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RNA silencing response 
in chloroplast‑replicating viroid siRNA 
biogenesis in plants
Pengcheng Zhang1,2*   , Xinlian Zhang3, Atef M. Mohamed4, Leizhen Wang1, José‑Antonio Daròs5, Shifang Li6, 
Mahmut Tör2 and Yiguo Hong1,2* 

Abstract 

RNA silencing represents a cellular regulatory and defence mechanism in eukaryotes across kingdoms. In plants, 
a combined functionality of DCL2 and DCL3 is crucial for their synergistic defence against whilst DCL4 is required 
for nucleus-replicating viroid. However, how RNA silencing targets and fights against chloroplast-replicating viroid 
remains unknown. Here, utilizing eggplant latent viroid (ELVd), a chloroplast replicating viroid and a suite of transgenic 
Nicotiana benthamiana RNAi lines RDR6i and DCLsi, we reveal that DCLs and RDR6 partake a dynamic RNA silencing-
mediated response to ELVd infection. DCL1i, DCL2i, DCL3i, and DCL4i enhance, whilst RDR6i seems to have little impact 
on, ELVd accumulation. Through small RNA profiling, we unravel that DCL2 plays an essential role in generating 22 nt 
ELVd siRNA. DCL3 is functionally redundant to DCL2 and targets ELVd for biogenesis of 24 nt chloroplastic viroid siRNA 
(cvd-siRNA) in the absence of DCL2. DCL4 accounts for the less abundant 21 nt cvd-siRNA production. DCL1 does 
not contribute to the cvd-siRNA biogenesis. However, ELVd infection reduces DCL1-processed miRNAs in both wild-
type and RNAi plants, suggesting that DCL1 might indirectly participate in protection of plants from ELVd attack. RDR6 
imposes no influence on the 21–24 nt size profile of cvd-siRNA, but affects cvd-siRNA abundance at the late stage 
of ELVd infection. Our results also demonstrate that a different processing might be responsible to produce chloro‑
plastic small RNAs (csRNAs) in chloroplasts. The dynamic changes of csRNAs during ELVd infection suggest that csR‑
NAs might be of biological relevance to chloroplastic viroid-host plant interactions.
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Background
RNA silencing represents a cellular regulatory and 
defence mechanism in eukaryotes across kingdoms 
(Baulcombe 2004; Sarkies and Miska 2014; Wang et  al. 
2022). In plants, single-stranded RNA (ssRNA) can form 
double-stranded (ds) structures via intramolecular base-
pairing or be converted into dsRNA by RNA-dependent 
RNA polymerases (RDRs) such as RDR6. DICER-LIKE 
(DCL) endonucleases DCL4, DCL2, and DCL3 then 
slice dsRNA into small interfering RNA (siRNA) of 21, 
22, and 24 nucleotides (nt), respectively. Subsequently, 
the guide-strand of siRNA and ARGONAUTEs (AGOs), 
for instance AGO1/2/4, along with other cellular fac-
tors form the RNA-induced silencing complex (RISC), 
which targets specific RNA for cleavage or homologous 
DNA for RNA-directed DNA methylation, leading to 
post-transcriptional or transcriptional gene silencing 
(Sarkies and Miska 2014; Zhang et al. 2019; Wang et al. 
2022). RNA silencing can also be triggered by microRNA 
(miRNA). miRNA is processed from pre-microRNA by 
DCL1 and causes miRNA-mediated mRNA degradation 
or arrest of mRNA translation. In plants, RNA silenc-
ing represents a potent innate defence against patho-
gens including viruses (Shi et al. 2008; Aliyari and Ding 
2009; Csorba et  al. 2015). Indeed, such cellular defence 
employs DCLs to process plant virus RNAs into viral siR-
NAs (vsiRNAs). For instance, DCL4 and its cognate 21 nt 
vsiRNA are essential in the first antiviral frontier of intra-
cellular RNA silencing, whilst DCL2 likely along with 
DCL2-processed 22 nt vsiRNAs are mainly involved in 
defensive intercellular silencing (Qin et  al. 2017). DCL3 
and 24 nt vsiRNA as well as DCL1 and microRNAs also 
play an important role in combating DNA viruses in 
plants (Blevins et al. 2006; Aregger et al. 2012).

