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ABSTRACT

As research on plant viruses has focused mainly on crop diseases, little is known about these viruses in natural
environments. To understand the ecology of viruses in natural systems, comprehensive information on virus–virus and
virus–host interactions is required. We applied RNA-Seq to plants from a natural population of Arabidopsis halleri subsp.
gemmifera to simultaneously determine the presence/absence of all sequence-reported viruses, identify novel viruses and
quantify the host transcriptome. By introducing the criteria of read number and genome coverage, we detected infections
by Turnip mosaic virus (TuMV), Cucumber mosaic virus and Brassica yellows virus. Active TuMV replication was observed by
ultramicroscopy. De novo assembly further identified a novel partitivirus, Arabidopsis halleri partitivirus 1. Interestingly, virus
reads reached a maximum level that was equivalent to that of the host’s total mRNA, although asymptomatic infection was
common. AhgAGO2, a key gene in host defence systems, was upregulated in TuMV-infected plants. Multiple infection was
frequent in TuMV-infected leaves, suggesting that TuMV facilitates multiple infection, probably by suppressing host RNA
silencing. Revealing hidden plant–virus interactions in nature can enhance our understanding of biological interactions
and may have agricultural applications.
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INTRODUCTION

Plant virus research has mainly focused on crop diseases, as
viruses often have serious impacts on agriculture and the econ-
omy (Rybicki 2015). Although viruses play an important role in
ecosystems (Mitchell and Power 2003; Malmstrom et al. 2005a),
little is known about the ecology of viruses in natural envi-
ronments (King et al. 2011; Roossinck 2011). Early studies on
viruses in wild plants often targeted agriculturally important
pathogenic viruses in plant communities adjacent to crop fields
(Cooper and Jones 2006; Mueller, Groves and Gratton 2011; Pagán

et al. 2012). However, considering recent finding that viruses can
be common across diverse plants, virus ecology will provide a
novel perspective on the biology of viruses and their interactions
with surrounding organisms (Alexander et al. 2014; Stobbe and
Roossinck 2014). Recently, several studies have been conducted
in natural habitats to better understand the multiple roles of
viruses in ecosystems (Roossinck 2012, 2015).

Virus ecology research typically follows one of two ap-
proaches. One involves revealing the ‘virus flora’ in natural
habitats (Hackett et al. 2009; Kreuze et al. 2009; Barba, Czosnek
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and Hadidi 2014). RNA sequencing technology (RNA-Seq) en-
ables different types of viruses to be screened simultaneously
in a single experiment, because the majority of plant viruses
are RNA genome viruses, and DNA genome viruses transcribe
mRNA during their life cycles. Incorporating de novo assembly
can make RNA-Seq a powerful tool for identifying both known
and novel viruses (Kreuze et al. 2009; Barba, Czosnek and Hadidi
2014; Roossinck 2015). The other approach is capturing virus–
host and virus–virus interactions (Thurston et al. 2001; Remold
2002; Prendeville et al. 2012). These interactions can be major
determinants of host physiology (Hull 2014) as well as host de-
mography (Malmstrom et al. 2005a,b). In natural ecosystems,
asymptomatic infection might be common (Boccardo et al. 1987;
Thurston et al. 2001; Prendeville et al. 2012), and virus patho-
genesis can be altered by surrounding environments (Fraile and
Garcia-Arenal 2016). However, infection that produces severe
symptoms is generally not adaptive for either plants or viruses
(Remold 2002; Pagan et al. 2014), and under particular conditions,
virusesmay have beneficial effects on their hosts (Xu et al. 2008).

By applying RNA-Seq to natural host–virus systems, these
two approaches in virus ecology can be accomplished together.
For example, in the study of host–pathogen interactions, RNA-
Seq has provided novel opportunities to simultaneously anal-
yse host and pathogen transcriptomes, which is referred to as
‘dual RNA-Seq’ (Tierney et al. 2012; Westermann, Gorski and
Vogel 2012; Westermann et al. 2016). The application of dual
RNA-Seq to a rice and blast fungus system detected upregula-
tion of infection-related fungus genes and defence-related host
genes (Kawahara et al. 2012). Although dual RNA-Seq has been
detected dual transcriptomes in fungal/bacterial pathogen sys-
tems, it can be applied to reveal virus diversity and host tran-
scriptome simultaneously in a host–virus system. It allows the
efficient collection of key information, such as the full genome
sequences of all infected viruses, virus species combinations in
multiple infections and transcriptomic responses of host plants.

In virus–host plant interactions, RNA silencing is a major
host defence mechanism against viruses, in which Dicer or an
RNA-induced silencing complex (RISC) recognises and degrades
the virus genome (Soosaar, Burch-Smith and Dinesh-Kumar
2005; Shiekh 2014). Viruses have developed counter-defences in-
volving suppressor genes against this host defence mechanism
(Incarbone and Dunoyer 2013). Such counter-defence facilitates
the replication of co-infecting viruses under multiple infections
(Pruss et al. 1997; Fukuzawa et al. 2010; Syller 2012). To study this
system in natural habitats, it is necessary to detect viruses com-
prehensively in symptomatic and asymptomatic hosts, and to
analyse the interaction between host defence and virus counter-
defence on site.

