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Accumulation of 24 nucleotide transgene-derived siRNAs
is associated with crinivirus immunity in transgenic plants
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YEN-WEN KUO 1 AND BRYCE W. FALK 1 , *
1Department of Plant Pathology, University of California, Davis, CA 95616, USA
2Department of Virology and Bacteriology, Institute of Plant Protection-National Research Institute, Pozna�n 60-318, Poland
3Council for Agricultural Research and Economics – Research Centre for Viticulture and Enology, Conegliano (TV) 00198, Italy
4Institute for Sustainable Plant Protection, Torino 10135, Italy

SUMMARY

RNA silencing is a conserved antiviral defence mechanism that

has been used to develop robust resistance against plant virus

infections. Previous efforts have been made to develop RNA

silencing-mediated resistance to criniviruses, yet none have given

immunity. In this study, transgenic Nicotiana benthamiana plants

harbouring a hairpin construct of the Lettuce infectious yellows

virus (LIYV) RNA-dependent RNA polymerase (RdRp) sequence

exhibited immunity to systemic LIYV infection. Deep sequencing

analysis was performed to characterize virus-derived small inter-

fering RNAs (vsiRNAs) generated on systemic LIYV infection in

non-transgenic N. benthamiana plants as well as transgene-

derived siRNAs (t-siRNAs) derived from the immune-transgenic

plants before and after LIYV inoculation. Interestingly, a similar

sequence distribution pattern was obtained with t-siRNAs and

vsiRNAs mapped to the transgene region in both immune and

susceptible plants, except for a significant increase in t-siRNAs of

24 nucleotides in length, which was consistent with small RNA

northern blot results that showed the abundance of t-siRNAs of

21, 22 and 24 nucleotides in length. The accumulated 24-

nucleotide sequences have not yet been reported in transgenic

plants partially resistant to criniviruses, and thus may indicate

their correlation with crinivirus immunity. To further test this

hypothesis, we developed transgenic melon (Cucumis melo)

plants immune to systemic infection of another crinivirus, Cucur-

bit yellow stunting disorder virus (CYSDV). As predicted, the

accumulation of 24-nucleotide t-siRNAs was detected in trans-

genic melon plants by northern blot. Together with our findings

and previous studies on crinivirus resistance, we propose that

the accumulation of 24-nucleotide t-siRNAs is associated with

crinivirus immunity in transgenic plants.

Keywords: Crinivirus, Cucurbit yellow stunting disorder virus,

deep sequencing, immunity, Lettuce infectious yellows virus,

RNA silencing.

INTRODUCTION

RNA silencing is a natural gene regulation and defence mecha-

nism against aberrant RNA molecules, mediated by small RNAs

through DNA methylation at the transcriptional level or mRNA

interference at the post-transcriptional level (Pumplin and Voin-

net, 2013). Plant viruses are strong inducers as well as targets of

RNA silencing (Pantaleo et al., 2010). Virus-derived small inter-

fering RNAs (vsiRNAs), generated on virus infection, are proc-

essed from viral double-stranded RNAs (dsRNAs), formed during

virus replication and transcription, and from extensive secondary

structures of viral RNA, which serve as substrates for Dicer-like

ribonucleases (DCLs) to be cleaved into 21–24-nucleotide (nt)

vsiRNA duplexes. Secondary vsiRNAs can also be produced via

the amplification of dsRNA by host-encoded RNA-dependent

RNA polymerases (RdRps) (Wassenegger and Krczal, 2006). The

vsiRNAs are then loaded into Argonaute (AGO) proteins to form

RNA-induced silencing complexes (RISCs) to target viral and host

RNAs by sequence complementarity (Borges and Martienssen,

2015; Ding and Voinnet, 2007). In the model plant Arabidopsis

thaliana, DCL4, DCL2 and DCL3 confer antiviral defences by cata-

lysing the formation of 21-, 22- and 24-nt vsiRNAs, respectively

(Ding, 2010; Ding and Voinnet, 2007). DCL4 and DCL2 confer

efficient antiviral defence in plants and exhibit functional redun-

dancy or cooperative interactions (Deleris et al., 2006; Garcia-

Ruiz et al., 2010). The 21- and 22-nt vsiRNAs are generally the

most predominant classes in virus-infected host plants (Garcia-

Ruiz et al., 2010; Ogwok et al., 2016). DCL3 produces 24-nt

siRNAs inducing the transcriptional repression of transposons

and chromatin modifications of transgenes and repeated sequen-

ces in plants, and may enhance the antiviral defences mediated

by DCL4 and DCL2 (Diaz-Pendon et al., 2007; Matzke and

Birchler, 2005). So far, higher plants are known to encode at

least 10 AGO genes, although the specific contribution of AGOs

in antiviral silencing is largely unknown for most plant species

(Odokonyero et al., 2017). In Arabidopsis, multiple AGO proteins

have been identified as participating in antiviral defences

(Carbonell and Carrington, 2015), and the sorting of vsiRNAs into

specific Arabidopsis AGO complexes is preferentially directed by

their 50-terminal nucleotide (Mi et al., 2008).*Correspondence: Email: bwfalk@ucdavis.edu

VC 2 0 1 8 B S PP A N D J O H N W IL E Y & SO N S LT D

DOI : 10.1111/mpp.12695

bs_bs_banner

2236

MOLECULAR PLANT PATHOLOGY (2018) 19 (10) , 2236–2247

http://orcid.org/0000-0002-0255-6155


Lettuce infectious yellows virus (LIYV) is a type member in the

genus Crinivirus that includes the whitefly-transmitted members

of the family Closteroviridae (Tzanetakis et al., 2013). Criniviruses

are characterized by their large bipartite genomes of positive-

sense, single-stranded RNA of approximately 15–18 kb in total

(Kiss et al., 2013; Tzanetakis et al., 2013). RNA1 encodes proteins

that are predominantly associated with replication: the 50-terminal

replicative module consisting of open reading frames (ORFs) 1a

and 1b that code for the conserved domains of papain-like cyste-

ine proteinase (PRO), methyltransferase (MTR), helicase (HEL) and

RdRp (Yeh et al., 2000). RNA2 encodes several proteins function-

ing in other aspects, such as virus encapsidation, movement and

vector transmission (Stewart et al., 2010; Tian et al., 1999). Crini-

viruses have emerged as major problems for agriculture by caus-

ing severe diseases in various currently important crops

worldwide and lead to considerable economic losses. Cucurbit yel-

low stunting disorder virus (CYSDV), for example, has become a

significant production threat throughout cucurbit production

regions worldwide since its successful spread from the Middle

East. Sweet potato chlorotic stunt virus (SPCSV) is another notori-

ous crinivirus threatening sweet potato production, one of the

most important staple foods available today in sub-Saharan Africa

(Tzanetakis et al., 2013).