Viroids are a group of plant pathogens that consist 
of a non-encapsidated, non-coding, circular ssRNA of 
246–434 nt in size (Di Serio et al. 2014; Hammond and 
Kovalskaya 2014; Hadidi et  al. 2017; Adkar-Purush-
othama and Perreault 2020). They are classified into two 
families Pospiviroidae and Avsunviroidae, members of 
which such as potato spindle tube viroid (PSTVd) and 
avocado sunblotch viroid (ASBVd) replicate either in the 
nucleus or chloroplast of host cells, respectively (Flores 
et al. 2005; Rao and Kalantidis 2015; Hadidi et al. 2017). 
Impact of RNA silencing on viroids are complex although 
both nucleus- and chloroplast-replicating viroids can 
be targeted by RNA silencing (Wang et al. 2004; Bolduc 
et al. 2010; Dalakouras et al. 2015; Katsarou et al. 2016). 
Intriguingly, DCL4 is found to be required for establish-
ment of efficient PSTVd infection of plants since PSTVd 
accumulates less in Nicotiana benthamiana dcl4 mutants 
than in wild-type plants (Dadami et  al. 2013). Moreo-
ver, both DCL2 and DCL3 are crucial in their synergistic 

defence against PSTVd, and perhaps other nucleus-repli-
cating pospiviroids (Katsarou et al. 2016). Specific 21–24 
nt viroid siRNAs (vd-siRNAs) are also profiled for several 
nucleus- and chloroplast-replicating viroids (Martínez de 
Alba et al. 2002; Martin et al. 2007; Di Serio et al. 2009; 
St-Pierre et  al. 2009; Bolduc et  al. 2010; Martinez et  al. 
2010; Zhang et  al. 2014; Jiang et  al. 2019). Pospiviroids 
may have co-evolved with hosts to be primarily targeted 
by DCL4 and its cognate 21 nt vd-siRNA, which are less 
detrimental to viroid infectivity, to avoid the more potent 
anti-viroid DCL2-DCL3 (22 and 24  nt vd-siRNA) path-
ways (Katsarou et al. 2016). However, how RNA silencing 
machinery targets and fights against chloroplastic avsun-
viroids remains unknown (Martínez de Alba et al. 2002; 
Di Serio et al. 2009).

To address this question, we utilized eggplant latent 
viroid (ELVd), a representative member of the family Avs-
unviroidae (Fadda et al. 2003; Daròs 2016), and a suite of 
transgenic RDR6- and DCL-RNAi Nicotiana benthami-
ana lines (Chen et  al. 2018) in the current study. ELVd, 
the only species in the genus Elaviroid in the family Avs-
unviroidae comprises a 332–335  nt circular non-coding 
ssRNA genome. ELVd replicates through a rolling-circle 
mechanism in which RNA strands of both sense (+) 
and complementary (−) polarities exist in infected cells 
(Molina-Serrano et al. 2007; Martínez et al. 2009; Nohales 
et al. 2012). ELVd also contains hammerhead ribozymes 
in both + and -RNA strands (Fadda et al. 2003). It has a 
very narrow host range and can be transmitted mechani-
cally and by seed. ELVd systemically and latently infect 
its natural host eggplant (Solanum melongena L.) (Daròs 
2016). However, ELVd can also establish local infection 
in N. benthamiana and this pathosystem represents an 
excellent model to investigate intracellular RNA traffick-
ing between cytoplasm and chloroplasts (Gómez and 
Pallas 2010, 2012; Nohales et  al. 2012). Here, using the 
ELVd – N. benthamiana transgenic lines deficient in cel-
lular RNA silencing (Chen et  al. 2018), we investigated 
how DCLs and RDR6 influence biogenesis of chloroplas-
tic vd-siRNA, designated cvd-siRNA hereafter, in plants.

