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Abstract
High throughput sequencing technologies, supported by bioinformatics tools are employed to retrieve small RNA sequence

information derived from the nucleic acids of plant infecting viruses. In addition to characterization of the small RNAs to

understand the biology of the virus, the small RNA sequence can be assembled to reconstitute viral genome sequence. For

the first time the semiconductor based Ion Proton sequencing technology is used to sequence the small RNAs from

pigeonpea (Cajanus cajan) plants infected by two distinct viruses with RNA and DNA as their genomes. The reconstitution

of the viral genome sequence revealed that the pigeonpea plant from Kalaburagi (erstwhile Gulbarga, Karnataka state) was

infected by an emaravirus species Pigeonpea sterility mosaic emaravirus 1 (PPSMV-1) and another plant from New Delhi

was infected by a begomovirus species Mungbean yellow mosaic India virus (MYMIV). Characterization and comparison

of small RNA sequences derived from both the viruses showed vast differences in their pattern of accumulation and their

size classes. In the case of PPSMV-1, the 21 nt sized siRNAs accumulated at far greater levels followed by 22 and 24 nt

siRNAs. Whereas in MYMIV, the proportion of accumulation of each size class of siRNAs was similar. Further the

distribution of small RNAs across the genomes of PPSMV-1 and MYMIV was mapped and the density of small RNA

accumulation showed a positive correlation with the GC content of viral sequence.
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Introduction

In a virus infected plant a significant proportion of small

interfering RNA (siRNA) population is derived from the

viral genome or its transcripts through a mechanism called

RNA-interference (RNAi). RNAi provides antiviral

immunity in majority of eukaryotic organisms including

plants, by production of virus-derived siRNAs (vsiRNAs)

through the action of Dicer-Like (DCL) proteins which are

subsequently loaded on to an Argonaute protein complex

for antiviral silencing (Wang et al. 2012). RNAi-mediated

viral immunity in plants requires host RNA-directed RNA

polymerase (RDR), such as RDR1, RDR2 and RDR6 to

produce viral secondary siRNAs following viral RNA

replication-triggered primary siRNA production (Wang

et al. 2012).

Plants code for four types of DCLs, namely DCL1,

DCL2, DCL3 and DCL4 which process dsRNA to produce

different sizes of siRNAs required for antiviral defense

(Wang et al. 2012). The 21 nt siRNAs, also known as

primary siRNAs are processed by DCL4, whereas DCL2

produces 22 nt or 23 nt siRNAs and DCL3 forms 24 nt

siRNAs (Axtell 2013; Deleris et al. 2006). The 21, 22 and

24 nt siRNAs are known to be involved in antiviral defence

in plants, but the 23 nt siRNA is not known to have an

antiviral activity (Axtell 2013; Deleris et al. 2006). DCL1

also can produce both 21 and 24 nt siRNAs, but none of

them are involved in antiviral defence (Deleris et al. 2006),

however the most important function of DCL1 is to pro-

duce microRNAs of size 21 nt, which regulates gene

expression in the plants (Matzke and Birchler 2005). The

vsiRNAs play a major role in defense against plant viruses

and modification of the host genome and hence are key to

the understanding of pathogenicity of plant viruses. Studies

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13562-018-0447-9) contains supplementary
material, which is available to authorized users.

& Basavaprabhu L. Patil

blpatil2046@gmail.com

1 ICAR-National Research Centre on Plant Biotechnology,

LBS Centre, IARI Campus, Pusa, New Delhi 110012, India

123

Journal of Plant Biochemistry and Biotechnology (October–December 2018) 27(4):382–392
https://doi.org/10.1007/s13562-018-0447-9(0123456789().,-volV)(0123456789().,-volV)

Author's personal copy

http://orcid.org/0000-0002-6023-5894
https://doi.org/10.1007/s13562-018-0447-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s13562-018-0447-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13562-018-0447-9&amp;domain=pdf
https://doi.org/10.1007/s13562-018-0447-9


using RNA and DNA viruses have revealed that the

vsiRNAs could be derived from several regions of viral

genome (Zhang et al. 2015).