The management of plant diseases caused by various crinivi-

ruses has been problematic. Strategies such as insecticide applica-

tion against whitefly vectors, preventative cultural practices and

the use of genetically resistant cultivars have only provided limited

success, together with concerns such as environmental pollution,

high costs and long, laborious testing periods (Abrahamian and

Abou-Jawdah, 2014; Aguilar et al., 2006; Marco et al., 2003;

McCreight and Wintermantel, 2011; Okuda et al., 2013; Park

et al., 2006). RNA silencing-based resistance is a powerful tool

that has been used to engineer virus-resistant plants for nearly 30

years (Prins et al., 2008; Sim�on-Mateo and Garc�ıa, 2011). Plants

transformed with a hairpin construct consisting of an inverted

repeat sequence from the viral genome are often able to induce

RNA silencing and confer viral resistance (Helliwell and

Waterhouse, 2005; Smith et al., 2000). Reports on the use of RNA

silencing to develop resistance amongst criniviruses have so far

been limited to attempts with SPCSV. Sweet potato (Ipomoea

batatas L.) plants transformed with a gene fragment of the SPCSV

coat protein (CP) and RdRp have been tested; both displayed

some degree of resistance in the form of delayed, attenuated

symptoms and reduced virus titre, but none have given immunity

(Kreuze et al., 2008; Sivparsad and Gubba, 2014).

Our laboratory has been focusing on the development of trans-

genic plants immune to LIYV. Transgenic lettuce (Lactuca sativa)

and Nicotiana benthamiana plants transformed with sequences

from several ORFs on LIYV RNA2 have been developed, but failed

to give LIYV immunity (Kiss, 2013). More recently, we have tried

new approaches to generate four transgenic N. benthamiana lines

comprising sequence fragments from the LIYV replicase coding

region of PRO, MTR, HEL and RdRp on RNA1. Among them, only

that harbouring an 801-nt fragment of the RdRp gene showed

consistent immunity in all tests, as revealed by the lack of symp-

toms and failure to detect LIYV in these plants. By contrast, the

MTR transgene appeared to be lethal to N. benthamiana plants,

systemic LIYV infections were seen in HEL-transgenic plants and,

although the T0 plants showed immunity, later generations of

PRO-transgenic plants did not (Kiss, 2013). In this study, the

RdRp-transgenic N. benthamiana plants were further character-

ized with regard to their immunity to systemic LIYV infection. By

using deep sequencing analysis to compare transgene-derived

siRNAs (t-siRNAs) from LIYV immune plants with vsiRNAs from

LIYV-infected non-transgenic plants, we found that siRNAs which

mapped to the RdRp transgene region showed a similar pattern in

both LIYV-infected and transgenic immune plants, except that a

greater proportion of 24-nt siRNAs was seen in transgenic plants.

The accumulation of 24-nt t-siRNAs was also found in CYSDV

immune-transgenic melon plants, but not in other transgenic

plants partially resistant to criniviruses, indicating their association

with crinivirus immunity.

RESULTS

Molecular characterization of RdRp-transgenic

N. benthamiana plants and their immunity

to LIYV infection

Transgenic N. benthamiana plants were generated through Agro-

bacterium tumefaciens-mediated transformation with a vector

constructed by cloning an 801-nt RdRp gene fragment into the

hairpin configuration of the binary vector pCB2004B using the

Gateway cloning system (Fig. 1A) (Kiss, 2013; Lei et al., 2007).

Plants of the T1 and T2 generations screened on selective culture

medium and which tested positive by polymerase chain reaction

(PCR) were used for further study. Transgene expression was

examined in transformed N. benthamiana plants by reverse

transcription-polymerase chain reaction (RT-PCR). Transcripts of

transgenic RNA were detected only in transgenic plants with pri-

mers specific to the transgene sequences (Fig. 1B). Northern blot

hybridization was used to test for the presence of t-siRNAs.

Hybridization showed t-siRNAs of 21, 22 and 24 nt in RdRp-

transgenic N. benthamiana plants, but not in healthy, non-

transgenic controls (Fig. 1C).

To test LIYV resistance, both transgenic and non-transgenic N.

benthamiana plants were challenged with LIYV by agroinoculation

and Bemisia tabaci transmission at the four- to six-leaf stages. In

three independent trials, 20 of 25 agroinoculated and 26 of 26 B.

tabaci-inoculated non-transgenic plants showed typical LIYV

symptoms, including interveinal yellowing symptoms on older

2237RNA silencing-mediated immunity against criniviruses
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leaves at 3 weeks post-inoculation (wpi). In contrast, all the T2

RdRp-transgenic N. benthamiana plants tested (90/90) did not

exhibit any symptoms and displayed resistance to LIYV infection

(Fig. 2A; Table 1). The five agroinoculated non-transgenic plants

that did not show systemic infection are probably the result of the

efficiency of LIYV agroinoculation, as reported by Wang et al.

(2009). LIYV RNA was successfully amplified with total RNAs

extracted from systemically infected non-transgenic N. benthami-

ana plants by RT-PCR using primers specific to the CP sequence at

4 wpi, but not from transgenic plants (Fig. 2B). These results

therefore show the immunity of RdRp-transgenic N. benthamiana

plants to systemic LIYV infection.

