (including those currently not categorized in ICTV).
TYMaV showed genome structure similar to the Alfalfa dwarf virus (ADV). The abun-
dance of sRNAs generated from the negative strand was comparable to those from the
positive strand, indicating that the double-stranded RNA (dsRNA) replicative interme-
diates could be the primary target for siRNA biogenesis for this virus (Fig. 7A).

As is typical for cytorhabdoviruses, the coding region of TYMaV is flanked by
untranslated 3= leader and 5= trailer regions, which are nearly complementary to each
other with a 1-nt overhang at the 3= terminus (Fig. 7C). Analysis of intergenic sequences
highlighted a conserved motif with the consensus sequence 3=-UAGUUUUAUUA
AAN1–11CG-5=. This motif appeared in all intergenic regions, therefore assisting the
prediction of the boundaries of ORFs (Fig. 7C). Phylogenetic analysis using five con-
served proteins from each of the 11 viral species showed that TYMaV was evolutionarily
close to an insect virus recently isolated from an aphid (34). The related Barley yellow
striate mosaic virus (BYSMV) and Northern cereal mosaic virus (NCMV) are transmitted by
planthoppers, and Alfalfa dwarf virus (ADV) and Lettuce necrotic yellow virus (LNYV) are

FIG 6 Maximum clade creditability tree of TYLCV coat proteins. The time scale below the tree corresponds to the mean posterior estimate of the age in years.
Bars represent 95% highest posterior density (HPD) intervals for the estimated divergence time. Nodes in the tree with posterior probabilities greater than 0.5
are labeled with red circles, and those with probabilities smaller than 0.5 are labeled with green circles. Accession number, region, and sampling year for each
TYLCV are included in its identifier, and samples from China are shaded with pink.
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transmitted by aphids (35–37). As the three Wuhan insect viruses phylogenetically
clustered within the plant viruses, it is highly possible that these three viruses carried
by the insect were from the host plants. Although the presence of TYMaV sequence in
any aphid or aphid transmission of this virus has not been proven, the close phyloge-
netic relationship to the aphid-transmitted ADV suggests that TYMaV could be trans-
mitted by aphid (Fig. 7D). The conserved intergenic motif has evolved among the 11
viral species, and many viruses (e.g., ADV, Persimmon virus A, and BYSMV) harbor similar
but not identical motifs within themselves, indicating genomic recombination between
different viruses (Fig. 7D).

Small RNA features underlined differences in viral biology. Key interesting
questions following the discovery of various categories of viral genomes [i.e., dsRNA,
ssDNA, (�)ssRNA, and (�)ssRNA] include (i) how the sRNA core machinery differentiates
vsiRNA biogenesis among different categories of viruses and (ii) how these differences
are reflected in vsiRNA characteristics. To address these questions, we mapped the
sRNA reads to the viral genomes in each sample and summarized the sequence-based
features of vsiRNAs. We restricted our analysis to the viruses whose reconstructed
genomes were no less than 95% of the complete sequences, which turned out to be 17
viruses in total. sRNA read length analysis showed that the sizes of siRNAs from all
viruses were centered at 21 and 22 nt. The general read size distribution was in line with
previous reports (11, 24), except that siRNAs from the Tomato chlorosis virus (ToCV)
were preferentially enriched with those of 22 nt (Fig. 8A). DNA viruses may have
different vsiRNA biogenesis mechanisms from RNA viruses, since they lack a dsRNA
stage during their infection cycle. Pioneering studies have demonstrated that all four
DCLs (DCL1, DCL2, DCL3, and DCL4) are involved in vsiRNA biogenesis for DNA viruses
in Arabidopsis, instead of the predominant two (DCL2 and DCL4) for some RNA viruses,
and three classes (21, 22, and 24 nt) of vsiRNAs can be observed (21, 38). Indeed, this
is true for DNA virus TYLCV, as we found that siRNAs of TYLCV were significantly
enriched with those of both 21- and 22-nt size classes, and the 24-nt siRNAs were less