The revolution in next generation sequencing (NGS)

technologies has helped in the discovery of different sized

vsiRNAs which unravels an accurate scenario about the

abundance, complexity and diversity of vsiRNAs in a virus

infected organism (Niu et al. 2015). Hence one of the

important strategies for identification of hitherto unknown

viruses is the cloning and sequencing of small RNAs from

a plant infected by an unknown virus by NGS technologies,

supported by bioinformatics tools (Barba et al. 2014;

Boonham et al. 2014; Hagen et al. 2012; Idris et al. 2014).

Of the several NGS technologies, Ion Proton system is the

first benchtop sequencing system capable of sequencing in

a few hours of time and is relatively cheaper than illumina-

based NGS. Ion Proton system combines the semiconduc-

tor sequencing technology which directly translates the

chemical information into digital data (Rothberg et al.

2011), generating high level of scalability and flexibility to

cater to the diverse range of high throughput sequencing

applications (Liu et al. 2012; Yuan et al. 2016). The Ion

semiconductor sequencing technique is based on the

detection of hydrogen ions (H?) produced during the

polymerization of DNA and hence it is termed as ‘‘se-

quencing by synthesis’’, during which the complementary

strand is synthesized. Recently Ion Proton based NGS has

been successfully used for sequencing human immunode-

ficiency virus (HIV) from different clinical samples

(Ameur et al. 2014). This study is the first report on the use

of Ion Proton system for sequencing small RNAs derived

from plant viruses.

In this study, Ion Proton system has been used to

sequence the small RNA libraries constructed from

pigeonpea (Cajanus cajan) plants infected with two dis-

tinct plant viral species, namely Pigeonpea sterility mosaic

emaravirus 1 (PPSMV-1) belonging to the genus Emar-

avirus of family Fimoviridae and Mungbean yellow mosaic

India virus (MYMIV) belonging to the genus Begomovirus

of family Geminiviridae (Hema et al. 2014; Patil and

Kumar 2015, 2017). The genus Emaravirus consists of

viruses with segmented negative sense RNA viral genome,

a characteristic feature of the order Bunyavirales (Korme-

link et al. 2011; Mielke-Ehret and Muehlbach 2012).

PPSMV causes sterility mosaic disease (SMD) of pigeon-

pea, which is a major viral disease of pigeonpea occurring

in the Indian subcontinent (Patil and Kumar 2015, 2017).

SMD is caused by two distinct emaravirus species, namely

Pigeonpea sterility mosaic emaravirus 1 (PPSMV-1;

Elbeaino et al. 2014) and Pigeonpea sterility mosaic

emaravirus 2 (PPSMV-2; Elbeaino et al. 2015). PPSMV-1

was the first to be identified (Elbeaino et al. 2014) and

subsequently another distinct emaravirus PPSMV-2 was

also reported to be involved in SMD (Elbeaino et al. 2015).

Both PPSMV-1 and PPSMV-2 consist of six genomic RNA

segments, namely, RNA1 (7022 nt in length) encoding for

RNA-dependent RNA polymerase (RdRp, 2295 amino

acids); RNA2 (2223 nt) coding for glycoprotein (GP, 649

amino acids); RNA3 (1442 nt) coding for nucleocapsid

protein (NP, 309 amino acids); RNA4 (1563 nt) coding for

a putative movement protein p4 (MP, 362 amino acids);

RNA5 (1689 nt) coding for a protein with unknown func-

tion (474 amino acids), and RNA6 (1194 nt) also coding

for a protein with unknown function (238 amino acids)

(Elbeaino et al. 2014, 2015; Patil et al. 2017). Although

recent publications have reported presence of only five

segments in PPSMV-1, in contrast to six segments in

PPSMV-2 (Elbeaino et al. 2014, 2015), our studies have

shown association of RNA6 with PPSMV-1 (Patil et al.