Results
Experimental design – DCLs and RDR6 vs. 
chloroplast‑replicating viroid
In plants, chloroplastic viroids can generate sui generis 
cvd-siRNAs associated with RNA silencing (Martínez de 
Alba et al. 2002; Di Serio et al. 2009; St-Pierre et al. 2009; 
Bolduc et al. 2010). However, this is intriguing due to the 
physical barrier between subcellular compartments in 
which chloroplastic viroids replicate and RNA silencing 
machinery operates. Thus, how cytoplasmic RNA silenc-
ing targets chloroplastic viroids for cvd-siRNA biogenesis 
remains unclear. In addition, it is known that small RNAs 
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(sRNAs) can be derived from mRNAs, rRNAs, tRNAs, 
and intergenic RNAs encoded by the chloroplast genome 
(Wang et al. 2011). These sRNAs are so called chloroplast 
sRNAs (csRNAs). This brings about another intrigu-
ing question on how csRNAs are bio-generated. Indeed, 
whether csRNAs and cvd-siRNAs are produced through 
the same cellular RNA silencing apparatus or via distinct 
sRNA processing/metabolisms is presently unknown. To 
seek answers to these questions, we exploited transgenic 
lines in which individual DCLs and RDR6 were knocked-
down by RNAi (Chen et  al. 2018; Additional file  1: 
Table  S1; Additional file  2: Figure S1) and the fact that 
ELVd can establish efficient local infection in the non-
natural host N. benthamiana, and examined the impact 
of DCLi and RDR6i on accumulation of cvd-siRNAs and 
csRNAs that were derived from either ELVd RNA and 
chloroplast RbCL mRNA, respectively.

Compared with wild-type N. benthamiana (Nb) plants, 
the corresponding DCLs or RDR6 in each of the inde-
pendent transgenic lines of DCL1i, DCL2Ai, DCL2Bi, 
DCL3Ai, DCL3Bi, DCL4Ai, DCL4Bi, and RDR6i were 
specifically targeted, and degradation of DCLs or RDR6 
mRNA was evidenced by the elevated reads of specific 
21, 22 and 24  nt siRNAs mapped to each gene (Addi-
tional file 1: Table S1). Moreover, RDR6i had no effect on 
the size profile of 21, 22 and 24 nt siRNAs, whilst DCL2i, 
DCL3i, and DCL4i reduced production of host cellular 
22, 24 or 21  nt siRNAs, respectively (Additional file  2: 
Figure S1a, b). Only DCL1i reduced microRNA reads 
(Additional file 1: Table S2; Additional file 2: Figure S1c). 
Consistent with our previous reports (Qin et  al. 2017; 
Chen et  al. 2018), these data validated the suitability of 
the DCLi and RDR6i lines in this study.

Impact of DCLi and RDR6i on cvd‑siRNAs at the early stage 
of ELVd infection
As demonstrated previously (Gómez and Pallas 2010, 
2012; Nohales et al. 2012), we found that ELVd was able 
to establish local infection in N. benthamiana (Fig.  1). 
Evidently, ELVd RNA was detected by Northern blot in 
wild-type Nb, DCLi, and RDR6i leaf tissues that were 
infected by ELVd at days post-inoculation (6-dpi), but 
not in mock-inoculated Nb controls (Fig.  1a). However, 
due to the limited number of independent samples that 
could be included in a single gel for Northern analysis, we 
opted to use RT-PCR to quantify the impact of DCLi and 
RDR6i on ELVd RNA accumulation (Fig. 1b). Compared 
with wild-type Nb plants, the average level of ELVd RNA 
increased by 20%–60% in DCLi leaf tissues. An approxi-
mate 16% increase in ELVd RNA was also in RDR6i, 
however the difference was not statistically significant 
(Fig.  1b). These data suggest that DCL1, DCL2, DCL3, 

and DCL4, but not RDR6, are involved in plant defense 
against ELVd at the early stage of infection.

We then assess how DCLi and RDR6i affect ELVd cvd-
siRNA biogenesis. We profiled sRNAs from leaf samples 
of wild-type Nb and RNAi plants that were infected with 
ELVd at 6 dpi. Total 18–30 nt sRNA profiles (Additional 
file 2: Figure S2a, b) and the 21, 22 and 24 nt siRNAs that 
were mapped to individual RNA silencing pathway genes 
in these ELVd-infected Nb and RNAi plants (Additional 
file  1: Table  S3) were similar to those found in healthy 
controls (Additional file 1: Table S1; Additional file 2: Fig-
ure S1a, b). These results indicate that ELVd infection per 
se did not have obvious influence on the transgenic RNAi 
knockdown of DCLs and RDR6.