Deep sequencing of small RNAs from non-transgenic

and transgenic N. benthamiana plants

To better characterize small RNA populations and obtain insight

into the mechanisms of RNA-based antiviral immunity and

counter-defence in crinivirus–host interactions, 12 libraries were

constructed with small RNAs isolated from the same non-

transgenic and RdRp-transgenic N. benthamiana plants before

and 3 weeks after LIYV inoculation; three plants were randomly

chosen for each. The sequencing was performed with an Illumina

Hiseq4000 system and each generated 6–11 million clean reads

ranging from 18 to 30 nt (Table 2). Three biological replicates of

each set were analysed individually and showed very similar pat-

terns. The results described below were the averages generated

from three biological replicates. Detailed data analysis on individ-

ual libraries can be found in Table S1 (see Supporting Informa-

tion). The size distribution of the total small RNAs within these

different sets was similar, dominated by 24 nt in length, repre-

senting around 50% in total (Fig. 3A). Total reads from the non-

transgenic and transgenic N. benthamiana plants were aligned to

the LIYV genome (Accession: NC_003617.1, NC_003618.1) and

the RdRp transgene sequence using Bowtie2 in the Galaxy plat-

form; no mismatches or gaps were allowed (Langmead and

Salzberg, 2012). 525 778 vsiRNA reads were identified in LIYV-

infected non-transgenic N. benthamiana plants, accounting for

5.73% of the total, whereas only 40 reads, on average, matched

to the LIYV genome in the healthy control (Table 2). In transgenic

Fig. 1 Molecular characterization of transgenic Nicotiana benthamiana plants. (A) Schematic representation of the binary vector pCB2004B construct within the left

(LB) and right (RB) borders that was used for plant transformation. Transgenes were delivered from the TA-cloning vector pCRTM8/GW/TOPO into pCB2004B through

the Gateway cloning system; the resulting T-DNA contains the transgene in antisense and sense orientations separated by an intron sequence, under the control of

the 35S promoter (35S) and the nos poly-A terminator (NosT). The bar selection gene is parallel under the control of another 35S-poly-A terminator. CmR,

chloramphenicol resistance gene; ccdB, gene for counter selection in regular cloning host; attR1/2 and attL1/2, recombination sites of k phage excisionase. (B)

Transgene expression in transgenic N. benthamiana (RdRp-TG) plants was examined by reverse transcription-polymerase chain reaction (RT-PCR). Non-transgenic

(Non-TG) plants were used as controls. RT-PCR was performed using primers corresponding to the RNA-dependent RNA polymerase (RdRp) transgenes. The same

RNA samples were used to amplify the PP2A (protein phosphatase) as reference control for N. benthamiana plants. The numbers above the gel represent samples

from different plants. (C) Northern blot analysis of the transgene sequence-derived small RNAs in transgenic and non-transgenic N. benthamiana plants. Sample 1,

non-transgenic plant before (left) and after (right) Lettuce infectious yellows virus (LIYV) infection; samples 2–4, transgenic plants before (left) and after (right) LIYV

inoculation. Each sample represents one plant. A cross-reacting band (asterisk) was used as a loading control. nt, nucleotide.
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N. benthamiana plants before and after LIYV inoculation, almost

all reads that mapped to the LIYV genome were generated from

the RdRp transgene sequence, accounting for 0.26% and 0.47%,

respectively, of the total small RNA reads; only 19 and 41 reads,

on average, respectively, were counted as mapped to other LIYV

genomic regions, similar to the amount of reads detected in the

healthy non-transgenic control (Table 2). The sequencing results

thus verified the accumulation of t-siRNAs from the hairpin con-

struct, and the immunity of these plants to LIYV infection. In com-

parison, vsiRNA reads from LIYV-infected non-transgenic plants

referring to the RdRp transgene region accounted for 0.14% of

the total (Table 2).

Characterization of vsiRNAs in LIYV-infected,

non-transgenic N. benthamiana plants

The accumulation of vsiRNAs indicates the activation of the RNAi

machinery and antiviral defence of the host on viral infection, and

may help to decipher the mechanisms and components involved

in their biogenesis and function. Size distribution analysis showed

that the vsiRNAs produced on LIYV infection were predominantly

of 21 and 22 nt in length, representing 23% and 29% of the total,

respectively (Fig. 3B), suggesting that DCL4 and DCL2 may be the

predominant Dicer ribonucleases involved in vsiRNA biogenesis.

Further analyses were performed for canonical small RNAs

ranging from 21 to 24 nt derived from the viral sequences (Aliyari

et al., 2008; Borges and Martienssen, 2015). The distribution of

21–24-nt vsiRNA reads along the genomic RNAs of LIYV was

examined to explore their origin. The single-nucleotide resolution

maps indicated that vsiRNAs from both polarities were almost

continuously, but heterogeneously, distributed throughout the

LIYV genome (Fig. 4A); more than three times more vsiRNA reads

were found to be derived from LIYV RNA2 than from LIYV RNA1

(Fig. 4B). Almost equivalent amounts of sense (54%) and anti-

sense (46%) vsiRNAs suggested that vsiRNAs were derived from

both sense and antisense LIYV RNA strands to a similar extent

(Fig. 4C).

It has been shown in A. thaliana that the selective loading of

small RNAs into specific AGOs is determined by the 50-terminal

nucleotide (Brodersen et al., 2008). To determine the potential

interactions between vsiRNAs with distinct AGO complexes, the

relative abundance of vsiRNAs according to their 50-terminal

nucleotides was analysed. For the vsiRNAs of 21–24 nt, U was

the most abundant nucleotide at the 50-end, followed by A,

whereas G was the least abundant (Fig. 4D). These results suggest

that vsiRNAs are potentially loaded into diverse AGO-containing

complexes, with most preferentially loaded into AGO1 and AGO2,

which showed a preference for U and A (Mi et al., 2008).