2017). The Fig mosaic virus (FMV), European mountain

ash ringspot-associated virus (EMARaV), Raspberry leaf

blotch virus (RLBV), Redbud yellow ringspot associated

virus (RYRSaV), Rose rosette virus (RRV), and Wheat

mosaic virus (WMoV) are some of the emaravirus species

which encompass 4–8 genomic RNA segments and are

known to cause important plant viral diseases (Mielke-

Ehret and Mühlbach 2012; Patil and Kumar 2015; Tatineni

et al. 2014). Whereas the begomovirus MYMIV, consisting

of two single stranded circular DNA components namely,

DNA-A and DNA-B, each of about * 2.7 kb, is known to

cause a major viral disease called as yellow mosaic disease

(YMD) in several legumes such as mungbean, soybean and

cowpea, however at present, YMD is a minor disease of

pigeonpea (Hema et al. 2014; Kumar et al. 2017). The

DNA-A component codes for six proteins, namely Repli-

cation associated protein (AC1 or Rep), Transcription

activator protein (AC2), Replication enhancer protein

(AC3) and AC4 known to be a silencing suppressor on the

complementary strand and coat protein (AV1) and pre-coat

protein (AV2) on the virion strand required for replication

and encapsidation. Whereas the DNA-B component

encodes for movement protein (BC1) and nuclear shuttle

protein (BV1), required for inter- and intra-cellular

movement respectively (Hanley-Bowdoin et al. 2000;

Jeske 2009).

In this study, the vsiRNAs derived from both the viruses

infecting pigeonpea are characterized and compared. Fur-

ther, by assembling the vsiRNA sequences we have

reconstituted the entire viral genome sequence for both of

these DNA and RNA viruses infecting pigeonpea (Seguin

et al. 2014).
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Materials and methods

Field collection of pigeonpea leaf samples
and isolation of total RNA

The leaf sample of a pigeonpea plant showing character-

istic symptoms of SMD was collected from Kalaburagi

(formerly Gulbarga) in Karnataka state of India. Similarly,

leaf sample of another pigeonpea plant with symptoms of

YMD was collected from IARI campus, New Delhi (India),

along with a healthy control plant, which was confirmed to

be negative for presence of above viruses by PCR and RT-

PCR. These leaf samples were snap frozen in liquid

nitrogen and stored in - 80 �C deep freezer for further use.

The leaf samples from each plant were pooled and the total

RNA was isolated using SpectrumTM Total RNA Kit from

Sigma (Sigma-Aldrich, USA), following manufacturer’s

instructions. The amount of binding solution was increased

for each extraction to maintain the yield of small RNAs.

The concentration and quality of RNA was checked using

Qubit RNA assay kit and Bioanalyzer Total RNA QC

(RNA Nano Kit).

Small RNA library preparation and sequencing
using Ion Proton sequencer

The small RNA population was enriched from the total

RNA and its QC (Quality Control) was checked using RNA

Qubit Assay Kit and further its RNA integrity number

(RIN10) values were determined using the Agilent 2100

Bioanalyzer System expert software. Subsequently the

good quality small RNA was subjected to library prepa-

ration using the Total RNA Seq Kit v2 (Thermo Fischer

Scientific), as per the instructions in the user manual and

the library QC was checked using the Qubit HS assay kit.

Template preparation was done using an Ion PITM OT2 200

kit V2 and the pooled (equimolar pool of the 3 libraries)

concentration was determined to 20 pico moles (pM).

Data analysis

Raw reads were downloaded from the Ion Proton system in

fastq format and filtered using fastx_toolkit (v0.0.14); later

the reads with length less than 16 nt and more than 35 nt

were deleted (http://hannonlab.cshl.edu/fastx_toolkit/). The

filtered reads were mapped onto the reference genome of

pigeonpea (Singh et al. 2011; Varshney et al. 2012) using

Shrimp (v2.2.3) mapping software (Rumble et al. 2009)

and reads remaining unmapped were converted into fastq

file. Mapped data was utilized to perform statistical study

whereas the unmapped reads were used for further viral

sequence analysis.

The unmapped reads were subjected to de novo

assembly to derive contigs using MIRA (v3.9.18) (Chev-

reux et al. 1999) which provides different contig counts for

all the samples. These contigs were also aligned on pub-

lished PPSMV-1 and MYMIV sequences to study the

similarity using MUMmer (Delcher et al. 2002) and con-

sensus sequences were generated using ABACAS (v1.3.1)

(Assefa et al. 2009). Further, the unmapped reads were

used to align on the published PPSMV-1 (Elbeaino et al.

2014) and MYMIV sequences using Shrimp (v2.2.3) and

the mapped data was used to perform downstream analysis.

Different statistics were generated along with graphs and

charts for representations. After mapping of reads on ref-

erence sequences, its distribution was calculated across all

the references along with segregation of mapped reads

based on their lengths. The software Samtools (0.1.19) (Li

et al. 2009) was used to perform various tasks for calcu-

lating and generating statistical summary.

