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METAGENOMIC ANALYSIS OF RNA VIRUSES IN
WATERMELON

Abstract

Watermelon is one of the most consumed cucurbits worldwide. Its
production, nevertheless, is threatened by different pathogens that compromise
the development of plants and, consequently, fruits. Here, plants showing
typical virus-like symptoms were collected in the Tocantins State, Brazil. Aiming
for the identification of viruses, viral RNA was sequenced by Illlumina. Four virus
genomes were sequenced and assembled, corresponding to isolates of Papaya
ringspot virus (PRSV) and Zucchini Yellow Mosaic Virus (ZYMV) from the family
Potyviridae, Groundnut ringspot virus (GRSV) from the family Bunyaviridae, and
Citrullus lanatus partitivirus (CiLPV) from family Partitiviridae. Although these
viruses have been previously reported infecting watermelon, we have
sequenced the first complete genome of GRSV and the first complete genome
of a ZYMV isolate from Brazil. Symptomatic watermelon leaves from the field
were also used as reeulation for virus mechanical transmission to indicative

plants. Despite co-infecting watermelon plants in the field, only the potyviruses
were mechanically transmitted to indicative plants, in which ZYMV presented
the broadest host range.
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1. Introduction

Watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai] belongs to the
family Cucurbitaceae which includes other important crops for human diet like
cucumber, melon, and squashes. Among these examples of cucurbits,
watermelon is reported as the most produced worldwide in tons according to the
United Nations' Food and Agriculture Organization (FAO), 2013. Besides a
significant production, watermelon plants are threatened by various pathogens
that compromise the productivity and quality of fruits [1-4].

In Brazil, the fourth highest producer of watermelon on the globe (FAO,
2013), viruses from the families Potyviridae, Bromoviridae, Comoviridae, and
Bunyaviridae have been reported to infect that crop [4, 5]. While aphids mostly
transmit viruses from the first three abovementioned families in a hon-persistent

manner [6], tospoviruses (genus Tospovirus, family Bunyaviridae) are

1

[Comment [W1]: Source of Inoculum

[Comment [W2R1]:




transmitted by thrips (order Thysanoptera) in a circulative and propagative

manner [7].

With the development of Next Generation Sequencing (NGS) tools,
more and more viruses have been reported infecting crops worldwide [8, 9].
Although looking for plant viruses is biased by host importance and
symptomatology, most viruses seem to have a non pathological relationship
with hosts [10, 11]. A select group of virus species seems to be continuously
reported as disease inducers. Knowing pathogenic and non pathogenic viruses
help plant breeding programs to focus on the main facts for disease resistance.

In this study, symptomatic watermelon plants were collected in three
production regions in Tocantins State, Brazil. After RNA sequencing of these
plants, four viruses classified within the families Potyviridae, Bunyaviridae, and
Partitiviridae were identified. Although these viruses were previously reported to
infect watermelon, we have sequenced their complete genome of them. Here,

we report the first complete genome of the Groundnut ringspot virus (GRSV).

2. Materials and methods

2.1 Sample collection, viral enrichment, and RNA extraction.

Watermelon leaves (cv. Manchester and Top Gun) presenting viral
infection symptoms were collected in three production fields in Formoso do
Araguaia, Lagoa da Confusdo and Porto Nacional, Tocantins State (Brazil), in
2013. Leaves were homogenized in 2 volumes (w/v) of PBS (0.25 M, pH 7.5
containing 0.1% thioglycolic acid) and filtered through sterile gauze. The flow-
through was centrifuged at 8,000 x g for 10 min and the supernatant was
layered on a 20% sucrose cushion which was centrifuged at 28,000 x g for 1,15
h at 4°C. The resulting pellet was used for RNA extraction. From this enriched
virus fraction, total RNA was extracted using the RNeasy plant mini kit

(following the manufacturer's manual).

2.2 Sample sequencing and processing.

After rRNA depletion using Ribo-Zero rRNA Removal Kit, the remaining
RNA was sequenced by lllumina HiSeq 2000 platform at Macrogen, Inc., Seoul,
South Korea. The sequencing library was prepared using the Illlumina TruSeq
RNA V2 kit (2 x 100 paired-end). The sequence data were analyzed using CLC
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Genomics Workbench (CLC Bio, Aarhus, Denmark). The resulting reads
(41,680,568) were filtered and trimmed to remove short and low-quality
regions/reads and then assembled using CLC de novo assembler with default
parameters. The assembled contigs were compared with a viral RefSeq
database (6,500 genomes) from the National Center for Biotechnology
Information (NCBI) using blastx. Sequences with e-values > 1E™ were retained
and compared to the entire nr database to exclude non-viral sequences. The
viral-related contigs were manually inspected and annotated using Geneious
[12]. The length of some viral-related contigs could be increased when the
assembled reads extended beyond the contig ends. Therefore, reads were
assembled back to the extended contig until the sequence could be extended

no further.