We then examined the impact of DCLi and RDR6i 
on 21, 22 and 24  nt cvd-siRNAs that were specifically 
mapped to the ELVd 333-nt RNA genome (NC_039241.1; 
Fig.  2a–l). The size profiles showed several distinct fea-
tures for ELVd cvd-siRNAs. First, the overall number of 
sense (+) and antisense (−) 21, 22, and 24 nt cvd-siRNAs 
was similar among Nb (Fig. 2b, c, and l), RDR6i (Fig. 2d, l) 
and all DCLi (Fig. 2e–l) plants, although a slight decrease 
in cvd-siRNAs was seen in DCL2Ai (Fig.  2a, l). Com-
pared with each of the ELVd-infected plants, the num-
ber of cvd-siRNAs in healthy Nb control was almost 
none (Fig.  2a, l). Second, in ELVd-infected Nb plants, 
the most and least abundant cvd-siRNAs were 22 and 
21  nt in length, respectively, and the 24  nt cvd-siRNAs 
in between (Fig. 2b, c, and l). Reads of 23 nt sRNA were 
constantly low among all infected plants and possessed 
no specific association with RDR6 or any of DCLs. Third, 
the size profiles of 21, 22, and 24 nt cvd-siRNAs and their 
actual reads were found to be similar among Nb, RDR6i, 
DCL1i, DCL4Ai, and DCL4Bi plants (Fig. 2b–e and j–l), 
indicating that RDR6, DCL1, and DCL4 are not particu-
larly involved in cvd-siRNA biogenesis at the early stage 
of ELVd infection. Fourth, in DCL2Ai and DCL2Bi, ELVd 
22 nt cvd-siRNAs reduced to extremely low level, but the 
24 nt cvd-siRNAs increased whilst the 21 nt cvd-siRNAs 
also decreased to a less extent at 6 dpi (Fig. 2f, g, and l). 
However, locations of any given 21, 22, or 24 nt cvd-siR-
NAs that were mapped to the ELVd genome remained 
unchanged (Fig.  3a–k). Thus, DCLi and RDR6i seem to 
impose no obvious influence on distribution of 21, 22, 
and 24 nt cvd-siRNAs across both ± RNA strands of the 
ELVd genome (Fig. 3a–k). 

Impact of DCLi and RDR6i on cvd‑siRNA at the later stage 
of ELVd infection
In a similar experimental setting, we detected ELVd 
RNA and profiled sRNAs from leaf samples of wild-
type Nb and RNAi plants at 14 dpi, a later stage of 
ELVd infection. Like at the early infection stage, a 
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similar trend of ELVd RNA level was found in Nb vs 
RNAi lines (Additional file  2: Figure S3a, b). Total 
sRNA profiles (Additional file 2: Figure S4a, b) and 21, 

22, and 24 nt siRNAs that were mapped to individual 
RNA silencing pathway genes in these ELVd-infected 
Nb and transgenic plants (Additional file  1: Table  S4) 

Fig. 1  Impact of DCLi and RDR6i on ELVd RNA accumulation at 6-dpi early infection. a Northern detection of ELVd RNA accumulation 
in wild-type Nb, DCLi and RDR6i plants. Total RNA extracted from mock Nb leaf tissues was included as a negative control. The blot was hybridized 
with ELVd-specific probe (upper panel). Ethidium bromide-stained gel shows loading of total RNA samples (lower panel). ELVd RNA and various 
sizes of rRNAs are indicated. b Quantitative analysis of ELVd RNA accumulation in wild-type Nb, DCLi, and RDR6i plants. Percentage of changes 
of ELVd RNA in Nb vs RNAi (DCLi and RDR6i), as well as P values of the Student’s t-test of ELVd RNA levels in Nb vs RNAi (DCLi and RDR6i) are indicated
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were similar to those found in healthy controls (Addi-
tional file  1: Table  S1; Additional file  2: Figure S1a, 
b). Size profiles for 21, 22, and 24 nt cvd-siRNAs and 
their distributions across the ELVd genome at 14 dpi 
in Nb or RNAi lines (Fig. 4a–l; Additional file 2: Figure 
S5a–k) were largely similar to those at 6 dpi (Fig. 2a–l, 
Fig.  3a–k). However, we noticed some changes of the 
total numbers of the 21, 22, and 24  nt cvd-siRNAs 
at the later stage of ELVd infection. Compared to Nb 
plants (Fig. 4b, c, and l), ELVd cvd-siRNAs reduced in 
RDR6i (Fig.  4d and l), whilst elevated in both DCL3i 
(Fig. 4h, i and l) and DCL4i plants (Fig. 4j–l) at 14 dpi.