In this study, we used RNA-Seq to analyse the interactions
of viruses with their hosts and other viruses in nature for the
first time. We used a natural population of Arabidopsis halleri
subsp. gemmifera (hereafter referred to as A. halleri) in central
Japan. Because this species is closely related to A. thaliana, high-
quality reference sequences and gene annotations are available.
We used the enzymatic depression of rRNA instead of oligo-
dT bead purification in RNA-Seq, which allowed us to anal-
yse viruses both with and without a polyA-tail (Nagano et al.
2015). By combining multiple indices of virus genome infor-
mation, we introduced novel criteria to identify viruses. Such
rigorous identification of viruses in multiple individual sam-
ples provides novel insights into many aspects of virus ecol-
ogy, such as spatial patterns of infection, multiple infections,
the relationship between infection and host phenotypes and
host responses.

MATERIALS AND METHODS
Plants and sampling

Arabidopsis halleri is a perennial plant native to Japan. It is a
metallophyte that often inhabits soils contaminated by heavy
metals (Kubota and Takenaka 2003). The study site was lo-
cated at Omoide River in Hyogo prefecture in Japan (35◦06′N,
134◦56′E, Alt. 200 m, Aikawa et al. 2010). The plants grew along
a small, shallow creek running through secondary forests and
Japanese cedar (Cryptomeria japonica) plantations on the south-
facing slope of a hill. Vegetation was sparse along the creek, due
to heavy metal contamination of the soil from previous mining
activities near the site, and no cruciferous specieswere observed
except for A. halleri.

We collected and analysed leaf samples from 68 different
individuals (Supporting Information, Table S1). The first set of
samples (22 leaves) was collected along the creek for ca. 150 m,
with 5–10-m intervals between plants. The second set of sam-
ples (46 leaves) was collected from a 20 m by 25 m rectangu-
lar plot, in which the locations of all sampled individuals were
recorded precisely. The study plot contained more than 200 A.
halleri individuals, and we selected 46 sampled plants covering
the whole study plot. The first and second sets were collected on
27 May and 30 June, 2014, respectively, between noon and 3:00
p.m. on both days. New plastic disposable gloves were used to
sample the leaves of each individual not to spread viruses arti-
ficially during sampling. We collected one leaf blade per plant.
The majority of sampled leaves were rosette leaves, but cauline
leaves 1.5–2.0 cm in length were collected from individuals that
lacked rosette leaves (n = 8).

Our preliminary results indicated that the presence/absence
of virus from a single leaf mostly corresponded with infection/
non-infection at a whole-plant level as long as we avoided col-
lecting newly expanded leaves. During sampling, the presence
of herbivory by insects and chlorosis on sampled leaves were
recorded and photographed (Fig. S1, Supporting Information).
We also recorded leaf chlorosis as a potential visible symptom of
viral infection. The major herbivore at the study site was a leaf
beetle, Phaedon brassicae, the larvae and adults of which attacked
leaves primarily in May–June (Kawagoe and Kudoh 2010). Imme-
diately after sampling, each leaf was placed in a 1.5-ml micro-
tube with 1.0 ml RNA later (Ambion, Life Technologies, CA, USA)
to avoid RNA degradation. The samples were immersed in the
RNA later at 4◦C for 1 day and then transferred to –20◦C for 1.5
months until RNA extraction was performed.

Total RNA preparation, RNA-Seq library preparation
and sequencing

Total RNA was extracted from each leaf using 300 μl TRI-
zol reagent (Life Technologies) according to the manufacturer’s
instructions. Leaves were completely crushed with cylinder-
shaped metal beads using the multi-beads shocker (YASUI
KIKAI, Japan). During RNA extraction, the DNase treatment was
not applied because it was included in the following library
preparation. The amount of RNAwasmeasured using Qubit (Life
Technologies), and the quality was assessed using a Bioanalyzer
(Agilent Technologies, CA, USA). For RNA-Seq library prepara-
tion, 200 ng of total RNA per sample was used. To obtain all
plant virus RNA that was present in the wild plants, we used
selective depression of rRNA by thermostable RNaseH (Morlan,
Qu and Sinicropi 2012) instead of mRNA purification by oligo-dT
beads, which cannot trap virus genomes that lack polyA tails. A
detailed protocol for the library preparationwas described in our
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previous study (Nagano et al. 2015). The quality check of the li-
brary was performed by the Bioanalyzer. The 68 tagged libraries
were mixed to generate a final concentration of 0.33 nmol l−1 for
each sample. The single-end 50 bases and index sequencingwas
conducted using two lanes of the HiSeq 2500 (Illumina) with the
TruSeq v3 platform. The sequence data were deposited to the
short read database, under accession number DRA003823.