2.3 Phylogenetic analysis.

The viral genomes were compared to the nearest sequences available in
Genbank. All related sequences were then aligned using MAFFT [15].
Phylogenetic analysis was performed using the maximum likelihood (ML)
method implemented in FastTree 2.1 [16]. To assess the reliability of the
phylogenetic trees, FastTree uses a Shimodaira-Hasegawa test. Tree files were

visualized and edited using FigTree v1.4.0 (available at http://tree.bio.ac).

2.4 Host-range and virus detection.

RT-PCR with specific primers was performed for detection of each
potential viral genome from the samples sent to RNA sequencing. Meanwhile,
the same leaf samples were used as inoculums for host-range determination.
Virus presence in inoculated plants was confirmed by RT-PCR as well. Firstly,
total RNA was extracted from 3g of symptomatic leaves using Trizol LS
(Invitrogen). cDNA first strand was synthesized using specific primers with M-
MLV Reverse Transcriptase (Promega) and then amplified by PCR with
Platinum® Tag DNA Polymerase High Fidelity (Invitrogen) using different
combinations of primers. The PCR products were cloned in pGEM-T easy
(Promega) and sequenced using capillary based Sanger fluorescent dideoxy
termination sequencing at Macrogen Corporation (Seoul, Korea). All procedures

followed the manufacturers’ recommendations.



3 Results and discussion
3.1 Identification of viruses infecting symptomatic watermelon plants in Brazil
The watermelon plants collected in the fields presented symptoms like
mosaic, blistering, chlorosis, and blotching on leaves and fruits, suggesting
viruses as etiologic agents. Aiming the identification these viruses, the total
RNA of a viral semi-purification using a pool of symptomatic leaves (material
and methods) was sequenced. Approximately 42 million paired-end reads were
obtained, resulting in the assembly of 49,515 contigs. Comparison of these
contigs against a viral Ref-Seq and nr database revealed four complete
genomes of viruses from families Bunyaviridae, Potyviridae, and Partitiviridae.
Although these viruses have been previously reported infecting watermelon [4,

5, 17], not all of them had their complete genome sequenced before.

3.2 The complete genome of potyvirus isolates

Several contigs had a significant (e-value < 107°) relationship with viruses
belonging to the genus Potyvirus (Family Potyviridae). These contigs
assembled the complete genome of Papaya ringspot virus (PRSV) and Zucchini
Yellow Mosaic Virus (ZYMV) isolates. These viruses are notorious for causing

severe losses in cucurbits around the world [18, 19].

A total of 1,465,768 reads mapped to PRSV, (herein named PRSV-TO)
the known sequence (GenBank Accession n° identity with PRSV-TO
isolate MN364666 in the NCBI GenBank databases), assembling a positive
single stranded-RNA genome of 10,326 nucleotides that codes a polyprotein of
3,344 amino acids (aa) and a small polypeptide of 72 aa (PIPO). A phylogenetic
tree built on complete genomes revealed PRSV-TO highly close to other
Brazilian PRSV isolates [20] (Figure 1A).

Figure 1A: Phylogenetic analysis PRSV-TO. Phylogenetic tree showing PRSV-
TO and 27 complete nucleotide sequences of the PRSV viral genome. Built by
the Maximum Likelihood method, PhyML 3.0 program. The bar at the bottom of
the left side shows the number of substitutions/sites. The tree was rooted by
midpoint. Some branches were collapsed for better visualization.
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Nevertheless, the phylogenetic tree based on coat protein (CP)
nucleotide sequences (higher number of available sequences) included a

Cuban isolate in the Brazilian clade (Figure 1B).

Figure 1B: Phylogenetic analysis of PRSV-TO (CP). Phylogenic tree showing
PRSV-TO (CP) and 631 nucleotide cp sequences (PRSV). Built by the
Maximum Likelihood method, PhyML 3.0 program. The bar at the bottom of the
left side shows the number of substitutions/sites. The tree was rooted by

midpoint. Some branches were collapsed for better vizualization.
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This tree suggests that PRSV isolates from Cuba and Brazil share the

same origin. PRSV is known as a limiting factor for papaya production with
many reports worldwide [21]. This scenario has led to breeding and transgenic



strategies aiming at the establishment of resistant papaya cultivars [22]. For
watermelon, PRSV seems to be less problematical, and different resistant
accessions are available for breeding programs [23, 24].