The small RNA reads mapping on the reference viral

genome were segregated based on their read length of 21,

22, and 24 nt. After segregation, the small RNA reads were

counted and reads per million (RPM) were calculated for

all the categories of small RNA read lengths. The RPM

graphs were generated based on mapped small RNA reads

covering the genomes of PPSMV-1 and MYMIV. The

programs such as Samtools and bamutils (NGSutils—

v0.5.7) (Breese and Liu 2013) were used to extract and

generate counts and statistics for different small RNA read

lengths.

RT-PCR, cloning and sequencing of PPSMV-1
and MYMIV

From the total RNA isolated using SpectrumTM Plant Total

RNA Kit (Sigma-Aldrich, USA), 2 lg was reverse tran-

scribed for cDNA synthesis using MultiScribe Reverse

Transcriptase, RT Random Primers and other components

from the High-Capacity cDNA Reverse Transcription kit

(Applied Biosystems, USA) as per manufacturers guide-

lines. The diluted cDNA was used for PCR amplification of

various segments of PPSMV-1 using specific primer pairs

(Suppl. Table 2). The eluted PCR amplicons were ligated

in pGEM-T Easy vector (Promega, USA) according to

manufacturer’s guidelines and transformed in E. coli. The

recombinant plasmids containing target sequences were

subjected to Sanger sequencing. The edited raw sequences

were manually assembled by identifying overlapping

sequences, further the nucleotide homology searches were

done with BLASTN Sequence Analysis of NCBI (http://

blast.ncbi.nlm.nih.gov/Blast.cgi).

To clone the genomic components of MYMIV, total

DNA was isolated from pigeonpea leaf sample with YMD

symptoms using CTAB method and then it was subjected
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to /29 DNA polymerase-mediated rolling circle amplifi-

cation (RCA) using illustra TempliPhi DNA Amplification

Kits (TempliPhiTM, GE Healthcare) (Haible et al. 2006;

Johne et al. 2009). The amplified DNA was digested with

the restriction enzyme EcoRI to linearise the * 2.7 kb

sized DNA-A and DNA-B components and were subse-

quently cloned in pGreen0029 vector and sequenced by

Sanger sequencing.

Results

The assembled and validated sequences of PPSMV-1 and

MYMIV were submitted to the NCBI sequence database,

with GenBank accession numbers: KX363886–KX363891

for six RNA (RNA1-RNA6) segments of PPSMV-1, and

KX363947 and KX363948 for DNA-A and DNA-B of

MYMIV. A total number of raw reads of 9,503,998 for

healthy control pigeonpea plant, 25,168,817 for PPSMV-1

infected pigeonpea from Kalaburagi (Gulbarga), and

22,518,970 for MYMIV infected pigeonpea from Delhi

were obtained by Ion Proton based NGS for small RNAs.

The number of small RNA reads that remained after

trimming of adaptor and filtering were 6,869,125 for con-

trol plant, 17,679,838 for PPSMV-1 infected pigeonpea

and 16,144,586 for MYMIV infected pigeonpea. Of these

6,371,918, 16,623,248 and 15,194,545 respectively map-

ped to the pigeonpea genome and the rest remained

unmapped. For these two virus infected pigeonpea samples,

1,134,902 small RNA reads in the size range of 16–25 nts

mapped to the PPSMV-1 genome and 792,665 reads

mapped to the genome of MYMIV, accounting for 6.47

and 4.99% of total small RNA population, respectively

(Table 1, Fig. 1).

Except for RNA1 of PPSMV-1 with a small RNA

coverage of 94%, the other five RNA segments

had * 100% coverage by the vsiRNAs. For MYMIV

DNA-A component the vsiRNA coverage was 99.74%,

while for DNA-B component it was 98.62% (Table 2). The

relative content (%) of vsiRNAs derived from the six

segments of PPSMV-1 was 3.6% for RNA1, 11.7% for

RNA2, 36.5% for RNA3, 19.8% for RNA4, 10.7% for

RNA5, and 17.6% for RNA6 (Table 2). Whereas for

MYMIV, the relative content (%) of small RNA population

for DNA-A and DNA-B components was 48 and 52%

respectively (Table 2).