FIG 7 Genome and phylogeny of tomato yellow mottle-associated virus (TYMaV). (A) Genome structure of two representative plant viruses in the genus
Cytorhabdovirus and TYMaV. sRNA read distribution on the genome of TYMaV is shown at the bottom. (B) Symptoms of TYMaV-infected tomato plants. The
image in the inset is the magnified tomato leaf from the indicated yellow-circled region. (C) Sequence features of the TYMaV genome. The upper panel shows
the near-complementary structure of the 5= and 3= termini in the genome. The lower panel shows the conserved motif sequences in the intergenic regions.
(D) Phylogenic tree of 11 available genomes of members in the genus Cytorhabdovirus constructed with five conserved proteins (N, P, M, G, and L).
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abundant but still much more prevalent than those of other sizes (Fig. 8A). This siRNA
abundance pattern was not apparent for RNA viruses. The polarity of siRNA reads from
different viruses displayed huge variations, although most viruses, except TYMaV, TZSV,
and TYLCV, had more reads mapped to the positive strand than to the negative strand.
Six viruses had a ratio of reads mapped to the positive strand to those mapped to the
negative strand of less than 1.2, suggesting similar siRNA generation efficiencies for the
two strands. However, viruses such as TMV, ToMMV, CMV, and ToMV were obviously
biased for the positive strand. The extreme case was CMV, for which the number of
vsiRNA reads mapped to the positive strand was �10 times those mapped to the
negative strand (Fig. 8A).

vsiRNAs generated by DCLs are intrinsically structured with a 2-nt overhang at the
3= terminus (39). The cleaved double-stranded siRNAs are further bound and sorted by
AGOs depending on the 5=-most base (18). To investigate if these patterns were
incorporated into the vsiRNAs in the tomato samples, we assessed the paired vsiRNA
distance for all the tomato viruses using a previously described approach (40). The
distance profiles showed a significant enrichment at position 2 on 21-nt and 22-nt reads

FIG 8 Characteristics of tomato virus siRNA sequences. (A) Length distribution, polarity profiles, and paired distance (21- and 22-nt reads) of siRNA reads
mapped to viral genomes. Columns labeled with stars are positions of 2 nt for the 3= overhang and 19 nt (for 21-nt vsiRNA) or 20 nt (for 22-nt vsiRNA) for the
5= overhang, respectively. (B) Paired vsiRNA distance of siRNA reads in ToMV. (C) Examples of three scenarios (perfectly matched, 5= overhang, and 3= overhang)
of paired vsiRNAs and normalized nucleotide percentage at each position of siRNAs. Normalized nucleotide percentage is calculated by dividing the base
percentage at each position with the mean percentage of the respective base between positions 2 and 18. Only paired reads with a 2-nt 3= overhang were
used for calculation. (D) Clusters of tomato viruses based on the correlation coefficient of the normalized nucleotide percentage. Viruses were grouped into
the same clusters if their correlation coefficient was �0.6. The base composition at the 5=-most position on vsiRNA reads for each cluster is indicated.
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for the 3= overhang in nearly all viruses (Fig. 8A). These data confirmed that most
vsiRNAs in the tomato samples were derived from typical DCL processing. However,
some viruses showed an additional peak at position 19 on 21-nt reads or 20 on 22-nt
reads for the 5= overhang (Fig. 8A). This pattern is particularly clear for high-coverage
viruses, such as ToMV (Fig. 8B), suggesting that these vsiRNAs were phased. To assess
the base preference on the 5= terminus, we calculated the base percentage for each
position, which was then normalized by the average percentage of each base along the
selected positions on the reads. As shown for two particular viruses (ToCV and pepper
mottle virus [PepMoV]) in Fig. 8C, base composition at positions 1 and 19 of 21-nt reads
or 1 and 20 of 22-nt reads displayed striking variations, and the pattern was significantly
different from those at other sites (permutation test, P � 0.0001 for both viruses). This
observation coincided with the enrichment of a 2-nt 3= overhang of vsiRNAs and
indicated a preferential base selection at the 5= terminus. Indeed, base G was the least
favored at the 5= terminus for nearly all viruses (Fig. 8C). Many viruses showed a
distinguishable preference for the remaining three bases at the 5= terminus: for
example, U was enriched in both 21- and 22-nt vsiRNAs for ToCV, while C was enriched
in PepMoV (Fig. 8C). Base compositions may somehow reflect the specific viral biology
and could be similar in biologically related species. We therefore calculated the
correlation coefficient (Pearson’s r) of base composition for all viruses. When the r was
set to be �0.6, the viruses could be categorized into four groups, among which nine
preferred base C and another eight preferred U at the 5= terminus (Fig. 8D). Since the
5=-terminal base composition has remarkable influence on vsiRNA sorting by AGO
proteins (18), our data imply that different viruses within the same host might undergo
distinct processes during vsiRNA biogenesis.