Mapping and quantification of the short read
sequences

Analysis of the RNA-Seq data was conducted as follows
(Fig. S2, Supporting Information). FASTQ files from RNA-
Seq were preprocessed by removing adapter sequences and
low-quality fragments using trimmomatic-0.32 (Bolger, Lohse
and Usadel 2014) with the following parameters: [ILLUMINA-
CLIP:${ADAPTER:2:30:10 LEADING:19 TRAILING:19 SLIDINGWIN-
DOW:30:20 AVGQUAL:20 MINLEN:40]. In the brackets, command
lines indicate cutting adapter and other Illumina sequences
with 2, 30 and 10 for allowed seed mismatches, palindrome clip
threshold and simple clip threshold, respectively, to cut bases
off the start and end of a read if the quality is <19, to perform
a sliding 30-base window trimming with a quality threshold 20,
to drop the read if the average quality is <20, and to drop the
read if it is below 40 bases in length. Virus genome sequences,
A. halleri transcript sequences and ERCC (External RNA Con-
trols Consortium) spike in control (Life Technologies) were used
as reference sequences. The virus reference sequences were
composed of complete genome sequences of 3981 viruses ob-
tained from the NCBI GenBank (Table S2, Supporting Informa-
tion). The reference transcriptome sequences of A. halleri were
prepared according to the following strategy. RNA-Seq reads of
A. halleri from our study site were mapped to the A. lyrata tran-
scriptome JGI release v. 1.0 (Hu et al. 2011) by bowtie2 (Lang-
mead and Salzberg 2012). We found 370464 single-nucleotide
polymorphisms (SNPs) supported by at least two reads. The
SNP loci of the A. lyrata gene model were replaced by A. hal-
leri alleles. The replaced sequences were used as the reference
transcriptome sequences of A. halleri (submitted to Dryad Dig-
ital Repository, doi: 10.5061/dryad.4pf96). The preprocessed se-
quences were mapped on the reference and quantified using
RSEM-1.2.15 (Li and Dewey 2011).

Detection of virus infection

The output of RSEM was analysed using R 3.1.1 software (R De-
velopment Core Team2011). In currentmultiplex sequencing ex-
periments with the Illumina genome analyser, sample misiden-
tification occurred at a rate of 0.03% (Kircher, Sawyer and Meyer
2012). In the present experiment, the rate was approximately
0.01%. In order to avoid missorting of reads, we employed 0.05%
as an empirical threshold. We removed the effect of missorted
reads in quantification according to the following procedure. Let
Ri denote the total number of reads mapped on gene i for each
lane, that is,

Ri =
m∑

j=1

rij,

where m is the number of samples and rij is the raw read count
of gene i in sample j. The read number of gene i in sample j
(qij) is estimated as qij = rij − 0.0005Ri if rij > 0.0005Ri, other-
wise qij = 0. All genes were treated in the same way. To evalu-

ate virus read amounts for the following analysis, the virus read
number (rpm) was calculated. In this study, rpm was defined as
log vkj∑

i∈H qij
, where vkj is the number of reads mapped on virus k

in sample j. H is the host gene set and the denominator indi-
cates the number of readsmapped on the host transcriptome se-
quences (total host gene expression). The number of virus reads
was so large that the total read number (

∑
i∈H

qij + ∑
i∈V

vkj , where V

is the virus genome set) was very different between infected and
non-infected plants. Therefore, we used the total reads derived
from host genes, except for rRNA, as a denominator, instead of
the total reads including virus reads. The genome coverage of
each virus was calculated. The percentage of the virus genome
region covered by at least three mapped reads was defined as
the coverage (Fig. 1a). Scripts for analysis and visualisation were
written using default packages including ‘base,’ ‘graphics’ and
‘stats’ of R 3.1.1 software.

To examine infection by a novel virus(es), de novo assem-
bly of unmapped reads was conducted. The unmapped reads
from 68 samples were pooled (5885060 reads in total) and were
assembled by Trinity v2.0 (Grabherr et al. 2011). Contigs with
200 nt or more were annotated by the Blastn homology search
to identify virus-like sequences. The pre-processed RNA-Seq
data from each of 68 leaf samples were mapped again on the
reference, including sequences of a novel virus using RSEM-
1.2.15 (Fig. S2, Supporting Information). RNA from five puta-
tive infected and five non-infected plants was reverse tran-
scribed (High-Capacity cDNA Reverse Transcription Kit, Life
Technologies) and co-occurrence of the two genome segments
of the putative novel virus, RdRP (RNA-dependent RNA poly-
merase) and CP (capsid protein), was examined. PCRs (KOD-
plus, TOYOBO, Japan) were conducted with the specific primer
sets that amplify 428-nt RdRP and 450-nt CP fragments (for-
ward ATGAAGAACACCGTCGTTCTC, reverse GACTTCAGTTTCC-
CGTCATAC; and forward ATGTCGATGAAAAGAAAGTCAAG, re-
verse CTGAACCCAGAAAAGAACTCC, respectively).

Deduced amino acid (AA) sequences were determined for
RdRP and CP of the novel partitivirus. The RdRP AA sequences
of the novel virus, reported partitivirus (58 sequences) and a
cryspovirus as an outgroup were aligned using MAFFTv.7.273
(the default settings; http://mafft.cbrc.jp/alignment/software/).
The species used for the analysis are listed in Table S3 (Sup-
porting Information). The phylogenetic analysis was conducted
using MEGA7 (Kumar, Stecher and Tamura 2016) using the
maximum-likelihood method based on the LG model (Le and
Gascuel 2008). We chose the model according to the model se-
lection based on the Akaike information criterion (AIC). Ini-
tial tree(s) for the heuristic search was obtained by applying
neighbour-join and BioNJ algorithms to the matrix and then se-
lecting the topology with the superior log-likelihood value. A
discrete Gamma distribution was applied to model differences
in evolutionary rate among sites (+G, 5 categories, parameter =
2.3). The rate variationmodel allowed for some sites to be evolu-
tionarily invariable (+I, 1.7% sites). The branch lengths were de-
termined by the number of substitutions per site. All positions
containing gaps and missing data were eliminated. There were
a total of 356 positions in the final dataset. Confidence of branch
points was estimated by 1000 bootstrap replications.

