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Abstract Ramu stunt disease of sugarcane was first

reported in Papua New Guinea in the mid 1980s. The

disease can reduce sugarcane yields significantly and cau-

ses severe stunting and mortality in highly susceptible

cultivars. The causal agent of Ramu stunt has been inves-

tigated but its characterization has not been completed.

Sugarcane cv. Ragnar from Papua New Guinea with

symptoms of Ramu stunt was analyzed by next generation

sequencing. Total RNA was extracted and whole tran-

scriptome shotgun sequencing was performed using an

Illumina platform. Over thirty-seven million reads with an

average length of 100 nucleotides were obtained. More

than eighteen thousand contigs were assembled and sub-

jected to BLASTX analysis. Twenty-one contigs were

virus related and six were associated with plant viruses.

The BLAST algorithms revealed sequence similarity to

Tenuivirus and Phlebovirus, genera of viruses whose

members contain genomes consisting of multiple RNA

segments. The six contigs derived from the RNA

sequencing data correspond to six RNAs that compose the

Ramu stunt virus genome. Primers were designed for each

of the six RNAs and RT-PCR amplicons were obtained

only from the symptomatic sugarcane. There was

concordance between the sequence data of the contigs

obtained from the NGS and that of the amplicons obtained

by RT-PCR. The NGS approach allowed us to determine

the complete genomic sequence of Ramu stunt virus. It is

likely that this virus is the causal agent of Ramu stunt

disease.
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Ramu stunt, a destructive disease of sugarcane, was first

reported in Papua New Guinea in the mid-1980s [1–3].

Symptoms include pale green to yellow streaks that vary in

length from small specks to chlorotic striping through the

entire leaf. Infected canes also appear thinner, with

abnormal proliferation from the nodes and reduced

internode length. The overall effect of the disease is plants

with severely reduced growth rates, and that fail to ratoon.

Initial reports suggested the causal organism to be phyto-

plasma [4, 5] but was later described as a virus, possibly

belonging to the genus Tenuivirus [6]. The disease is still

known to occur only in Papua New Guinea, where it can be

effectively transmitted by the island sugarcane planthop-

per, Eumetopina flavipes Muir (Hemiptera) [2]. Therefore,

Ramu stunt disease poses a major quarantine risk to other

sugarcane producing countries, especially nearby Australia

[3, 6, 7]. This communication reports the full genomic

sequence of a virus provisionally named Ramu stunt virus

(RmSV), associated with the Ramu stunt disease of sug-

arcane. RmSV is most closely related to members of the

genus Tenuivirus. Tenuiviruses (from Latin tenuis meaning

thin) are transmitted by plant hoppers in a circulative

manner and have negative and/or ambi-sense ssRNA-
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segmented genomes that contain four to six RNAs [8, 9].

Each RNA encodes one to two proteins. Members of the

genus Tenuivirus are more closely related to the vertebrate-

infecting viruses in the genus Phlebovirus of the family

Bunyaviridae than they are to other plant viruses.

Tenuiviruses have host ranges limited to the family

Poaceae, affecting crops such as rice, maize, and wheat.

The International Committee on Taxonomy of Viruses

recognizes seven members in the genus Tenuivirus: rice

stripe virus (RSV) [10], rice grassy stunt virus (RGSV)

[11], rice hoja blanca virus (RHBV) [12, 13] maize stripe

virus (MSV) [14], Iranian wheat stripe virus [15], echi-

nochloa hoja blanca virus (EHBV) [16], and urochloa hoja

blanca virus (UHBV) [17]. Brazilian wheat spike virus,

European wheat striate mosaic, rice wilted stunt virus,

winter wheat mosaic virus, maize yellow stripe virus

(MYSV) [18], and winter yellow head virus [19] have been

tentatively placed in the genus Tenuivirus but have not

been approved as species [9].

Sugarcane (Saccharum officinarum) cultivar Ragnar

exhibiting symptoms of Ramu stunt disease was imported

from the Ramu Madang Province in Papua New Guinea

through the USDA APHIS Plant Germplasm Quarantine

Program in Beltsville, Maryland. Clonally propagated

plants were established, grown in a quarantine greenhouse

under standard conditions, and used as a source for RNA

extraction. Total RNA was extracted from symptomatic

leaf tissue from two plants using Qiagen RNeasy� kit and

used for the RNA Seq analysis.