Of the six RNA segments of PPSMV-1, the RNA3

segment produced the highest amount of vsiRNAs, fol-

lowed by RNA4, RNA6, RNA2, RNA5 and RNA1

respectively (Table 2). For all the six RNA segments of

PPSMV-1, the 21 nt vsiRNAs accumulated at the highest

level, followed by 22 nt and 24 nt. However the relative

content (%) or percentage share of the three different size

classes of vsiRNAs varied among the six PPSMV-1 seg-

ments (Table 2). In particular the content of 21 nt vsiRNAs

was highest for RNA1 segment.

In contrast to PPSMV-1, the relative proportion of

accumulation of the three different size classes of vsiRNAs

namely 21, 22 and 24 nt was fairly equivalent for both the

MYMIV genomic components (Table 2). Although the

MYMIV DNA-B component accumulated relatively higher

levels of vsiRNAs compared to the DNA-A component, the

levels of 21 nt vsiRNA was highest for DNA-A, whereas

for DNA-B the 22 nt vsiRNA were at highest level, fol-

lowed by 24 nt and 21 nt vsiRNAs. In contrast to a positive

correlation between the GC content and the levels of

vsiRNAs produced for PPSMV-1, no such correlation was

observed for MYMIV. Despite the higher (43.7%) GC

content of MYMIV DNA-A component, than its

Table 1 Summary of small RNA deep sequencing results from three different pigeonpea plants from two locations (Gulbarga/Kalaburagi and

New Delhi), infected by Pigeonpea sterility mosaic emaravirus 1 (PPSMV-1) and Mungbean yellow mosaic India virus (MYMIV)

Experimental samples (library) Control (healthy) Gulbarga (PPSMV-1) New Delhi (MYMIV)

Total raw reads of small RNAs 9,503,998 25,168,817 22,518,970

Pre-processing reads after trimming and filtering 6,869,125 17,679,838 16,144,586

Small RNA reads mapping to Pigeonpea genome 6,371,918 16,623,248 15,194,545

Small RNA reads remaining unmapped 497,207 1,056,590 950,041

Pigeonpea small RNA annotation

Reads mapping within siRNA region 72,694 131,687 267,101

Reads mapping outside siRNA region 6,299,224 16,491,561 14,927,444

Total small RNA reads – 17,548,145 15,877,483

Small RNA reads mapping to viral genome (16–25 nts) – 1,134,902 792,665

Percent small RNA reads mapping (%) 0 6.47 4.99

The virus free healthy pigeonpea plant from New Delhi is used as control
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corresponding DNA-B component (40.4%), DNA-B pro-

duced higher levels of vsiRNAs (Suppl. Table 1). However

the levels of the primary vsiRNAs of 21 nt accumulated at

much higher level in MYMIV DNA-A than the DNA-B

component (Table 2). Similar to the PPSMV-1 segments,

within each MYMIV genomic components, the GC rich

regions showed peaks for vsiRNA accumulation and in

contrast the GC poor regions accumulated low levels of

vsiRNAs in both of the DNA components (Suppl. Table 1).

For both PPSMV-1 and MYMIV, the coding regions

(ORFs) produced significantly higher levels of vsiRNA

than the non coding regions and coincidentally these

regions had low GC content (Fig. 3 and 4). This was evi-

dent for PPSMV-1 segments RNA-2, 3, 4, 5 and 6 (Fig. 3).

Although the density of both sense (?ve strand) and anti-

sense (-ve strand) vsiRNAs showed similar pattern of

concentration on certain regions of both PPSMV-1 and

MYMIV genomes, however there were exceptions to this

(Figs. 3, 4). For all the PPSMV-1 segments, the 21 nt and

22 nt vsiRNAs derived from the sense strand were more

than the vsiRNAs derived from the antisense strand for

both vsiRNAs, but not for 24 nt vsiRNAs (Table 3 and

Fig. 2). In contrast to PPSMV-1, higher levels of vsiRNAs

were produced from the antisense (-ve) strand as

compared to the sense (?ve) strand for the three size

classes of vsiRNAs in MYMIV (Table 3).

Discussion

Next generation sequencing (NGS) technology has revo-

lutionized the discovery of unknown viruses and the

sequence information of virus derived small RNAs is key

to reconstitution of virus sequence. Since last several years,

various NGS technologies have been developed for high

throughput sequencing and these diverse NGS platforms

employ different sequencing biochemistries and differ in

sequencing protocol. These different NGS platforms are

under constant improvement to make them faster, efficient

and cost-effective in order to enhance the accessibility of

high throughput sequencing and also to accelerate their

applications. Thus selection of appropriate NGS platform is

critical to cater to specific sequencing requirements and

also for the economic feasibility of sequencing costs. Ion

Proton, a semiconductor based bench-top high throughput

sequencing technology is one of the most economical NGS

platform and in addition the sequencing reaction needs a

short span of time, than the other platforms.