Characterization of t-siRNAs in RdRp-transgenic

N. benthamiana plants

To understand the significance of t-siRNAs in LIYV resistance, t-

siRNAs generated from the RdRp transgene of transgenic N. ben-

thamiana plants after LIYV inoculation were characterized and

compared with vsiRNAs that mapped to the same region (RdRp-

Fig. 2 Examination of Lettuce infectious yellows virus (LIYV) resistance of

Nicotiana benthamiana transgenic plants. (A) Responses of non-transgenic

(Non-TG) and transgenic (TG) N. benthamiana plants to LIYV inoculation.

Symptoms were observed at 4 weeks post-inoculation. (B) Reverse

transcription-polymerase chain reaction (RT-PCR) was performed using total

RNA extracted from TG and non-TG N. benthamiana plants that had been

inoculated with LIYV; primers corresponding to the coat protein (CP) were

used. The same RNA samples were used to amplify the PP2A (protein

phosphatase) gene as reference control for N. benthamiana plants. Numbers

above the gel represent samples from different plants.

Table 1 Numbers of non-transgenic (Non-TG) and RNA-dependent RNA

polymerase (RdRp)-transgenic (RdRp-TG) N. benthamiana plants showing viral

symptoms recorded at 4 weeks post-inoculation.

Non-TG N. benthamiana RdRp-TG N. benthamiana

LIYV challenge Agroinoculation Whitefly Agroinoculation Whitefly

Trial 1 7/9 9/9 0/16 0/12
Trial 2 5/7 8/8 0/16 0/18
Trial 3 8/9 9/9 0/14 0/14
Total 20/25 26/26 0/46 0/44

2239RNA silencing-mediated immunity against criniviruses
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vsiRNAs) in LIYV-infected, non-transgenic N. benthamiana plants

at the same stage. The 21–24-nt t-siRNAs were sorted according

to sequence and size. The sequence distribution profile of t-

siRNAs on the RdRp transgene segment was constructed, showing

a pattern of t-siRNAs that accumulated in several hotspot regions

(peaks) located throughout the transgene sequence. Interestingly,

a very similar profile showing peaks in the same locations was

observed with RdRp-vsiRNAs, although the relative numbers of

reads in each peak varied (Fig. 5A). The fact that similar t-siRNA

and RdRp-vsiRNA distribution patterns were observed indicates

that a sequence bias in the t-siRNA population depends on a

nucleotide sequence preference.

The size distribution of t-siRNAs showed that lengths of 21

and 22 nt made up the most abundant size classes in both

orientations, each representing 24% of the total t-siRNAs, fol-

lowed by 17% of DCL3-dependent 24-nt reads (Fig. 5B). Similarly,

the 21- and 22-nt classes accounted for a majority of the RdRp-

vsiRNAs (25% and 30%, respectively). However, despite the simi-

lar distribution patterns of t-siRNAs and RdRp-vsiRNAs, a much

lower percentage of the 24-nt class (�3%) was observed in the

latter (Fig. 5B). The deep sequencing data were supported by the

results of northern blot hybridization, which showed 21- and 22-

nt RdRp-vsiRNAs in LIYV-infected non-transgenic N. benthamiana

plants, whereas t-siRNAs of 21, 22 and 24 nt accumulated in

transgenic N. benthamiana plants (Fig. 1C). In contrast, northern

blot analysis in previous studies on transgenic plants that were

susceptible or partially resistant to crinivirus infection showed the

accumulation of only 21- and 22-nt t-siRNAs (Kiss, 2013; Kreuze

Table 2 Twelve libraries constructed with small RNAs from non-transgenic (Non-TG) and RNA-dependent RNA polymerase (RdRp)-transgenic (RdRp-TG) Nicotiana

benthamiana plants before and after Lettuce infectious yellows virus (LIYV) inoculation, including four treatments and three biological replicates each.

Library N. benthamiana LIYV inoculation Clean reads
18–30-nt reads
(total reads)

Reads on LIYV
(percentage of total)

Reads on RdRp
(percentage of total)

1 Non-TG-1 Before 10 072 945 9 974 564 37 (0.00%) 0
2 Non-TG-2 Before 7 643 694 7 597 973 29 (0.00%) 0
3 Non-TG-3 Before 10 791 479 10 738 247 52 (0.00%) 0
4 Non-TG-1 After 9 006 404 8 963 149 439 438 (4.90%) 10 016 (0.11%)
5 Non-TG-2 After 10 502 138 10 357 458 481 696 (4.65%) 11 436 (0.11%)
6 Non-TG-3 After 8 641 889 8 594 701 656 200 (7.63%) 16 490 (0.19%)
7 RdRp-TG-1 Before 10 751 736 10 716 583 23 802 (0.22%) 23 785 (0.22%)
8 RdRp-TG-2 Before 6 725 887 6 615 436 25 839 (0.39%) 25 830 (0.39%)
9 RdRp-TG-3 Before 10 465 709 10 452 946 17 733 (0.17%) 17 712 (0.17%)
10 RdRp-TG-1 After 8 632 939 8 615 976 43 732 (0.51%) 43 691 (0.51%)
11 RdRp-TG-2 After 9 424 712 9 401 315 44 214 (0.47%) 44 189 (0.47%)
12 RdRp-TG-3 After 9 688 046 9 651 174 42 419 (0.44%) 42 360 (0.44%)

Clean reads, reads obtained from BGI after adapter trimming and cleaning; 18–30-nt reads, total small interfering RNA (siRNA) reads analysed; Reads on LIYV,

number of reads aligned to the LIYV genome; Reads on RdRp, number of reads aligned to the RdRp transgene sequence; the percentage of the aligned reads of

the total 18–30-nt reads is listed.

Fig. 3 Size distribution of the 18–30-nucleotide total small RNAs from non-transgenic (Non-TG) and RNA-dependent RNA polymerase (RdRp)-transgenic (RdRp-TG)

Nicotiana benthamiana plants before and after Lettuce infectious yellows virus (LIYV) inoculation (A) and virus-derived small interfering RNAs (vsiRNAs) from LIYV-

infected non-transgenic N. benthamiana plants (B).
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et al., 2008). We hypothesized that the elevated levels of 24-nt t-

siRNAs in our transgenic plants may be associated with crinivirus

immunity.