The RNA from the Ramu stunt infected source was sent

to Macrogen (Seoul, Korea) for cDNA library preparation

and sequencing as pair-end 100 bp reads on an Illumina

HiSeq 2500 system. Sequences were assembled into con-

tigs using CLC Genomics Workbench (Qiagen). BLASTN

and BLASTX queries to NCBI GenBank were used to

detect virus-related contigs. To verify virus-like sequences,

overlapping primer pairs were designed from the putative

RNAs and RT-PCR was carried out using the illustra

Ready-To-Go RT-PCR Beads (GE Healthcare). To obtain

or verify the sequences at the 50- and 30-termini, a primer

with a sequence identical to the 50 conserved 10 nt [20] end

of Tenuiviruses RNAs and a GC rich anchor (TenuiD, 50-
CCC GGG CGG CCG CAC ACA WAG TC) was paired to

sequence specific primers at both ends for all predicted

genomic RNAs. The TenuiD primer was modified after de

Miranda et al. [12] to account for the A/U substitution at

the 50- or 30 UTR-conserved genomic sequences [8, 20]. All

RT-PCR products were cloned using pGEM�-T Easy

Vector System (Promega) and a minimum of three clones

per reaction were sequenced in both directions. Sequences

were initially assembled in Genious v. 7 but final mapping

of the reads to each of the RNAs were performed using

CLC Genomics Workbench (Qiagen). The RdRp proteins

of RmSV and those of selected members of the Tenuivirus,

Phlebovirus, and Tospovirus were used in phylogenetic

analysis by the Neighbor-joining algorithm with 1000

bootstrap replicates on MEGA v. 6 [21]. Mirafiori lettuce

virus, an Ophiovirus, was used as an out group.

A total of 37,606,204 reads were obtained from sample

one and 38,990,344 reads were obtained from sample two

from the RNA sequencing experiments. These reads

assembled into 676,591 and 746,495 contigs from sample

one and two, respectively. In order to optimize the BLAST

searches, a subset of 18,175 (sample 1) and 18,510 (sample

2) contigs were used. The subset included contigs

500–10,000 nt in length. Out of these contigs 21 were virus

related, and six were plant virus related. These six contigs

were assigned as RNA 1 through RNA 6 based on length,

and assembled as 16,312 nucleotides. Both samples yielded

the same contigs and had 100 % sequence identity. All

sequences were deposited in the NCBI GenBank under

accession numbers: KR094115, KR094116, KR698381,

KR094117, KR094118, and KR094119.

Tentative annotation of the genomic segments of RmSV

is presented in Table 1.

RNA 1 is 8902 nt long containing one ORF with pre-

dicted protein of 2921 amino acids (aa) with Mr of

338 kDa. The predicted translation product is similar in

Table 1 Ramu stunt virus (RmSV) RNA segments, ORF position, protein size, and significant amino acid sequence identity

RNA segment NT position Protein size Comparative maximal % aa sequence identity,

virus and GenBank accession number
aa size kDa

RNA 1 34–8799 2921 338 38 %, rice stripe virus RdRp, ADE60694

RNA 2 54–953 299 33 28 %, Kismayo virus nucleoprotein, AIU95035

481–74 135 18 No significant similarity

RNA 3 50–658 202 14 25 %, MYSV hypothetical protein, CAI94658

1524–1141 127 17 27 % MYSV hypothetical protein, CAI94656

RNA 4 22–1176 384 43 24 %, MYSV hypothetical protein, CAI94659

RNA 5 37–900 287 33 28 %, Punique virus nucleocapsid, ACZ43797

RNA 6 60–590 176 21 27 %, MYSV hypothetical protein, CAI94656
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size to the RNA polymerases of RSV and RGSV. BLAST

analysis showed that the RdRp protein has the highest

identity of 38 % to RSV RdRp. RNA 2 is 1675 nt long and

codes for a putative nucleoprotein of 299 aa with Mr of

33 kDa (nt 54–953). On the complementary strand of RNA

2, there is a 135 aa hypothetical protein (nt 481–74) that

has no similarity to known viral proteins. RNA 3 encodes a

202 aa protein (nt 50–658) and on the complementary

strand a 127 aa protein (nt 1524–1141). Both of these

predicted peptides have similarities to MYSV hypothetical

proteins [22] of 25 and 27 %, respectively. RNA 4 is 1575

nt long and encodes a 384 aa, 43 kDa predicted protein (nt

22–1176). BLAST results showed a 24 % similarity to a

MYSV hypothetical protein [22]. RNA 5 is 1377 nt long

and has predicted ORF of 287 aa (nt 37–900). This protein

has a Mr of 33 kDa and is mostly similar (28 %) to a

number of Phlebovirus nucleocapsid proteins. RNA 6 is

composed of 1201 nt and encodes a hypothetical protein of

176 aa (nt 60–590) similar to a MYSV hypothetical protein

[22].