TEM analysis of infected leaves

Transmission electron microscopy (TEM) was conducted to ob-
serve viruses in plant tissue. Leaf sections measuring 2 mm ×
2mmwere cut from plants 13 and 24, in which viruses had been
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Figure 1. Detection of TuMV, CMV and BrYV in a natural population of A. halleri. (a) Definitions of the read number and the coverage for a particular virus genome
used in this study. Reads obtained from RNA-Seq were mapped onto each virus genome. Read depth refers to the number of reads covering the same sequence. The
coverage indicates the percentage of the genome area covered with more than three reads. (b) Determination of infection by sequence-reported viruses. Maximum

values of the log2 of the read number and the genome coverage for the 3981 sequence reported viruses (NCBI database) are shown. Each point indicates a single virus.
Red-filled points represent infecting viruses. A novel virus identified by the de novo assembly, AhPV1, is shown by a grey-filled point after re-mapping. (c and d) TEM
images of an infected leaf. Filled arrowheads show the pinwheel (c) and rod-shaped (d) structures of TuMV. V, C and CW indicate the vacuole, cytoplasm and cell wall,

respectively. PD indicates the secondary plasmodesma.

detected by RNA-Seq. The sampling and the primary fixation
were performed in the field. The primary fixation was done with
2% paraformaldehyde and 2% glutaraldehyde in 0.05 M cacody-
late buffer pH 7.4 on ice. Procedures that followed the primary
fixation were conducted as described in a previous study (Goto
et al. 2014).

Analysis of virus genome variation

To characterise the sequence of viruses from each individual
plant, a consensus sequence within each leaf sample was con-
structed fromRNA-Seq data. The sequenced readsweremapped
on each virus genome in reference virus sequences, using bowtie
in RSEM as mentioned above. The aligned reads of the detected
viruses were extracted from the bam files by samtools. Next,
consensus sequences of viruses were constructed in a single
host plant using samtools and bcftools, with the criteria ofmapQ
score >10 and depth ≥3 for each read. For each detected virus
species, we obtained consensus sequences from all infected
plants (numbers of infected plants are listed in Table 1).

Analysis of virus infection patterns

To examine whether similarity of virus species composition
within hosts depended on the distance between plants, we con-
ducted a spatial autocorrelation analysis using the data set from
the rectangular plot. Pearson correlation between Euclidean dis-
tances (cm) and the Jaccard dissimilarities of virus species com-

position was examined using all pairs of plant individuals. The
Jaccard dissimilarities were calculated using the vegan package
and its vegdist function in R (Oksanen et al. 2016). We conducted
the Mantel test for the correlation with 9999 permutations by
using the mantel function in the vegan package (Oksanen et al.
2016).

Fisher tests were conducted to examine the relationship be-
tween infection by each virus and the evidence of herbivory
or leaf chlorosis. We also applied the Fisher test to examine
whether coinfection by a particular set of viruses was more fre-
quent than expected by chance. In these analyses, we used the
fisher.test function (implemented in R) with a two-tailed test.

Analysis of the host gene expression

Analysis of host gene expression was conducted for the reads
mapped on the A. halleri transcriptome (32648 genes). Samples
with fewer than 105 reads were excluded from the host gene
analysis. Genes on which fewer than 10 reads were mapped on
average were excluded from the analysis. The differences in ex-
pression of the remaining 10603 genes were examined using
edgeR (Robinson, McCarthy and Smyth 2010). Multiple testing
corrections were performed by setting the FDR (false discovery
rate; Benjamini and Hochberg 1995).

Differentially expressed genes were further analysed using a
generalised linear model with a negative binomial family and a
log link function. The response variable was the read count of
a focal gene. The presence/absence of chlorosis in the host and
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Table 1. Infection rate of each virus and relationship between chlorosis and infection.

Virus No. of Infection No. of plant No. of plant Asymptomatic P valuea

species plant rate(%) with chlorosis without chlorosis infection (%)

TuMV + 39 57 22 17 44 0.013
− 29 7 22

CMV + 18 26 13 5 28 0.0050
− 50 16 34

BrYV + 21 31 12 9 43 0.12
− 47 17 30

AhPV1 + 56 82 25 31 55 0.54
− 12 4 8

Any + 62 91 28 34 44 0.23
− 6 1 5

aP value by Fisher’s exact test to examine relationship between chlorosis and infection.

viral infection were candidate explanatory variables. We evalu-
ated the effects of the two explanatory variables by comparing
AICs in the following five models: a null model and models with
the chlorosis term only, the virus term only, chlorosis and virus
terms, and the interaction between chlorosis and viral infection.

RESULTS

In order to identify the diversity and features of viruses in wild
plants, RNA-Seq was conducted for A. halleri individuals in a
natural habitat. On average, 2121142 reads per sample were se-
quenced. From 1% to 82% of the total read (1% to 93% of the
total mapped reads) was mapped on the 3981 virus reference
genomes.