Fig. 1 Size distribution of total small RNAs (16–25 nts) in libraries prepared from pigeonpea plants infected by an emaravirus, Pigeonpea

sterility mosaic emaravirus 1 (PPSMV-1) and a begomovirus, Mungbean yellow mosaic India virus (MYMIV)
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In addition to the discovery of novel viral sequences

through vsiRNA sequence information obtained through

NGS, the detailed characterization of small RNA sequence

information also helps in understanding the role of vsiR-

NAs in antiviral defense and host genome modifications.

Through high throughput sequencing of the small RNAs

one can learn about the diversity and complexity of virus

derived small RNAs, which helps in understanding of viral

pathogenicity and interaction with their host plants.

Hitherto deep sequencing has mostly been employed to

characterize the virus derived small RNAs in the experi-

mental host plants or in natural hosts maintained in

experimental conditions. Some of the examples are Cu-

cumis melo plants infected with Melon necrotic spot virus,

Watermelon mosaic virus (Donaire et al. 2009) and tomato

plants infected with Tomato yellow leaf curl virus (Yang

et al. 2011), grapevine plants infected with different viruses

(Pantaleo et al. 2010), rice plants infected with Rice stripe

virus (RSV) (Yan et al. 2010; Xu et al. 2012) and tomato

spotted wilt virus (TSWV) infected tomato (Mitter et al.

2013). Most of the past studies are based on positive sense

RNA viruses and there are few reports on characterization

of small RNAs derived from negative sense RNA viruses,

except for RSV and TSWV, which have -ve sense RNA

genomes (Mitter et al. 2013; Yan et al. 2010; Xu et al.

2012). Emaravirus is a newly identified genus consisting of

negative sense segmented RNA genome (Mielke-Ehret and

Muehlbach 2012). Most recently some of the emaravirus

Table 2 Number of 21, 22 and 24 nt sized vsiRNA reads that map to the RNA segments (RNA1–RNA6) of Pigeonpea sterility mosaic

emaravirus 1 (PPSMV-1) and the two DNA components (DNA-A and DNA-B) of Mungbean yellow mosaic India virus (MYMIV)

Size of vsiRNAs 21 nt 22 nt 24 nt % share of vsiRNAs across

segments

% viral genome covered by

vsiRNAs

Pigeonpea from Kalaburagi (Gulbarga)

Total reads

mapped

656,562 234,681 57,506 – –

PPSMV-1
RNA1

31,937

(82.24%)

5919 (15.24%) 978 (2.52%) 3.6 94.13

PPSMV-1
RNA2

86,929

(69.27%)

33,482

(26.68%)

5085 (4.05%) 11.7 100

PPSMV-1
RNA3

273,045

(69.58%)

94,073

(23.97%)

25,287 (6.45%) 36.5 100

PPSMV-1
RNA4

142,172

(66.71%)

59,424

(27.89%)

11,511 (5.4%) 19.8 99.74

PPSMV-1
RNA5

79,079 (68.8%) 28,373

(24.69%)

7483 (6.51%) 10.7 100

PPSMV-1
RNA6

133,324

(70.49%)

39,315

(20.79%)

16,496 (8.72%) 17.6 100

Pigeonpea from New Delhi

MYMIV DNA-

A

106,611

(35.68%)

104,674

(35.03%)

87,500

(29.29%)

48% 99.89

MYMIV DNA-

B

88,251

(27.29%)

125,154

(38.70%)

110,010

(34.01%)

52% 98.62

The relative content (%) of vsiRNAs derived from each viral genomic segment/component with reference to the total number of vsiRNAs is

summarized. The percentage of viral genome covered by the vsiRNAs is also given

Table 3 Number of vsiRNAs

(21, 22 and 24 nt) that map to

sense and antisense strands of

Pigeonpea sterility mosaic

emaravirus 1 (PPSMV-1) and

Mungbean yellow mosaic India

virus (MYMIV) from two

different locations (Kalaburagi

and New Delhi)

Location Virus and their strand Total vsiRNAs counts

21 nt 22 nt 24 nt

Kalaburagi (Gulbarga) PPSMV-1 656,562 234,681 57,506

?ve strand 376,375 130,061 24,256

-ve strand 280,187 104,620 33,250

New Delhi MYMIV 194,862 229,828 197,510

?ve strand 85,538 92,839 71,927

-ve strand 109,324 136,989 125,583
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genome sequences, such as Actinidia chlorotic ringspot-

associated virus (AcCRaV; Zheng et al. 2016) and Woolly

burdock yellow vein virus (WBYVV; Bi et al. 2012) are

discovered by high throughput sequencing of their small

RNAs.