To explore the origin of t-siRNAs, the polarity distribution of t-

siRNAs was further characterized. Almost equivalent amounts of

sense and antisense forms were counted for both t-siRNAs and RdRp-

vsiRNAs, although the antisense (52%) t-siRNA amounts were slightly

greater that those of the sense (48%) orientation, whereas, for RdRp-

vsiRNAs, slightly more reads were counted in the sense (52%) orien-

tation (Fig. 5B). The 50-terminal nucleotides were compared for the

21–24-nt t-siRNAs and RdRp-vsiRNAs. The ratio of the four nucleo-

tides for t-siRNAs and RdRp-vsiRNAs in the same size class showed

no statistically significant difference when analysed with the t-test. U

was the most common 50 nucleotide, followed by A, in all four sizes

of t-siRNAs and RdRp-vsiRNAs (Fig. 5C).

Furthermore, we also characterized the t-siRNA populations of

transgenic plants before and after viral inoculation. The analysis

showed highly similar distribution patterns between the t-siRNAs

of transgenic plants before and after viral inoculation (Fig. S2, see

Supporting Information), although the number of t-siRNA reads

for each size class between 21 and 24 nt in transgenic plants at 3

wpi was about two-fold greater compared with transgenic plants

before viral inoculation (Table S1).

Accumulation of 24-nt t-siRNAs in CYSDV

immune-transgenic melon (Cucumis melo) plants

To test our hypothesis that the accumulation of 24-nt t-siRNAs is

associated with crinivirus immunity in transgenic plants, we devel-

oped transgenic melon (C. melo) plants for another crinivirus,

CYSDV, transformed with a hairpin construct of the CYSDV PRO

gene. Transgenic melon plants were screened as described above

for transgenic N. benthamiana plants by selective medium and

PCR. Transcripts of the transgene RNA were confirmed using pri-

mers specific to the transgene sequence (Fig. 6A). Northern blot-

ting of t-siRNAs derived from the hairpin transgene revealed the

accumulation of 21-, 22- and 24-nt t-siRNAs, similar to that

observed in RdRp-transgenic N. benthamiana plants (Fig. 6B),

which, based on our hypothesis, should provide immunity to sys-

temic CYSDV infection.

To test this, both transgenic and non-transgenic melon plants

were inoculated at the one true leaf stage by CYSDV viruliferous

Fig. 4 Profile of 21–24-nucleotide (nt) virus-derived small interfering RNAs (vsiRNAs) derived from Lettuce infectious yellows virus (LIYV)-infected non-transgenic

Nicotiana benthamiana plants. (A) Single-nucleotide resolution maps of vsiRNAs along the LIYV genomic RNAs in both positive (red) and negative (blue) polarity.

Schematic diagram of the LIYV genomic RNAs positioned above proportionally. Distribution maps shown are generated from library 4 (Non-TG-1); two other

biological replicates (Non-TG-1) displayed a similar pattern and can be found in Fig. S1 (see Supporting Information). CP, coat protein; HEL, helicase; MTR,

methyltransferase; PRO, papain-like cysteine proteinase; RdRp, RNA-dependent RNA polymerase. (B) Number of reads on LIYV RNA1 and RNA2. Total number is

shown above the bar. (C) Accumulation of sense and antisense vsiRNAs. Percentage is shown within the pie graph. (D) Relative frequency of 50-terminal nucleotides

in 21–24-nt vsiRNAs.
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B. tabaci, as no agroinoculation system is available for CYSDV. In

two independent trials, all non-transgenic melon plants (17/17)

inoculated with CYSDV developed stunting and yellowing symp-

toms similar to those on plants infected by LIYV, and no symp-

toms were observed on any of the inoculated PRO-transgenic

melon plants (30/30) (Fig. 6C; Table 3). The systemic infection in

non-transgenic control plants was confirmed by RT-PCR using

CYSDV CP specific primers, but no product was obtained from the

transgenic plants (Fig. 6D); this shows the immunity of the PRO-

transgenic melon plants to systemic CYSDV infection, as

predicted.

DISCUSSION

RNA silencing-mediated transgenic plants have been shown to

confer high levels of resistance against many plant viruses, but, so

far, only limited success has been achieved for viruses in the fam-

ily Closteroviridae. Several efforts have been made to develop

transgenic plants resistant to Citrus tristeza virus (CTV, Closterovi-

rus) and SPCSV (Crinivirus). Transgenic lines of Mexican lime

plants expressing complete and truncated versions of CTV P23 or

P25 genes, the 30-terminal 549 nt of the CTV gRNA in sense, anti-

sense and intron-hairpin formats, as well as a hairpin construct

Fig. 5 Characterization and comparison of 21–24-nucleotide (nt) transgene-derived small interfering RNAs (t-siRNAs) (left) and virus-derived small interfering RNAs

(vsiRNAs) (right) mapped to the 801-nt RNA-dependent RNA polymerase (RdRp) transgene in transgenic and non-transgenic Nicotiana benthamiana plants after

Lettuce infectious yellows virus (LIYV) inoculation. (A) Sequence distribution of t-siRNAs and RdRp-vsiRNAs. Note that the scale used for the transgenic plants is

different from that used for the non-transgenic, LIYV-infected plants. The graphs were generated with t-siRNAs and RdRp-vsiRNAs from library 10 (RdRp-TG-1) and

library 4 (Non-TG-1) using CLC genomics workbench; other biological replicates displaying a similar pattern can be seen in Fig. S3 (see Supporting Information). (B)

Size distribution of t-siRNAs and RdRp-vsiRNAs. Histograms show the read percentages for each size class for the sense (red) and antisense (blue) orientations. The

statistical significance of the difference between the 24-nt t-siRNA and RdRp-vsiRNA populations in three biological replicates was calculated; two-tailed t-test:

****P< 0.0001. The percentage of the 21–24-nt sense and antisense reads in total is shown within the pie graph. (C) Relative frequency of 50-terminal nucleotides

in t-siRNAs and RdRp-vsiRNAs.
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carrying full-length, untranslatable versions of the CTV P25, P20

and P23 genes have been developed (Dom�ınguez et al., 2002a,b;

Fagoaga et al., 2006; L�opez et al., 2010; Soler et al., 2012). Only

the last construct that contains all three genes coding for the

silencing suppressors of CTV conferred complete resistance to the

virus, whereas the others showed only partial resistance or

remained susceptible to CTV. SPCSV is a very economically impor-

tant crinivirus, and transgenic sweet potatoes harbouring the

gene fragments of SPCSV RdRp and CP have been developed, but

displayed only partial resistance to SPCSV (Kreuze et al., 2008;

Sivparsad and Gubba, 2014). The mechanisms behind the varying

levels of resistance caused by different viral sequences are

unknown, but possibly may be caused by the lesser effects of

these sequences on virus accumulation when targeted by the

RNAi machinery. Therefore, from lessons learnt from previous

failed attempts in our own laboratory to develop immunity against

LIYV using sequences from RNA2, we decided to target virus-

derived sequences from the viral replicase-encoding region on

RNA1 of criniviruses (Kiss, 2013). In this study, RdRp-transgenic

N. benthamiana and PRO-transgenic melon plants immune to sys-

temic LIYV and CYSDV infection, respectively, were characterized.

Although a 479-nt RdRp fragment of SPCSV derived from the sec-

ond half of the full-length ORF was studied and showed weak

effects, the 801-nt RdRp transgene of the LIYV-immune N. ben-

thamiana plants chosen is from another portion of the homolo-

gous RdRp gene of LIYV. Whether similar gene segments of

different criniviruses would also confer high levels of resistance

transformed to their host plants requires further investigation.

Moreover, the 801-nt LIYV RdRp transgene sequence exhibited

68% and 64% identity with the corresponding regions of the

Tomato infectious chlorosis virus (TICV) and Beet pseudoyellows

virus (BPYV) genomes. Considering the conserved genomic struc-

ture and similar functional properties of the homologous proteins

produced in the genus Crinivirus, our study could have immediate

translational applications for the control of diseases caused by

other economically important criniviruses.

Interestingly, the accumulation of 24-nt t-siRNAs was detected

by northern blotting in LIYV immune-transgenic N. benthamiana,

but not in other previously reported transgenic plants that

remained susceptible or exhibited partial resistance to their

Fig. 6 Molecular characterization and resistance examination of transgenic melon plants. (A) Transgene expression in melon [papain-like cysteine proteinase-

transgenic (PRO-TG)] plants was examined by reverse transcription-polymerase chain reaction (RT-PCR). Non-transgenic (Non-TG) plants were used as control. RT-

PCR was performed using primers corresponding to the PRO transgene. The same RNA samples were used to amplify the ADP (ADP-ribosylation factor-like) gene as

reference control for melon plants. (B) Northern blot analysis of the transgene sequence-derived small RNAs in healthy transgenic and non-transgenic melon plants.

Lanes 1, 2, 3, 5, 8, healthy, non-transgenic plants; lanes 4, 6, 7, healthy, transgenic plants. A cross-reacting band (asterisk) was used as a loading control. (C)

Response of non-transgenic (Non-TG) and transgenic (TG) melon plants to Cucurbit yellow stunting disorder virus (CYSDV) inoculation. Symptoms were observed at 4

weeks post-inoculation. (D) RT-PCR was performed using total RNA extracted from TG and non-TG melon plants that had been inoculated with CYSDV; primers

corresponding to the coat protein (CP) were applied. The same RNA samples were used to amplify the ADP genes as reference control for melon plants.

Table 3 Numbers of non-transgenic (Non-TG) and papain-like cysteine

proteinase-transgenic (PRO-TG) melon plants showing Cucurbit yellow stunt-

ing disorder virus (CYSDV) symptoms recorded at 4 weeks post-inoculation.

Non-TG Cucumis melo PRO-TG Cucumis melo
CYSDV challenge Whitefly Whitefly

Trial 1 10/10 0/17
Trial 2 7/7 0/13
Total 17/17 0/30
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cognate criniviruses. For instance, northern blot analysis of trans-

genic N. benthamiana containing the HEL gene construct of LIYV,

and transgenic sweet potato plants comprising the RdRp gene of

SPCSV, showed large amounts of 21- and 22-nt t-siRNAs,

whereas, in the PRO-transgenic N. benthamiana plants mentioned

above that showed immunity to LIYV only in the early genera-

tions, the elevated level of 24-nt t-siRNAs was observed (Kiss,

2013; Kreuze et al., 2008). We hypothesize that the accumulation

of 24-nt t-siRNAs is associated with crinivirus immunity.