Detection of viruses by RNA-Seq

Reliable detection of viruses using RNA-Seq depends on the
exclusion of false detections resulting from mismapped reads.
To solve this problem, we applied a combined analysis of read
number and coverage against the virus genome (Fig. 1a). To
determine the viruses that were present in the plant popula-
tion, we focused on the maximum values of the read number
and coverage of each virus among all the plant samples (max
read-number and max coverage, Figs 1b and S3, Supporting In-
formation). We found that three viruses had more than 95%
max coverage (red-filled points in Fig. 1b): Turnip mosaic virus
(TuMV, genus Potyvirus, family Potyviridae), Cucumber mosaic virus
(CMV, genus Cucumovirus, family Bromovirus) and Brassica yellows
virus (BrYV, proposed genus Polerovirus, family Luteoviridae). For
most viruses in the reference sequences, the max coverage, if
any, was <10% of the coverage accompanied by distinctively low
read numbers (Fig. 1b). For four viruses, the max coverage was
marginal (10%–38%, Fig. 1b). For example, Turnip yellows virus
(TuYV) showed 38% max coverage, but we attributed this to the
high-sequence similarity with BrYV (81% identity between BrYV
NC 016038 and TuYV NC 003743). Because BrYV showed much
higher max coverage, we concluded that the apparent 38% max
coverage of TuYV was derived from mismapping. The combina-
tion of data from the max read-number and max coverage indi-
cated that TuMV, CMV and BrYV were the infecting viruses in A.
halleri at the Omoide River site. These three viruses are known
to infect plants in the Brassicaceae family, but to our knowledge,
this is the first report of their infection inA. halleri. In addition, as
far as we know, this is the first report of BrYV in Japan, although
its closely related species TuYV has been reported in Japan (Ohki
et al. 1977; Stevens, McGrann and Clark 2008).

For each sample, we examined the read number and cov-
erage of these three viruses (Fig. S3). The coverage varied
from 39% to 99%, 90% to 100% and 12% to 99% among sam-
ples for TuMV, CMV and BrYV, respectively (Fig. S3). Although
some samples showed reduced coverage, in these samples the
mapped reads tended not to be localised but were widely dis-
tributed on the virus genome. Therefore, we considered the
samples with low virus coverage to be infected by the viruses
as long as they were TuMV, CMV and BrYV. Even when the
viruses that had marginal coverage (for example, <30% cover-
age) were excluded from the analysis, the results led to the same
conclusion.

Ultramicroscopic observation of two infected leaves ofA. hal-
leri (from plants 13 and 24) revealed the pinwheel structures of
TuMV (Fig. 1c). This structure, an inclusion body of the virus,
corresponds to its replication stage (Sorel, Garcia and German-
Retana 2014). A rod-like structure, another typical structure of
TuMV, was also observed (Fig. 1d). TuMV structures were found
in the cytoplasm of leaves and were frequently observed near
the secondary plasmodesmata (Fig. 1c), which are reported to
be channels for cell-to-cell virus transport (Kumar et al. 2015). It
is difficult to identify CMV and BrYV in plant cells using electron
microscopy without performing immunogold staining. There-
fore, we could not identify CMV and BrYV through electron
microscopy, although their sequences were present in the two
plant samples.

Detection of a novel virus by de novo assembly

We assembled 5885060 unmapped reads and obtained 3898 con-
tigs. The majority of the contigs were annotated to plants and
the viruses in the reference sequence (3366 and 43 contigs, re-
spectively). In all, 51, 33 and 12 contigs were annotated to fungi,
bacteria and insects, respectively. There were 338 contigs that
were not annotated to any organisms. In addition, three contigs
were annotated to putative virus sequences. The first of these,
a contig with a length of 1959 nucleotides (nt) (putative RdRP,
Fig. 2a), was similar to RdRP of Vicia faba partitivirus 1 (VfPV1)
with 67.2% nt identity, and the aligned 1698 nt covered 88.7% of
the 1915 nt full length of the corresponding VfPV1 genome frag-
ment. The second contig, with a length of 1763 nt (putative CP,
Fig. 2a), was similar to a partitivirus CP-like sequence reported
from Olimarabidopsis pumilawith 67.5% nt identity (1181 nt cover
against 1251 nt, 94.4%). The last contig was annotated to Aris-
totelia chilensis virus 1 (AcV1), but the aligned sequence was short
(148 nt cover against 7122 nt, 2.1%).
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Figure 2. AhPV1, a novel partitivirus identified by the de novo assembly. (a) Schematic diagrams of AhPV1-RdRP and AhPV1-CP fragments. The total nucleotide lengths
of the fragments are shown in parentheses. Coding regions of RdRP and CP are shown by boxes with amino acid lengths in parentheses. Numbers under the diagrams
indicate the starting and terminative positions of the fragment and coding region. (b) Amplifications of RdRP- and CP-specific fragments for five putative infected
(shown by asterisks) and five non-infected leaves. M and nc represent the size marker (400 and 500 bp) and no-template negative control, respectively. (c) Phylogenetic
locations of AhPV1 (boxed) based on RdRP AA sequences. Corresponding viruses shown by abbreviations are listed in Table S3. Colours correspond to the four genera of
partitivirus. Cryspovirus was used as an outgroup. Underlining indicates related Alphapartitivirus for which the CP sequence is unknown. Numbers represent bootstrap
values (percentages).