Influence of ELVd infection on miRNA biogenesis
DCL1 is not particularly associated with generation of 
ELVd cvd-siRNAs. No miRNA-mediated anti-viroids 
has been reported. However cellular miRNAs produced 
by DCL1 are known to play an important role in plant 
defence against viruses and other pathogens (Simon-
Mateo and Garcia 2006; Liu et al. 2017). We therefore 
analysed whether ELVd infection could affect cellu-
lar miRNA biogenesis (Fig.  5; Additional file  1: Tables 
S5, S6). At the early stage of infection, ELVd infection 
caused 64%–90% reduction of the total reads of 41 
miRNA families in wild-type or RDR6- and DCLs-defi-
cient plants, when compared with healthy wild-type Nb 
control (Fig. 5a; Additional file 1: Table S5). At the later 

Fig. 2  Impact of RDR6i or DCLi on accumulation of ELVd 21–24 nt cvd-siRNAs at early stage of infection. a Mock inoculation of N. benthamiana (Nb). 
b, c Nb infected with ELVd. d RDR6i infected with ELVd. e–k DCLi infected with ELVd. DCL1i (e), DCL2Ai and DCL2Bi (f and g); DCL3Ai and DCL3Bi (h 
and i); DCL4Ai and DCL4Bi (j and k). l Total numbers of 21–24 nt cvd-siRNAs mapped to ELVd. Mock-inoculated or ELVd-infected leaf tissues were 
collected at 6 days post inoculation for sRNA analysis. Size profiles are shown for 21–24 nt cvd-siRNAs that were mapped to the ELVd RNA genome 
of both sense (blue) and complementary-sense (orange) strands

(See figure on next page.)
Fig. 3  Distribution of 21–24 nt cvd-siRNA at early stage of infection across the ELVd RNA genome. a Mock inoculation of N. benthamiana (Nb). b, c 
Nb infected with ELVd. d RDR6i infected with ELVd. e–k DCLi infected with ELVd. DCL1i (e), DCL2Ai and DCL2Bi (f and g); DCL3Ai and DCL3Bi (h and i); 
DCL4Ai and DCL4Bi (j and k). Mock-inoculated or ELVd-infected leaf tissues were collected at 6 days post inoculation for sRNA analysis. 21–24 nt 
cvd-siRNAs were mapped to the ELVd RNA genome of both sense and complementary-sense strands. Colour codes for each size of cvd-siRNAs 
and their polarities are indicated in each panel
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Fig. 3  (See legend on previous page.)
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Fig. 3  continued
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stage of infection, ELVd could still result in 21%–49% 
decrease of the total reads of 41 miRNA families in 
ELVd-infected Nb, RDR6i, and DCLi plants when com-
pared with healthy wild-type Nb control (Fig. 5b; Addi-
tional file 1: Table S6).

Effect of ELVd infection on chloroplast‑originating csRNA 
biogenesis
Avsunviroids reside and replicate inside chloroplasts. 
This prompted us to investigate whether ELVd infec-
tion would influence biological processes that may occur 
within chloroplasts, for instance, the impact of ELVd 
infection on csRNA production (Fig.  6). We first exam-
ined whether RNAs originated from chloroplast genome-
encoding genes could be diced by DCLs in cytoplasm 
(i.e. outside chloroplasts). We constructed an RNAi vec-
tor to generate hairpin dsRNA (hp-dsRNA) for a 250-bp 
fragment corresponding to nucleotides 1181–1431 of 
the chloroplast RbCL gene (Fig.  6a). Such chloroplas-
tic hp-dsRNAs, once expressed in Nb leaf tissues in the 
agroinfiltration assays (Fig. 6b), were readily targeted by 
cellular RNA silencing machinery for siRNA biogenesis 
(Fig. 6c, d). The siRNA size profiles were characteristic of 
the most abundant 21 nt siRNA along with a significant 