Illumina sequencing was applied in our attempts to explore

the RNA-based antiviral mechanisms during crinivirus–host plant

interactions and to characterize the t-siRNAs that confer full resist-

ance. For the first time, the vsiRNAs generated on crinivirus infec-

tion were characterized. Bioinformatic analysis of the deep

sequencing data revealed that LIYV infection triggered the produc-

tion of small amounts of vsiRNAs relative to many other virus–

host combinations (Donaire et al., 2009; Xia et al., 2014), account-

ing for only 5.73% of the total 18–30-nt reads. This is probably a

result of the low virus accumulation rates of criniviruses in their

host plants. In general, DCL4-dependent 21-nt vsiRNAs are the

most abundant species, followed by 22-nt vsiRNAs generated by

DCL2 in a redundant and hierarchical manner (Blevins et al.,

2006; Bouch�e et al., 2006; Deleris et al., 2006). However, LIYV-

derived siRNAs of 22 nt (29%) were more abundant than those of

21 nt (23%) (Fig. 3B), similar to that observed in Tobacco rattle

virus (TRV)-infected N. benthamiana and Cotton leafroll dwarf

virus (CLRDV)-infected cotton plants (Donaire et al., 2008; Silva

et al., 2011), suggesting different biosynthetic pathways in differ-

ent virus–host pathosystems. Somewhat surprisingly, the amount

of LIYV RNA2-specific vsiRNAs was threefold higher than that of

RNA1. This might be explained by the higher replication rate of

RNA2, which produces several subgenomic RNAs and defective

RNAs, thus generating more abundant dsRNA replication inter-

mediates for dicing, or by some unknown host defence and patho-

gen counter-defence mechanism with less targeting of viral

replicase complexes, thus facilitating successful virus infection. In

A. thaliana, AGO1 and AGO2 have been shown to play important

antiviral roles and bind small RNAs with 50-terminal U and A,

respectively (Mi et al., 2008). We also observed a greater preva-

lence of U and A at the 50-termini of LIYV-derived vsiRNAs, show-

ing the considerable conservation of parts of the RNA silencing

machinery (Matzke et al., 2001; Waterhouse et al., 2001).

To characterize t-siRNAs that are associated with LIYV immu-

nity, we compared the biogenesis, composition and abundance of

801-nt RdRp sequence-derived t-siRNAs and vsiRNAs. Nearly the

same patterns were obtained when characterizing t-siRNA popula-

tions in RdRp-transgenic N. benthamiana plants before and after

virus inoculation, except that twice as many reads were counted

in the plants after inoculation, indicating the activation of the anti-

viral defences derived from the transgene. Interestingly, when

comparing t-siRNAs with RdRp-vsiRNAs, their sequence distribu-

tion and 50-terminal nucleotides also exhibited very similar pat-

terns, reflecting a sequence bias for the generation of siRNAs.

However, the size distribution analysis of t-siRNAs and RdRp-

vsiRNAs of 21–24 nt in length, as well as the northern blot results,

revealed a greater abundance of 24-nt t-siRNAs in transgenic

plants, indicating the activation of DCL3 in t-siRNA processing, in

addition to the cooperative interaction between DCL2 and DCL4.

To further test our hypothesis of the correlation of accumu-

lated 24-nt t-siRNAs with crinivirus immunity in another crinivi-

rus–host system, transgenic melon plants transformed with a

hairpin construct of the CYSDV PRO gene sequence, and which

showed immunity to systemic CYSDV infection, were developed.

As predicted, the accumulation of 24-nt t-siRNAs was detected in

these plants by northern blotting, thus supporting our hypothesis.

To date, the roles of DCL3-dependent 24-nt siRNAs in antiviral

defence against RNA viruses in plants have remained unclear

(Andika et al., 2015), and questions arising from this study, such

as how the expression level of 24-nt t-siRNAs is regulated and

their roles in RNA silencing-mediated viral immunity, need to be

further investigated. Our study helps to fill in the blank areas of

the study of criniviruses and provides a first step towards an

understanding of RNA-based antiviral immunity and counter-

defence in crinivirus–host interactions.

EXPERIMENTAL PROCEDURES

Molecular cloning and generation of transgenic plants

Transgenic plants were generated as described previously (Kiss, 2013). In

brief, an 801-nt fragment of the RdRp gene of LIYV (position 5918–6718 nt

of the LIYV RNA1 genome; Accession number NC_003617.1) was amplified

from an infectious clone pJW100 by PCR (Wang et al., 2009). A 346-nt

fragment of the PRO encoding sequence of CYSDV (position 101–446 nt of

the CYSDV RNA1 genome; Accession number NC_004809.1) was amplified

from CYSDV-infected melon plant leaf tissue by RT-PCR. The PCR products

were cloned into the TA-cloning vector pCRTM8/GW/TOPO (Invitrogen Cor-

poration, Carlsbad, CA, USA), and subsequently transferred into the binary

vector pCB2004B (Lei et al., 2007) using the Gateway cloning system fol-

lowing the manufacturer’s instructions (Invitrogen Corporation). The pri-

mers used for cloning are listed in Table S2 (see Supporting Information).

The constructed binary vectors were introduced into Agrobacterium tumefa-

ciens LBA4404 by electroporation and selected to generate transgenic

N. benthamiana and melon plants at the Ralph M. Parsons Foundation

Plant Transformation Facility (University of California, Davis, CA, USA).

Screening of transgenic plants

The T0 plants obtained were checked for the presence of the LIYV RdRp

and CYSDV PRO transgenes by PCR with total genomic DNA extracted

using the method of Dellaporta et al. (1983); primers for transgene cloning

were used (Table S2). Seeds were collected from positive plants, and the

T1 generation was screened by germinating seeds on KCMS medium
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(4.32 g/L MS salt, 7 g/L phytoagar, 10 ml/L vitamin solution (1003),

pH5.7) containing ammonium glufosinate (50 mg/L) and by PCR as for the

T0 plants. Positive plants were transplanted to soil and used for subse-

quent experiments and T2 seed collection.

Virus inoculation and symptom evaluation

Transgenic and non-transgenic N. benthamiana plants were challenged

with LIYV by whitefly transmission and agroinoculation at the four- to six-

leaf stages in separate experiments. LIYV was maintained in Chenopo-

dium murale and lettuce (Lactuca sativa, cv. Summer Bibb) plants by

transmission using the whitefly B. tabaci. Non-viruliferous whiteflies

reared on lima bean (Phaseolus limensis) plants were collected and

allowed an acquisition access period (AAP) of at least 24 h on LIYV-

infected C. murale or lettuce plants, following which whiteflies were

transferred to N. benthamiana plants as described previously (Tian et al.,

1996). Whiteflies were sprayed after a 3-day inoculation access period.

Agroinfiltration of LIYV for systemic infection was performed following

the protocol described by Lindbo (2007). After treatment, N. benthamiana

plants were kept in a glasshouse at 20–25 �C with a 14-h light period for

symptom development and evaluation.