We confirmed colocalisation of RdRP and CP sequences in in-
fected plants only (Fig. 2b). On the basis of this co-occurrence
and the following phylogenetic analyses, we considered that two
contigs were derived from a novel partitivirus, named Arabidop-
sis halleri partitivirus 1 (AhPV1). The putative full-length AhPV1-
RdRP and AhPV1-CP fragments were 1959 nt and 1763 nt with
585 and 487 AA lengths, respectively (Fig. 2a; NCBI GenBank Ac-
cession Nos. LC151461, LC151462). The phylogenetic tree of RdRP
AA sequences with the highest log likelihood (–26845) suggested
that AhPV1 belongs to the genus Alphapartitivirus (Fig. 2c). In
RdRP sequences, AhPV1 showed the highest homology (80.7%
AA identity and 90.6% AA similarity) to Raphanus sativus parti-
tivirus 1 (RsPV1), the second highest homology (66.9% identity
and 78.5% similarity) to VfPV1 and the third highest homology
(52.1% identity and 66.4% similarity) to Rosellinia necatrix parti-
tivirus 2 (RnPV2, Fig. 2c). CP sequences of the RsPV1 and VfPV1
have not been reported. Among the partitiviruses with reported
CP sequences, AhPV1 had the highest homology to that of RnPV2
with 31.2% AA identity (50.7% similarity). We found that AhPV1
showed >95% max coverage (a grey-filled point in Fig. 1b).

Analysis of virus genome variation

RNA-Seq enabled us to survey whole viral genome sequences
from the plants examined. The data allowed us to evaluate di-
versitywithin virus species, especially betweenhost individuals.
One consensus sequence was determined for each virus species
in each host individual. The length of consensus sequences that
passed the criteria (see Methods section) ranged from 83% to
100%, 92% to 97%, 74% to 97% and 75% to 99% for TuMV, CMV,
BrYV and AhPV1, respectively. The nucleotide identities of con-
sensus sequences within the same virus species ranged from
96.1% to 99.8%, 92.3% to 100%, 95.3% to 100% and 99.8% to 100%
in TuMV, CMV, BrYV and AhPV1, respectively.

Spatial pattern of infected plants, herbivory and
chlorosis

In 62 out of 68 examined plants, we found at least one virus
species (Table 1). The infection rates varied among four viruses.
The most commonly found virus was AhPV1 with an infection
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Figure 3. Spatial distributions of A. halleri plants infected by different combinations of viruses, and chlorosis phenotypes in the study site. Spatial pattern in samples
collected along the creek (a) and in the 20 m × 25 m rectangular plot (b). Each small circle represents a single plant. Presence/absence of leaf chlorosis is shown by
filled/open circles, respectively. Combinations of infecting virus species are shown by coloured shadings. Circle, square, hexagon and diamond shadings represent

single, double, triple and quadruple infections, respectively. The grey area indicates a stream that flows from the top to the bottom of diagrams. White bars crossing
the stream indicate the positions of erosion-control dams. (c) Typical chlorosis of A. halleri leaves.

rate of 82% (56/68), comprising 90% (56/62) of the virus infec-
tions (Table 1). TuMV, CMV and BrYV infected 57%, 26% and 31%
of plants, respectively (Table 1). TuMV, CMV, BrYV and AhPV1
were found in both sets of samples along the creek (Fig. 3a) and
in the rectangular plot (Fig. 3b). Viruses were spatially spread
widely within the examined area, and no significant correlation
was detected between distance among host plants and similar-
ity of virus species composition (Mantel test, r = 0.16, P > 0.05).
No infected plants showed lethal or severe symptoms at the
whole-plant level. Representative examples of leaf chlorosis in
our samples are shown in Fig. 3c. Chlorosis was observed in 29
out of 68 leaf samples. A positive relationship between the pres-
ence of chlorosis and infection by a single virus was detected for
TuMV and CMV (Fisher’s exact test, P < 0.05, Table 1). Viral infec-
tion without apparent chlorosis was observed in 44%, 28%, 43%
and 55% of plants infected with TuMV, CMV, BrYV and AhPV1,
respectively (Table 1).

We observed herbivory by leaf beetles in 38 out of 68 observed
individuals (Table S4, Supporting Information). Viral infection
and herbivory showed no significant relationship (Fisher’s ex-
act test, P > 0.05; Table S4). Herbivory and chlorosis showed
no significant relationship between plants (Fisher’s exact test,
P > 0.05, data not shown).

Multiple infection

In some cases, multiple virus species were found in a single host
plant individual (Fig. 3). Multiple infections by 2, 3 and 4 viruses
were observed in 16, 10 and 12 plants, respectively (Fig. 4a).

Infections by a single virus specieswere observed in 3, 0, 1 and 20
plants in the cases of TuMV, CMV, BrYV and AhPV1, respectively
(Fig. 4a). Significantly higher coinfections than would have oc-
curred by chance were detected in the pairs between TuMV, CMV
and BrYV (Fig. 4b). These three viruses are known to be transmit-
ted horizontally, whereas partitiviruses are rarely transmitted
horizontally. Among the three viruses with horizontal transmis-
sion, multiple infections were often observed when plants were
infected by TuMV (Fig. 4a).

Using the RNA-Seq data, we compared the expression of
host genes in TuMV-infected and non-infected plants. Out of
10603 host genes, 4 were detected as candidates in which ex-
pression was altered by viral infection (Fig. 4c). Expression of
the Argonaute 2 orthologue (AhgAGO2) was 3.2 times higher, on
average, in infected plants than in non-infected plants (Fig. 4d,
Table 2). Because TuMV infection was associated with the pres-
ence of host chlorosis (Table 1), we examined whether infec-
tion by TuMV or the presence of chlorosis explained the Ah-
gAGO2 expression level by comparing five models with dif-
ferent combinations of terms as explanatory variables: null,
chlorosis only, virus only, chlorosis and virus, and the inter-
action between chlorosis and virus. The AICs of these mod-
els were 493.2, 492.7, 487.8, 489.0 and 491.0, respectively. The
model that included the TuMV infection term alone showed
the smallest AIC. The differences in the remaining three
genes are ambiguous because they contained many samples
without reads for both infected and non-infected plants (Ta-
ble 2, Fig. S4). In A. thaliana, AGO2 is involved in RNA silenc-
ing, a predominant antiviral mechanism of the host plant,
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Figure 4. Multiple infections and host response. (a) Frequency of multiple infection at the Omoide River site. Numbers of plants infected by the viruses are shown in a
Venn diagram (n= 68). The overlapping areas representmultiple infections from corresponding viruses. (b) Test of coinfection of virus pairs. The results of Fisher’s exact
test (P-value) between all virus pairs are shown. (c) Differentially expressed genes in the comparison between TuMV-infected and non-infected host transcriptomes.