DISCUSSION

It has been suggested that tomato is more susceptible to viruses than other
vegetable crops (2). However, important questions such as how many viruses actually
exist in tomato and how prevalent these viruses are are still challenging to answer,
because viruses are highly dynamic, as they can easily evolve and adapt to the
environmental pressures, and traditional approaches for virus detection, such as RT-PCR
and enzyme-linked immunosorbent assay (ELISA), often fail to discover highly diverged
or new viruses. Here, we used deep sRNA sequencing to disclose the tomato viral
diversity in China, the leading country in tomato production. To our knowledge, this is
the first comprehensive viral landscape in crops revealed from large amounts of field
samples.

Our analysis discovered dozens of viruses from 170 tomato samples collected across
the country. The majority of the discovered viruses were previously characterized, but
many of them are described in tomato for the first time, confirming the rapidly
adaptable nature of viruses. ToMV and TYLCV, two notorious viruses found worldwide,
are the top two prevalent tomato viruses in China. However, the dominances of the two
viruses in different areas are dissimilar. TYLCV was first reported in China in 2006 (30),
but through Bayesian phylogenic analysis, we suggested that it might have been
present in China as early as 10 years before it was discovered (Fig. 6). STV, another
important tomato virus, was initially discovered in Mexico and the United States in 2009
(41) and later reported in France (42), Spain (43), and China (44). Although this virus was
discovered only recently and reported from a limited number of countries, we showed
that it was detected in 70% of sampling areas in China and ranked as the fourth most
prevalent virus in Chinese tomatoes. STV is seed transmitted, the distribution of this
virus seems very fast, and the infectious risk is rapidly increasing; therefore, monitoring
this virus in the field should be taken seriously in the future.

It has been well established that plants preferentially recruit DCL4 to generate
abundant 21-nt vsiRNAs for most RNA viruses. However, in Turnip crinkle virus (TCV),
DCL2 instead of DCL4 is the major contributor for vsiRNA biogenesis, which is likely due
to the suppression of DCL4 by TCV (45). In this study, although most viruses in tomato
generated 21-nt siRNAs, Tomato chlorosis virus (ToCV) generated many more 22-nt
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siRNAs than 21-nt siRNAs, suggesting that ToCV may inhibit the tomato RNA silencing
machinery, consistent with a previous study that demonstrated that the RNA1-encoded
p22 protein in ToCV can serve as an effective silencing suppressor in tobacco (46).
Differently from RNA viruses, which are generally restricted in the cytoplasm, DNA
viruses transcribe their genomes in the nucleus. Accumulation of vsiRNAs from DNA
viruses requires the cooperation of all four DCL enzymes in a coordinated and hierar-
chical manner (21, 38). Indeed, TYLCV showed three types of vsiRNAs, although the 21-
and 22-nt sequences are apparently more numerous than 24-nt reads, supporting
different roles of DCL proteins in DNA virus processing (Fig. 8A). Once viral RNAs are
cleaved, AGO proteins are then recruited for vsiRNA sorting. The Arabidopsis genome
encodes 10 AGO proteins, which have diversified functions. AGO1 and AGO2 are the
main antiviral AGOs against RNA viruses, with AGO5, AGO7, and AGO10 playing minor
roles in some cases. AGO4 is the major antiviral AGO against DNA viruses (47).
Diversification of AGO proteins is specifically reflected by their recognition of the
5=-most base of vsiRNAs (18); therefore, different viral species with the same enrich-
ment patterns are possibly processed by the same AGO protein in plants (47). Similarly,
we show that all viruses identified in this study have siRNAs enriched with one or more
bases of A, U, or C at the 5= terminus (Fig. 8C and D). We note that for some well-studied
viruses, the enrichment patterns are consistent with those reported with experimental
evidence (17, 48), implying that our analysis can provide reliable insights into viral
biology.