A total of 1,658,169 reads mapped to the first complete genome of a
ZYMV isolate (herein named ZYMV-TO) from Brazil (GenBank Accession n°
identity with ZYMV-TO isolate MN364667 in the NCBI GenBank databases).
This sequence contains 9,666 nucleotides and codes a polyprotein of 3080 aa.
A phylogenetic tree based on complete genomes of ZYMV isolates (63
sequences) showed ZYMV-TO grouped with a Chinese isolate (Figure 2).

Figure 2A: Phylogenetic analysis of ZYMV-TO. Phylogenic tree showing
ZYNV-TO and 63 complete nucleotide sequences of the ZYMV viral genome.
Built by the Maximum Likelihood method, PhyML 3.0 program. The bar at the
bottom of the left side shows the number of substitutions/sites. The tree was
rooted by midpoint. Some branches were collapsed for better visualization.
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The tree based on CP nucleotide sequences kept ZYMV-TO separate
from other Brazilian ZYMYV isolates, suggesting that at least two independent
lineages of ZYMV are circulating in Brazil. Those other isolates were found in

cucurbits grown in all regions of Brazil [25]. Different levels of resistance against
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ZYMV have been reported in watermelon, varying in range (specific to some
isolates or multiple potyvirus species) or environmental conditions (temperature-
dependent) [26, 27].

3.3 The complete genome of Groundnut ringspot virus

Although the Groundnut ringspot virus (GRSV) has been reported to
infect watermelon and other crops in Brazil, only partial genetic sequences from
different isolates have been sequenced so far [28-32]. GRSV belongs to the
genus Tospovirus (family Bunyaviridae) which includes plant viruses with a
tripartite negative and ambisense-RNA genome [33]. Here, the complete
genome of a GRSV isolate was sequenced and assembled. A total of 4,585,588
reads mapped to the three segments of GRSV-TO. The L (Large) RNA segment
contains an antisense orientation with 8.876 nucleotides and codes an RNA-
dependent RNA polymerase (herein named GRSV-TO_L) the known sequence
(GenBank Accession n° identity with GRSV-TO_L isolate MN364670 in
the NCBI GenBank databases). The M (Medium) RNA segment contains 4.847
nucleotides and has an ambisense orientation (herein named GRSV-TO_M) the
known sequence (GenBank Accession n° identity with GRSV-TO_M
isolate MN364669 in the NCBI GenBank databases). The M RNA codes two
proteins, NSm, and a glycoprotein precursor. The third segment, the S (Small)
RNA, contains 3.074 nucleotides, coding a nonstructural protein (NSs) and the
nucleocapsid (N) protein in an ambisense manner (herein named GRSV-TO_S)
the known sequence (GenBank Accession n° identity with GRSV-TO_S
isolate MN364668 in the NCBI GenBank databases).

The phylogenetic analysis showed GRSV-TO clustered with other
American tospoviruses (Figure 3A-C), being closest to a putative reassortant of
GRSV found in the USA [32]. A higher accumulation of genetic variation
between the M segments of GRSV-TO and the reassortant GRSV reinforces
that the latter has S and L segments of GRSV and the M segment from Tomato

chlorotic spot virus (TCSV), another tospovirus species.

Figure 3A; 3B; 3C: Phylogenetic analysis of the (S, M and L) of grsv encoded
proteins. Phylogenetic analysis was performed between GRSV-TO (red letter)
and nine nucleotide sequences of geographic isolates of each segment. A) Tree
constructed from s-segment sequences; B) Tree constructed from sequences of
segment M; C) Tree constructed from sequences of segment L. Constructed by
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the maximum likelihood method, PhyML 3.0 program. The bar at the bottom of
the left side shows the number of substitutions/sites. Aa trees were rooted by
midpoint.
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Watermelon has been recently reported as natural host for GRSV in
Sao Paulo, Brazil [5]. These plants showed leaf deformation, mosaic, necrotic
lesions, and necrotic spots on the fruits, somehow similar to the plants we
collected in the Tocantins States. In that study, nevertheless, the authors just
checked for tospoviruses, which does not rule out that those symptoms may
also be due to the presence of other viruses. Usually, the tospovirus Zucchini
lethal chlorosis virus (ZLCV) has been associated with the natural infection of
cucurbits plants in Brazil [4, 34]. However, these observations are biased in the
way that these plants have been just checked for ZLCV by enzyme-linked
immunosorbent assay (ELISA). Since ZLCV belongs to the same evolutionary
clade as GRSV (Figures 3) and serological analysis of related viruses may end
up in cross reactions, other tospovirus species may have been overlooked in
those cucurbits. Any strategy concerning watermelon resistance should

consider a broad spectrum of tospovirus species.