In the volcano plot, statistical significance (–log2 P-value) is plotted against the log ratio of the average expression (rpm, infection/non-infection) for each host gene.
Red dots represent the genes with FDR-adjusted P-values of <0.05. (d) Difference in AhgAGO2 gene expression between TuMV-non-infected and TuMV-infected plants
(black and red circles, respectively). The vertical axis is the read number of the AhgAGO2 gene obtained from RNA-Seq. The box and lines denote the median, first

quartile, and third quartile values of each sample group. (e) The hypothesisedmechanism of facilitation inmultiple infection by TuMV. TuMV-infected plants recognise
the infection and respond with RNA silencing. TuMV inhibits the host RNA silencing with HC-Pro protein. A plant whose defence is suppressed becomes susceptible
to infection by other viruses.

Table 2. List of upregulated or downregulated genes by virus infection.

Fold change of Fold change of Adjusted P
Gene name Gene alias AGI code mean value medium value (FDR)a

Ahg473645 AhgAGO2 AT1G31280.1 3.2 2.2 6.1 × 10−3

Ahg894377 − − 0.045 −b 0.028
Ahg924719 − AT1G62760.1 −b −b 6.1 × 10−3

Ahg931178 AhgPR1 AT2G14610.1 6.3 × 10−4 −b 6.7 × 10−3

aAdjusted P-value by Fisher’s exact test using edgeR to test relationship between each gene expression and infection.
bThe value of the denominator was 0.

and is a component of RISC. AhgAGO2 expression did not
differ significantly between infected and non-infected plants
when they were tested separately for CMV, BrYV and AhPV1 in-
fections (data not shown). This result suggests that transcription
of AhgAGO2 was induced by TuMV infection.

Sequence analysis of TuMV found that the strains from the
Omoide River site contained an AA sequence motif, ‘FRNK’
(Table S5, Supporting Information) that has been reported to be
important in RNA-silencing suppressor activity (Tan et al. 2005;
Shiboleth et al. 2007). The AA sequence of TuMV from our site
also included other reported mutations that are known to en-
hance systematic infection (Table S5). We did not find a reported
sequence that increases virulence (Table S5).

DISCUSSION

To understand the ecology of viruses, it is necessary to obtain
comprehensive information on virus–virus and virus–host in-
teractions in natural systems. In this study, we showed that
RNA-Seq realised such analyses without any prior assumptions

regarding infecting viruses, virus symptoms or responding host
genes. In a natural population of A. halleri, we developed a
comprehensive and solid listing of infecting viruses, includ-
ing a novel virus, for each individual plant. The lists allowed
us to identify a potential facilitator of multiple infection. RNA
silencing-mediated host anti-virus responses were suggested
to be operating under natural conditions. Interestingly, virus
reads reached a maximum level that was equivalent to that of
the host’s total mRNA, although asymptomatic infection was
common.

In studies of plant viruses in the field, ELISA- or PCR-based
methods have commonly been used (Prendeville et al. 2012).
However, thesemethods can only detect a specific targeted virus
and cannot be used for comprehensive detection. In this study,
the use of RNA-Seq enabled the comprehensive determination
of infection by all sequence-reported viruses. By considering the
coverage of virus genomes, we avoided misdetection of viruses
caused by similarity between short sequence parts. The high-
coverage genome allowed us to identify infecting viruses to the
species level, which is often difficult when partial sequences are
used.
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Furthermore, we successfully identified a novel partitivirus,
AhPV1, by de novo assembly. Partitiviruses are encapsidated
dsRNA viruses with two genome segments of RdRP and CP
that infect plants, fungi and protozoa (Nibert et al. 2014). Par-
titiviruses are divided into four genera: Alphapartitivirus, Beta-
partitivisue, Gammapartitivirus and Deltapartitivirus (Nibert et al.
2014), andAhPV1was identified as amember ofAlphapartitivirus.
AhPV1 showed a high infection rate in the A. halleri popula-
tion, although we found no obvious symptomatic effects. Pre-
vious studies also reported that partitiviruses are cryptic and
cause few symptoms in their hosts (Roossinck 2010). In Brassi-
caceae crops, de novo assembly analyses of dsRNA have identi-
fied multiple partitiviruses (Li et al. 2016). In another example
using wild plants, de novo assembly identified novel viruses be-
longing to 12 families, including partitiviruses (Roossinck et al.
2010). Partitivirus has been reported to be transmitted verti-
cally through seeds (Li et al. 2016). Indeed, in a preliminary ex-
periment, we observed vertical transmission of AhPV1 (9/15 in-
fected seedlings from one infected plant collected in the wild
and surface-sterilised seeds).