CYSDV is classified as a restricted pathogen in California, and was

maintained in squash plants with viruliferous B. tabaci in the Biosafety

Level 3-P Contained Research Facility (CRF, University of California, Davis,

CA, USA). Transgenic and non-transgenic melon plants were inoculated

by maintaining plants at the one true leaf stage in a large cage containing

a CYSDV squash plant that was colonized by B. tabaci. After a 1-week

exposure to viruliferous B. tabaci, melon plants were sprayed and moved

into the glasshouse.

Total RNA extraction and RT-PCR

Transgenic plants were tested using RT-PCR for the presence of

transgene-derived RNA. Total RNA was extracted from plant leaf tissues

at the four- to six-leaf stages before virus inoculation with TRIzol Reagent

(Invitrogen Corporation). RT-PCR was conducted in two steps: cDNA syn-

thesis using SuperScriptTM II Reverse Transcriptase (Invitrogen Corpora-

tion) with random primer, followed by PCR amplification using GoTaqVR

Flexi DNA Polymerase (Promega Corporation, Madison, WI, USA) with

LIYV RdRp and CYSDV PRO transgene cloning primers.

Transgenic and non-transgenic N. benthamiana and melon plants at

3–4 wpi were tested for LIYV and CYSDV by RT-PCR. Primers flanking the

LIYV CP (530 bp) and CYSDV CP (761 bp) genes were used. PP2A (protein

phosphatase) of N. benthamiana and ADP (ADP-ribosylation factor-like) of

C. melo were used as control RNAs. All primer sequences can be found in

Table S2.

Small RNA polyethylene glycol (PEG) fractionation

and northern blot analysis

To enrich the samples for small RNAs, we used the PEG-NaCl method

described previously (Wuriyanghan and Falk, 2013). In brief, total RNA

was isolated from the plant samples using Trizol reagent and large RNAs

were precipitated using 1 M NaCl and 10% PEG 8000 by 30 min of incuba-

tion on ice and centrifugation at 12 000 g for 20 min at 48C. Small RNAs

were recovered from the supernatant using three volumes of cold ethanol

at 2208C overnight. The pellet was collected by centrifugation at 12 000

g for 20 min at 48C and resuspended with RNAse-free water.

Small RNA hybridization was performed according to the method

described previously (Wuriyanghan et al., 2011). The transgene sequences

were amplified by PCR and used to make probes for the LIYV RdRp and

CYSDV PRO sequences. The forward primers were designed containing

the T7 promoter sequence (in italic): T7_LIYV RdRp-F, 50-TAATACGACT

CACTATAGGGAGCAAGTCCAAACCATACCAC-30; T7_CYSDV PRO-F, 50-

TAATACGACTCACTATAGGGTCGTCACTAGTTGCCGCTGAC-30. PCR prod-

ucts were purified and 32P-UTP-labelled negative strand LIYV RdRp and

CYSDV PRO transcripts were generated in vitro using the T7 Maxiscript Kit

(Ambion Inc., Austin, TX, USA) following the manufacturer’s instructions.

The fragments were purified using NucAway Spin Columns (Ambion Inc.),

fragmented in 120 mM Na2CO3 : 80 mM NaHCO3 solution at 65 �C for

30 min and used as probes for hybridization.

Deep sequencing and bioinformatic analysis of small

RNA sequences

Small RNAs were extracted from the upper non-inoculated leaves of the

same transgenic and non-transgenic N. benthamiana plants before and 3

weeks after LIYV inoculation; triplicate biological replicates, i.e. small RNA

samples from three transgenic and three non-transgenic N. benthamiana

plants, were prepared and sent to Beijing Genomics Institute (BGI, Phila-

delphia, PA, USA) for library construction and sequencing. A total of 12

small RNA libraries were sequenced using an Illumina Hiseq4000 system

in one lane. Raw data were obtained after adapter trimming and cleaning

of the reads; data analysis was performed using the CLC Genomics Work-

bench program (QIAGEN, Hilden, Germany), Galaxy (https://usegalaxy.

org) and R code/package viRome (http://sourceforge.net/projects/ virome).
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SUPPORTING INFORMATION

Additional supporting information may be found in the online

version of this article at the publisher’s web-site.

Table S1 Detailed data analysis on individual libraries.

Table S2 Primer sequences used for the cloning of transgenes

and testing of viral infection. The accession numbers of the tar-

get genes are listed.

Fig. S1 Single-nucleotide resolution maps of virus-derived small

interfering RNAs (vsiRNAs) from libraries of two other biologi-

cal replicates (Non-TG-2 and Non-TG-3) along the Lettuce

infectious yellows virus (LIYV) genome in both positive (red)

and negative (blue) polarity.

Fig. S2 Characterization of 21–24-nucleotide (nt) transgene-

derived small interfering RNAs (t-siRNAs) in transgenic Nicotiana

benthamiana plants before Lettuce infectious yellows virus (LIYV)

inoculation. (A) Sequence distribution of t-siRNAs. The graphs

were generated with t-siRNAs from library 7 (RdRp-TG-1) using

the CLC genomics workbench program; the other biological repli-

cates displayed a similar pattern and can be seen in Fig. S3 (see

Supporting Information). (B) Size distribution of t-siRNAs. Histo-

grams show read percentages for each size class for the sense

(red) and antisense (blue) orientations. The statistical significance

of the difference between the t-siRNA and RNA-dependent RNA

polymerase-virus-derived small interfering RNA (RdRp-vsiRNA)

populations in three biological replicates was calculated; two-

tailed t-test. Only 24-nt siRNAs showed a significant difference:

****P< 0.0001. The percentage of the 21–24-nt sense and anti-

sense reads in total is shown within the pie graph. (C) Relative fre-

quency of 50-terminal nucleotides in t-siRNAs and RdRp-vsiRNAs.

Fig. S3 Sequence distribution of transgene-derived small inter-

fering RNAs (t-siRNAs) and virus-derived small interfering RNAs

(vsiRNAs) from libraries of two other biological replicates that

mapped to the 801-nucleotide RNA-dependent RNA polymerase

(RdRp) transgene in transgenic and non-transgenic Nicotiana

benthamiana plants. Note that the scale is different based on

the amount of reads in each library.
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