3.4 Genome sequencing of the first watermelon-infecting deltapartitivirus from
Brazil

A total of 5,058 reads mapped to the bipartide double stranded-RNA
genome of a deltapartitivirus isolate, Citrullus lanatus partitivirus (CiLPV), in
which 2,982 reads corresponded to RNA-1 and 2,076 reads to RNA-2. These
two RNA molecules are 1,574 (RNA-1) and 1,655 (RNA-2) bp long, encoding
putative RNA-dependent RNA polymerase (RdRp) and coat protein (CP),
respectively. The genome of CiLPV from Tocantins (CiLPV-TO) is longer than



the one from the first CiLPV isolate sequenced by SOLID next-generation
sequence analysis [17], which had lengths of 1,312 and 1,118bp for RNA-1 and
RNA-2, respectively (GenBank Accession n° identity with CiLPV-TO_ RNA-1
isolate MN365721 and  CiLPV-W-TO_RNA2 isolate MN378561 in
the NCBI GenBank databases). Besides a reliable genome assembly, we could
not trace back the CiLVC-TO in the field watermelon plants by RT-PCR, even
upon extraction of dSRNA molecules.

Viruses from family Partitiviridae infect plants and fungi and, so far, no
cell-to-cell movement proteins have been reported for them [35]. Only a few
genomes of partitiviruses are available on public databases, which make the
determination of taxonomy criteria difficult. Apart from phylogenetic analysis,
the length of opening reading frames (ORFs) is taken into consideration for the
demarcation of genera within the family Partitiviridae [35]. Within the genus
Deltapartitivirus, the RdRp is shorter than the CP, being observed for CiLPV.
CiLPV-TO shares 98% and 93% aa identities with RNA-1 and RNA-2 of CiLPV
isolate from Israel, respectively [17].

The phylogenetic history of partitivirus was inferred with RdRp
sequences (Figure 4), revealing four groups that correspond to the genera
Alphapartitivirus, Betapartitivirus, Gammapatrtitivirus, and Deltapartitivirus. The
First two genera contain viruses that infect plants and fungi, while the last two

contain viruses that infect either fungi or plants as seen in Figure 4.

Figure 4: Phylogenetic analysis of CiLPV-TO (CP) representing RNA1 of the
genus Deltapartitivirus.  Phylogenetic analysis was performed between CiLPV-
TO (red letter) with 37 nts rdrp sequences of members belonging to
deltapartitivirus genera; Gammapartitivirus; Betapartitivirus and
Alphapartitivirus. The tree was built by the Maxim likelihood method, PhyML
3.0 program. The bar at the bottom of the left side shows the number of
substitutions/sites. The tree was rooted by midpoint.
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3.5 Mechanical transmission of watermelon-infecting viruses to indicative plants

All viruses found by NGS were traced back in the symptomatic
watermelons by RT-PCR to confirm their presence. For GRSV-TO, amplicons of
636, 504, and 505 bp were amplified, corresponding to segments S, M, and L,
respectively. Fragments of 504 bp and 706 bp were amplified to confirm the
presence of PRSV-TO and ZYMV-TO, respectively.

Aiming for the isolation of each virus, the symptomatic watermelon
leaves were mechanically inoculated into indicative plants. The presence of
GRSV-TO, PRSV-TO, and ZYMV-TO in those plants was confirmed by RT-PCR
as abovementioned. Surprisingly, only the potyviruses were transmitted, and
only to plants from the family Cucurbitaceae. A total of 5 and 10 out of 24
inoculated plants were infected by PRSV-TO and ZYMV-TO, respectively. Two
watermelons, 2 melons, 4 cucumber, and 2 pumpkin cultivars were infected by
ZYMV. In many of these plants, ZYMV-TO caused mosaic and local injuries as

listed in Figure 5.

Figure 5: Evaluation of symptoms in range of host plants in the period
from 30 to 40 days after planting and mechanical inoculation. The arrows
indicate the symptoms obtained. A) Citrullus lanatus cv Manchester, chlorotic
rings; B) Nicotiana rustica, internerval chlorosis and musket; C) Citrullus lanatus
cv Top Gun, with necrotic stitches; D) Nicotiana rustica, chlorosis and blisters.
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Interestingly, co-infection of ZYMV-TO and PRSV-TO in melon and

cucumber did not induce symptoms, differently melon and cucumber plants
were positive for ZYMV-TO only. In this context, it was observed a kind of
negative synergism between ZYMV-TO and PRSV. PRSV-TO was only
transmitted by itself to a pumpkin cultivar, causing mosaic. No GRSV-TO
transmission to any indicative plant indicated that ZYMV and PRSV may hijack
host factors for their replication faster and more efficiently than GRSV. In this
way, it suggests that those watermelon plants collected in the field may have
been infected first by GRSV and then by potyviruses. From a different
perspective, this outcome just occurred due to the experimental conditions. By
transmission with aphids and thrips, another host range would have been

obtained.
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