amount of 22 and 24 nt siRNAs, consistent with the pat-
terns of siRNAs generated from nuclear (trans)gene 
mRNA and transient nuclear hp-dsRNAs (Chen et  al. 
2018). In the control Nb leaf tissues that were infiltrated 
with the empty RNAi vector, the size profile of csR-
NAs mapped to the 250-bp region of the RbCL mRNA 
was completely different from 21, 22, and 24 nt siRNAs 
generated from cellular RNA silencing, and the reads 
of csRNAs of various sizes from 20 to 28  nt were simi-
lar (Fig.  6e). Moreover, unlike nuclear gene mRNAs, no 
csRNA transitivity was observed, evidenced by the simi-
lar distribution of csRNAs along the other regions of the 
2524-nt RbCL mRNA between hp-dsRNA expressing 
plants and no hp-dsRNA expressing controls (Fig.  7). 
Furthermore, the size profiles and total reads of csRNAs 
(Additional file 2: Figure S6) were similar among healthy 
wild-type Nb, RDR6i, DCLi, DCL2i, DCL3i,  and DCL4i 
plants (Additional file  2: Figure S6a–j). However, com-
pared to healthy controls (Additional file 2: Figures S6a, 
S7a), the total reads and individual reads of each size of 
18–28  nt csRNAs (Additional file  2: Figure S7) reduced 
in wild-type Nb, RDR6i, DCLi, DCL2i, DCL3i, and DCL4i 
plants that were infected with ELVd (Additional file  2: 
Figure S7b–l). The size profiles of these reduced numbers 

Fig. 4  Impact of RDR6i or DCLi on accumulation of ELVd 21–24 nt cvd-siRNAs at later stage of infection. a Mock inoculation of N. benthamiana (Nb). 
b, c Nb infected with ELVd. d RDR6i infected with ELVd. e–k DCLi infected with ELVd. DCL1i (e), DCL2Ai and DCL2Bi (f and g); DCL3Ai and DCL3Bi (h 
and i); DCL4Ai and DCL4Bi (j and k). l Total numbers of 21–24 nt cvd-siRNAs mapped to ELVd. Mock-inoculated or ELVd-infected leaf tissues were 
collected at 14 days post inoculation for sRNA analysis. Size profiles are shown for 21–24 nt cvd-siRNAs that were mapped to the ELVd RNA genome 
of both sense (blue) and complementary-sense (orange) strands
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of csRNAs were similar among all ELVd-infected Nb and 
RNAi plants at 6 dpi (Additional file  2: Figure S7b–l). 
Such suppression of csRNA accumulation endured to the 
later stage of ELVd infection at 14 dpi (Additional file 2: 
Figure S8). 

Discussion
In this article, we report how plant responds to infec-
tion by a chloroplastic viroid by examining impacts of 
RNA silencing on ELVd cvd-siRNA biogenesis. Our work 
extends the understanding of plant anti-viroid mecha-
nism in the following aspects.

1.	 In DCL1i, DCL2i, DCL3i,  and DCL4i plants ELVd 
RNA level increased at early and later stage of infec-
tion (Fig.  1; Additional file  2: Figure S3). However, 
RDR6 impacts less on ELVd RNA accumulation. This 
suggests that four DCLs may all be involved in plant 
defense against ELVd infection.

2.	 The profile for ELVd 21, 22, and 24  nt cvd-siRNAs 
(Figs.  2, 3) differs from that of nucleus-replicating 
viroids (Martin et al. 2007; Martinez et al. 2010; Jiang 
et  al. 2019), plant RNA (Qin et  al. 2017) and DNA 
(Blevins et  al. 2006) viruses, transgene mRNA and 
hairpin dsRNA (Chen et al. 2018), and indeed other 
chloroplast-replicating viroids such as peach latent 
mosaic viroid (PLMVd, Di Serio et al. 2009; St-Pierre 
et  al. 2009). Such comprehensive cvd-siRNA profile 
might be verified by sRNA Northern blotting. Nev-
ertheless, our sRNAseq results indicate that DCL2 
was essential to produce the most abundant 22  nt 
cvd-siRNAs (Figs.  2, 4). When DCL2 was knocked 
down in the two DCL2-RNAi lines, ELVd was then 
predominantly targeted by DCL3 for generating 
24 nt cvd-siRNAs (Figs. 2, 4). These data suggest that 
DCL2 acts primarily in anti-ELVd RNA silencing 
whilst DCL3 is redundant to DCL2. This differs from 
the synergistic and combined activity of DCL2 and 