Our data showed that asymptomatic infection is common
for all four virus species detected in this study. TuMV and CMV
are well known to widely infect agricultural crops and severely
damage their hosts (Tomlinson 1987; Rybicki 2015). TuMV can
cause severe symptoms in Brassica and Raphanus in agricultural
fields (Tomlinson 1987; Walsh and Jenner 2002). Of note, we
recorded infections by TuMV with active replication accompa-
nied by only slight or no symptoms. TEM analysis of TuMV-
infected leaves revealed the presence of inclusion bodies, struc-
tures that are specific to the replication stage of the virus.
Furthermore, virus reads reached a maximum level that was
equivalent to that of the host’s total mRNA. The observation of
inclusion bodies and the vast amount of virus reads indicate that
the viruses were actively replicating in A. halleri. Therefore, the
current case is different from asymptomatic infection caused by
cryptic or low-titre viruses, in which active replication does not
occur (Boccardo et al. 1987). Infection that produces severe symp-
toms is generally not adaptive for the viruses, whose replica-
tion depends on the host (Pagan et al. 2014). Meanwhile, asymp-
tomatic infection can be adaptive for both plants and viruses
(May and Anderson 1983; Marquez and Roossinck 2012). To ex-
amine whether these viruses affect long-term host fitness, fur-
ther field studies are required.

The patterns of multiple infections suggested that TuMV
was a facilitator of infection by other viruses. In labora-
tory experiments, TuMV was reported to possess HC-Pro, a
potyvirus-specific suppressor of RNA silencing in the host plant
(Anandalakshmi et al. 1998). RNA silencing of plants is the pre-
dominant host defence mechanism against viruses. In RNA si-
lencing, Dicer and RISC bind to virus RNA and degrade it. HC-
Pro protein, produced by TuMV, inhibits the binding of Dicer and
RISC to virus RNA. It was reported that HC-Pro generated by po-
tyvirus could facilitate the replication of other viruses in some
cases (Pruss et al. 1997; Fukuzawa et al. 2010; Syller 2012). On
the basis of these reports and our observations, we hypothe-
sised that TuMV facilitates multiple infection in nature (Fig. 4e).
The hypothesised process involves silencing inhibition (sup-
pression of host RNA silencing against viruses) by TuMV viaHC-
Pro (Fig. 4e). As a result, infection by other viruses to the defence-
suppressed plants is facilitated (Fig. 4e).

This hypothesis is consistent with the results of host gene
expression analysis. The AhgAGO2 gene, a key gene in RNA si-
lencing (Alvarado and Scholthof 2011), was significantly upregu-
lated by TuMV infection. This result was supported by the find-

ing that AGO2 works as a component of RISC, a protein complex
that incorporates viral RNA in RNA silencing (Harvey et al. 2011).
This complex is a target of theHC-Pro protein produced by TuMV,
which suppresses the binding of RISC to viral RNA. Upregula-
tion of AhgAGO2 appears to mitigate the suppression. However,
upregulation and accumulation of AhgAGO2 mRNA was reason-
able, because suppression by HC-Proworks at a protein level, not
at a transcription level. The presence of RNA-silencing suppres-
sors has been reported in CMV (Brigneti et al. 1998; Roth, Pruss
and Vance 2004) and viruses in Luteoviridae to which BrYV be-
longs (Roth, Pruss and Vance 2004; Liu et al. 2012). Any hypothe-
ses on the facilitation of multiple infection by TuMV, CMV and
BrYV should be tested experimentally.

RNA-Seq data from infected plants represent the densest
type of information in the plant–virus system, the virus genome
and host transcriptome. Therefore, RNA-Seq will be a promis-
ing way to reveal the molecular basis of host–virus interactions.
It is important to note that the application of dual RNA-Seq
to host–virus systems differs from its application to host–other
pathogen systems. In previous studies that applied dual RNA-
Seq analyses to fungal and bacterial pathogens, expression anal-
yses were carried out separately for the host and the pathogen
(Kawahara et al. 2012; Tierney et al. 2012; Westermann et al.
2016). In host–virus systems, the number of virus-derived reads
represents the multiplication process that potentially increases
virus sequences exponentially. Indeed, we observed that virus
reads reached a maximum level that was equivalent to that of
the host’s total mRNA, even when the host showed no visible
symptoms. Because the total number of readswas highly depen-
dent on virus reads, we calculated the rpm of both host genes
and virus genomes against total reads derived from host genes
(mRNA), instead of the total reads including virus reads.

Changes in the transcriptome due to infection may not be
obvious in natural conditions, although experimental viral in-
fections in the laboratory have caused drastic changes in host
transcriptomes (Marathe et al. 2004; Yang et al. 2007; Postnikova
and Nemchinov 2012). A number of factors have been found to
affect plant transcriptomes, such as the weather, host genotype
and microenvironments (Nagano et al. 2012; Richards et al. 2012;
Plessis et al. 2015). Such noise is likely to inhibit the statistical de-
tection of transcriptomic changes by viruses. Because RNA-Seq
opens up opportunities to study plant–virus interaction in di-
verse natural habitats, a sophisticated statistical analysis should
be developed to extract the effect of virus infection onhosts from
the noisy transcriptome data. Revealing hidden plant–virus in-
teractions in the natural environments is important not only be-
cause it adds to our understanding of the ecology of biological
interaction, but also because it can improve agricultural man-
agement by revealing the natural history of crop pests.
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