Early models on the biogenesis of vsiRNAs suggested that dsRNA replication inter-
mediates are the major source of vsiRNAs (49). Therefore, the read depths between two
strands should be similar. However, as shown in Fig. 8A, many tomato viruses identified
in this study have significantly biased read distribution on the two strands, and all
viruses display vsiRNA hot spots. Thus, further investigations are needed to elucidate
the mechanisms underlying these phenomena.

MATERIALS AND METHODS
Sample collection and small RNA sequencing. Field-grown tomato samples were collected from

China in 2013. The sampled plants were in the early stage of fruit ripening and showed virus-like
symptoms, including but not limited to stunting, curling of leaves, chlorosis on leaves and flowers,
dwarfing, midrib browning, distorted apical buds, and concentric ringspots. Young leaves at the top of
diseased plants were collected for RNA preparation. Total RNA was purified using the TRIzol method
according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). The quality of the purified total
RNA was evaluated using a Bioanalyzer 2100 (Agilent Technology, Santa Clara, CA). Libraries of small
RNAs (lengths of 20 to 60 nt) were constructed from the total RNA using the protocol described
previously (50).

Read processing, assembly, and virus identification. Raw sRNA reads were first processed by
trimming the adaptor sequences, and trimmed reads containing an ambiguous base (N) or that were
shorter than 15 nt were discarded. Virus contigs were assembled and identified from the sRNA sequences
using the VirusDetect pipeline v1.6 (23). The tomato reference genome version 2.4 (51) was used to
subtract the host-derived sRNA. SPAdes v3.8.0 (52) was used to reconstruct the complete genome of
tomato yellow mottle-associated virus from the pooled sRNA reads.

SNP calling and recombination detection. For SNP analysis, we first excluded samples in which the
assembled viral contigs covered less than 50% of the corresponding viral genomes. sRNA reads with a
low-quality base (Q � 20) or that were shorter than 20 nt or longer than 24 nt were excluded from the
analysis. The resulting sRNA reads were then mapped to the viral genomes using the Burrows-Wheeler
Aligner (BWA) (53), allowing no more than three mismatches. Only uniquely mapped reads were included
in the downstream analysis. The resulting BAM file was marked with duplicates using Picard (version
2.2.4; https://broadinstitute.github.io/picard/) and processed by GATK (54) for indel realignment and
mapping quality recalibration. The adjusted BAM file was fed to HaplotypeCaller in GATK (version 3.5) for
SNP calling. Raw SNPs were further filtered, and only those with a depth of �10 and a minor allele
frequency of �5% were retained. Reads not mapped to host and viral genomes were used to identify
nonhomologous recombination events using ViReMa (55) with the seed length set to 11 nt. We set the
criterion of two nonidentical reads, as commonly used in other studies (24), to define a recombination
event. SNPs and recombination were visualized in the viral genomes using Circos v0.69-3 software (56).

Phylogeny and dating. The whole-genome sequences or concatenated gene regions were aligned
using MUSCLE (57). trimAl (58) was then employed to remove poorly aligned regions. The resulting
alignment was subjected to model selection using jModelTest 2 (59). Maximum likelihood phylogenetic
trees were constructed using PhyML (60) with the best-fitted model and 100 bootstraps. To get the time
scale for the evolution of TYLCV, we aligned the coat protein sequences from all collected viruses. The
evolution rate and time scale were estimated using BEAST v2.4.0 (31). According to previous studies (28,
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29), we used a coalescent constant population size tree prior, a log-normal relaxed molecular clock, and
a general time-reversible (GTR) ��4 substitution model for our TYLCV analysis. Each BEAST run was
performed with 200 million steps in the Markov chain and sampled every 10,000 steps to produce a
posterior tree distribution containing 20,000 genealogies. The maximum clade credibility tree was then
built using TreeAnnotator in the BEAST package.

Accession number(s). Small RNA reads have been deposited in the NCBI Sequence Read Archive
(SRA) under accession number SRP092384. The complete genome sequence of tomato yellow mottle-
associated virus has been deposited in GenBank under accession number KY075646.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
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