Fig. 5  Influence of ELVd on accumulation of cellular microRNAs at early and later stages of infection. a Early infection at 6 days post inoculation 
(dpi). b Later infection at 14 dpi. Mock-inoculated or ELVd-infected leaf tissues were collected at either 6- or 14-dpi for sRNA analysis. Mock 
inoculation of N. benthamiana (Nb + Mock), Nb infected with ELVd (Nb + ELVd), RDR6i infected with ELVd (RDR6i + ELVd) and DCLi infected with ELVd 
(DCL1i + ELVd, DCL2Ai + ELVd, DCL2Bi + ELVd, DCL3Ai + ELVd, DCL3Bi + ELVd, DCL4Ai + ELVd, DCL4Bi + ELVd) are indicated
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DCL3 in silencing-based defence against nucleus-
replicating viroids such as PSTVd (Dalakouras et al. 
2015; Katsarou et al. 2016).

3.	 DCL4 is required for efficient nucleus-replicating 
viroid infection, leading to increase in vd-siRNAs in 
plants (Dalakouras et al. 2015; Katsarou et al. 2016). 
However, DCL4 had little effect on accumulation of 
ELVd cvd-siRNA at the early stage of infection and 
the DCL4-processed 21  nt cvd-siRNA was least 
abundant in infected plants (Figs.  2, 4). At the later 
infection stage (i.e., 14 dpi), deficiency in DCL4 (and 
DCL3) allow escalating levels of ELVd, which would 
then be targeted by RNA silencing machinery to gen-
erate more abundant cvd-siRNAs (Fig. 4). Such tem-
poral differences in cvd-siRNA accumulation may 
reflect a dynamic RNA silencing-mediated defence 
during the course of ELVd infection, and/or an active 
escaping strategy for ELVd to survive such cellular 

defence since ELVd (and all other viroids) encodes no 
suppressors of silencing (van Wezel and Hong 2004).

4.	 DCL1 is not directly involved in biogenesis of ELVd 
cvd-siRNAs (Figs.  2, 4). However, ELVd infection 
suppresses plant miRNA accumulation independ-
ent of RDR6 and DCLs (Fig. 5). These results suggest 
that miRNAs might indirectly contribute to plant 
cellular anti-ELVd defence, for instance, via regula-
tion of plant immunity genes by miRNAs. On the 
other hand, host cells can alleviate ELVd-mediated 
suppression of miRNA biogenesis to adapt to ELVd 
at the later stage of infection (Fig.  5). Furthermore, 
considering the reduction of cvd-siRNAs in RDR6i 
plants at 14 dpi (Fig. 4), any possible involvement of 
RDR6 in combating later ELVd infection might be 
also indirect. Further detection and quantitation of 
cvd-siRNAs by sRNA Northern blotting may clarify 

Fig. 6  Production of chloroplast gene sRNA in cytoplasm. a Diagrammatic of pRNAi-RbCL construct. a 250-bp fragment corresponding 
to the nucleotide region 1181–1431 was inverted cloned into the pRNAi-LIC vector in order to generate hp-dsRNA for siRNA biogenesis 
in plant cell cytoplasm. b Experimental design. Leaves of N. benthamiana plant at the six-leaf stage were infiltrated with agrobacterium carrying 
either the empty pRNAi-LIC vector or pRNAi-RbCL. At 4-days post agroinfiltration, leaf tissues were collected, pooled and used for sRNA analysis. 
c–e Profiles of 18–30 nt siRNAs mapped to the 250 nt portion of the RbCL mRNA. Leaf tissues expressed RbCL hp-dsRNA (c and d) and controls 
expressed no RbCL hp-dsRNA (e). Specific siRNAs were mapped to both mRNA (positive) and complementary (negative) strands of the RbCL mRNA 
fragment (nucleotides 1181–1431)
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the precise role of RDR6 in dynamic cvd-siRNA bio-
synthesis during ELVd infection.