This study has made the first molecular characterization

of the small RNAs derived from PPSMV-1 an emaravirus

and MYMIV a geminivirus (or begomovirus), infecting

two pigeonpea plants in two different locations. These

studies show that the RNA1 segment of PPSMV-1 accu-

mulated lowest levels of vsiRNAs despite being the largest

RNA segment in contrast to RNA3 and RNA4 segments,

which generated highest levels of vsiRNAs. Northern

hybridization studies with WMoV indicated that the RNA1

accumulated at lower levels compared to other RNA seg-

ments (Tatineni et al. 2014) and also a recent report on

electrophoresis of PPSMV dsRNA has revealed that the

levels of RNA-3 and RNA-4 are much higher than the

levels of RNA1 segment (Kumar et al. 2017). In the past

similar reports are made for the tospovirus TSWV, in

which case the M-RNA produced highest levels of vsiRNA

followed by S-RNA and L-RNA, in both tomato and the

model host Nicotiana benthamiana (Mitter et al. 2013).

Similarly for RSV, maximum vsiRNAs were obtained from

RNA4 and minimum from the RNA1 segment (Yan et al.

2010; Xu et al. 2012). The effect of particular virus species/

strain/isolate, the host plant species and the implications of

host–virus–environment interaction on the pattern of

vsiRNA accumulation cannot be ruled out (Fletcher et al.

2016; Kuria et al. 2017).

The GC content of the PPSMV-1 segments ranged from

30.8 to 33.9% and the majority of RNA segments such as

RNA4, RNA3, RNA6 and RNA2 with higher GC content

accumulated higher levels of vsiRNAs, while RNA1 and

RNA5 accumulated relatively lower levels of vsiRNAs

(Table 2). Across each RNA segment, the GC rich regions

showed higher levels of vsiRNA accumulation and the GC

poor regions accumulated low levels of vsiRNAs (Suppl.

Table 1). Such positive correlations were also observed

between the GC% and levels of vsiRNA in TSWV (Mitter

et al. 2013). Several past reports also show a positive

correlation between the GC content and the levels of

vsiRNAs they accumulate (Ho et al. 2007; Rudnick et al.

2008; Patil and Fauquet 2015). Such a variation in the

levels of accumulation of vsiRNAs with no positive cor-

relation to the size of the genomic RNA segment could also

be because of less number of RNA1 copies when compared

to other RNA segments, such as RNA3, RNA4 and RNA6.

A closer look at the peaks of vsiRNA accumulation within

each of the PPSMV-1 RNA segments and the MYMIV

DNA components showed that these regions were enriched

with GC bases compared to their adjacent regions with

lower levels of vsiRNA accumulation (Figs. 3, 4 and

Suppl. Table 1). Such hotspots of siRNAs are clusters of

multiple reads and previous studies have reported higher

GC content in such hotspots (Donaire et al. 2009; Mitter

et al. 2013).

Fig. 2 Mapping of sense and

antisense strand derived 21, 22

and 24 nt siRNAs specific

Pigeonpea sterility mosaic

emaravirus 1 (PPSMV-1) and

Mungbean yellow mosaic India

virus (MYMIV)
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Such a variation could also be due to variation in the

secondary or tertiary structures of the viral RNA segments

or their transcripts and their differential accessibility to the

RNAi machinery (Donaire et al. 2008). This difference

could also be because of an important role of RNA1 seg-

ment encoding RdRp, critical for replication of RNA seg-

ments and hence may have evolved to have maximum

protection from RNAi machinery. This information should

help in identifying preferred emaravirus sequences to be

targeted by RNAi and for efficient management of

PPSMV, either by RNAi or dsRNA based strategy (Patil

et al. 2016; Voloudakis et al. 2015).