Comparison of the 50 UTR sequences of all six RNAs

showed a conserved segment 50-ACACAAAGUC-30 typi-
cal of the Tenuiviruses [8, 20]. The 30 UTR is also con-

served with RNA 1 through 5 having the 10 nt segment 50-

Fig. 1 a Phylogenetic analysis using the RNA dependant RNA

polymerase (RdRp) amino acid sequences of Ramu stunt virus

(RmSV) and RdRp sequences of Tenuiviruses: rice stripe virus (RSV)

and rice grassy stunt virus (RGSV); Phleboviruses: Uukuniemi virus

(UUKV), Rift Valley fever virus (RVFV), Sandfly fever Naples virus

(SFNV); Hantavirus: Hantaan virus (HNTV); Tospoviruses: tomato-

spotted wilt virus (TSWV) and Iris yellow spot virus (IYSV).

Ophiovirus: Mirafiori lettuce virus (MiLV) used as an out-group.

b Phylogenetic analysis using the nucleoprotein amino acid sequences

of Ramu stunt virus (RmSV) and nucleoprotein sequences of

Tenuiviruses: urochloa hoja blanca virus (UHBV), rice hoja blanca

virus (RHBV), echinochloa hoja blanca virus (EHBV), Wheat yellow

head virus (WYHV), rice stripe virus (RSV) and maize stripe virus

(MSV); Phleboviruses: Kismayo virus (KISV), Uukuniemi virus

(UUKV), Arbia virus (ARBV), Sandfly fever Naples virus (SFNV),

and Rift Valley fever virus (RVFV); Hantavirus: Hantaan virus

(HNTV); Tospoviruses: tomato-spotted wilt virus (TSWV) and Iris

yellow spot virus (IYSV); and Ophiovirus: Mirafiori lettuce virus

(MiLV) used as an out-group. Both trees were generated by the

neighbor-joining algorithm and bootstrap values indicated at each

node were calculated using 1000 bootstrap replicates. Tree branches

are proportional to genetic distances between sequences and the scale

bar represents substitutions per amino acid site
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GACUUUGUGU-30 while RNA 6 had one base pair dif-

ference 50-GACUAUGUGU-30 [8]. The 30 terminus of

RSV RNA 1 has the identical 10 nt segment found in

RmSV [20].

Once the full length of all RNAs was finalized, remap-

ping results showed different frequencies of read maps to

the final product: RNA 1—340,701 (0.91 %); RNA 2—

870,223 (2.31 %); RNA 3—285,005 (0.76 %); RNA 4—

681,795 (1.81 %); RNA 5—420,168 (1.12 %); RNA 6—

2,103,686 (5.59 %). The minimum sequence depth was at

least 2000 reads but in some cases was over 240,000. The

mapping confirmed that almost all of the 12 termini of the

six RNAs were fully completed, with a few exceptions of

three to four nucleotides missing at some of the ends.

These missing termini were completed by RT-PCR using

TenuiD and sequence specific primers.

After the RmSV complete sequence was finalized, pri-

mers were designed to amplify products from each RNA.

RT-PCR was performed from the Ramu stunt-infected

sugarcane and from two apparently healthy cultivars.

Amplicons were obtained from Ramu infected RNA from

all of the six RNAs primer pairs. No amplification products

were obtained from the healthy sugarcane. These analyses

indicate that the six RNAs obtained from the RNA Seq

experiments likely comprise RmSV, particularly because

no other plant virus-related contigs were identified.

Phylogenetic analysis of the RdRp of RmSV and the

RdRp proteins of selected viruses from the genera Tenui-

virus, Phlebovirus, and Tospovirus placed RmSV closely to

Tenuivirus (Fig. 1a). Similar results were obtained when

the nucleoprotein was analyzed (Fig. 1b).

Next generation sequencing techniques facilitated the

assembly andmolecular characterization of RmSV, the likely

cause of Ramu stunt disease of sugarcane. RmSV comprises

six segments of ssRNA that total 16,312 nucleotides, with a

genome organization that shows degree of similarity to

tenuiviruses. This information will help develop improved

diagnostic methods for Ramu stunt virus and will aid in

global quarantine and disease management efforts.
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