Characterization of vsiRNAs from the MYMIV infected

pigeonpea revealed that the DNA-B component produced

higher levels of vsiRNAs than the corresponding DNA-A,

despite a higher GC content of DNA-A (Tables 2, 3). Such

a difference could also be because of higher copy number

of DNA-B component (Briddon et al. 2010). However

within each DNA component of MYMIV, the GC rich

regions accumulated higher levels of siRNAs (Fig. 4 and

Suppl. Table 1). In case of DNA-A component the ORFs

AV1 and AC3 accumulated higher levels of siRNAs

(Fig. 4). However, the un-transcribed intergenic region

always accumulated lower levels of siRNAs (Yang et al.

2011). Strong fold-back structures within the viral tran-

scripts, or overlapping transcripts placed in opposite ori-

entations, and also large numbers of aberrant transcripts are

the major precursors for the host RNA Dependent RNA

polymerases (RDRs), which eventually trigger PTGS

(Chellappan et al. 2004; Vanitharani et al. 2005).

In case of both PPSMV-1 and MYMIV, the ORFs

accumulated higher levels of vsiRNA, when compared to

the non-coding untranslated regions (UTRs). This pattern

was conspicuous in the PPSMV-1 segments RNA3, RNA4,

RNA5 and RNA6. Similar such observations are also made

for the recently characterised emaravirus AcCRaV (Zheng

et al. 2016). The GC content of these PPSMV-1 segments

was higher in the coding region when compared to the non-

coding 50 UTR (Fig. 3 and Suppl. Table 1) and such cor-

relations are also made for AcCRaV (Zheng et al. 2016).

Similar to AcCRaV, there was a fairly uniform distribution

of vsiRNAs across RNA1 and RNA2 of PPSMV-1 (Zheng

et al. 2016).

It is interesting to note that the 21 nt sized vsiRNAs

accumulated at far greater levels for PPSMV-1, followed

by 22 nt and 24 nt. However, the accumulation of 20 nt

sized vsiRNAs was relatively more than 24 nt. Although

there is no role assigned to 20 nt sized vsiRNAs, certain

microRNAs of 20 nt size are reported from the plants

(Axtell 2013). The 23 nt sized siRNAs, which are not

known to have antiviral activity were less abundant for

PPSMV-1 compared to MYMIV, similar observations were

made for the emaraviruses, AlsVX and WBYVV (Bi et al.

2012). Although the function of 23 nt sized siRNAs in

plants is not known, for yeast and drosophila they are

implicated in heterochromatin formation and regulation of

RNA Polymerase II (Castel and Martienssen 2013).

The vsiRNA size distribution pattern for MYMIV con-

trasts with the pattern observed for PPSMV-1, although

both viruses target the same host i.e. pigeonpea. In the case

of MYMIV there was not much contrasting variation in the

Fig. 3 Distribution maps three size classes of vsiRNAs, viz. 21 nt, 22

nt and 24 nt across the six RNA segments (RNA1–RNA6) of

Pigeonpea sterility mosaic emaravirus 1 (PPSMV-1). The genome

organization of the PPSMV-1 RNA segments is schematically

represented on the top. The vsiRNAs originating from the sense

strand of the viral genome is shown in blue colour and those

originating from the antisense strand are in red colour. The number of

reads per million (RPM) of the vsiRNAs is given on the X axis and the

viral genomic coordinates are marked on the Y axis
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levels of accumulation of 21, 22 and 24 nt sized siRNAs,

when compared to PPSMV-1. In the case of MYMIV

DNA-A component 21 nt sized siRNAs accumulated at

relatively higher levels compared to 22 and 24 nt, whereas

for DNA-B the 22 nt sized siRNAs occurred at relatively

higher levels compared to 21 and 24 nt siRNAs. This may

imply that there are certain structural and functional dif-

ferences in the way the transcripts are processed from the

two different DNA components of bipartite bego-

moviruses, to generate different size classes of siRNAs.

Thus this study provides the first report on characterization

of vsiRNAs derived from two distinct viruses infecting

pigeonpea, namely PPSMV-1 an emaravirus with negative

sense segmented RNA genome and MYMIV a geminivirus

with circular DNA. These studies also provide further

evidence that Ion Proton based high throughput sequencing

technology could be used for characterization of virus

derived small RNAs and also for virus diagnosis and

reconstitution of hitherto unknown viral genome

sequences.
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