5.	 Chloroplastic mRNA, if transcribed in nucleus and 
presented in cytoplasm, can be targeted by cytoplas-
mic DCLs-based RNA silencing for biogenesis of 21, 
22, and 24  nt siRNAs (Figs.  6, 7). However, chloro-
plastic mRNA, if expressed within chloroplasts, can-
not be diced by cellular DCLs. Our findings thus 

imply that csRNA may be produced by a chloroplast-
specific sRNA-processing machinery. This is consist-
ent with the distinct csRNA size profiles (Fig. 6), no 
csRNA transitivity for the chloroplast RbCL mRNA 
(Fig.  7), and reduction of csRNAs in ELVd-infected 
Nb, RDR6i and DCLi plants (Additional file  2: Fig-
ures S6, S7). The precise nature of such chloroplast-
specific sRNA-processing machinery is presently 

Fig. 7  No silencing transitivity in generation of chloroplastic small RNAs. a to d Distribution of 21–24 nt chloroplastic small RNAs (csRNAs) 
across the entire RbCL transcript. In N. benthamiana leaf tissues expressing the RbCL hp-dsRNA (a and c), abundant 21–24 nt siRNAs generated 
in cytoplasm were mapped to the RNAi targeted region (nucleotides 1181–1431). However, only very low levels of 21–24 nt csRNAs were found 
to be mapped to the 5’- and 3’-UTRs or non-targeted region of the RbCL mRNA (b and d). It should be noted that the reads of specific csRNAs 
mapped to the RNAi target region were left out in order to show the low levels of csRNAs across the rest RbCL mRNA portions. e Distribution 
of background 21–24 nt csRNAs across the RbCL mRNA in control plants expressing no RbCL hp-dsRNA. Specific siRNAs were mapped 
to both mRNA (positive) and complementary (negative) strands of RbCL mRNA (nucleotides 1–2524). Colour codes for each size of csRNAs and their 
polarities are indicated
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unknown. Furthermore, any role of csRNAs in ELVd-
plant interaction or/and in regulation of chloroplastic 
genes also remains to be elucidated.

6.	 Viroids in the family Avsunviroidae replicate and 
accumulate in chloroplasts (Bonfiglioli et  al. 1994; 
Navarro et al. 1999; Daròs 2016). However, particu-
larly in the case of ELVd, a nuclear stage during life 
cycle was also showed (Gómez and Pallás 2012). 
Such chloroplastic and nuclear subcellular compart-
mentalization should prevent ELVd from attack by 
RNA silencing which operates mainly in cytoplasm 
(Fig.  8). The difference between the size profiles of 
RNA silencing-originated siRNAs and bona fide 
csRNAs also indicate that any key components of 
the cellular RNA silencing machinery such as DCL2 
are not imported into chloroplasts. To explain these 
results, we envisage that a cytoplasm phase may exist 
during ELVd trafficking between nucleus and chlo-
roplasts within infected cells and during the cell-
to-cell and long-distance movement through the 
infected plant (Fig. 8). When ELVd enters cytoplasm 
at the early infection, cytoplasmic RNA silencing can 

immediately target and process ELVd genomic RNA 
into 21, 22, and 24 nt siRNAs. At a later stage, cyto-
plasmic ELVd-derived RNAs may require cellular 
RDR6 to produce dsRNA for further cleavage into 
siRNAs (Fig. 8). This model provides a plausible link 
between and logically reconciles the two seemingly 
contradictory aspects of cytoplasmic RNA silencing 
versus cvd-siRNA production together in plants.

Conclusions and future outlook
In summary, through sRNA profiling of the ELVd cvd-
siRNAs and csRNAs in Nb, RNA6i, and DCLi plants, we 
reveal that DCL2 plays an essential role in RNA silenc-
ing-mediated defence against chloroplast-replicating 
ELVd. DCL3 is functionally redundant to DCL2 in terms 
of targeting ELVd RNA for cvd-siRNA biogenesis. The 
roles of DCL4 are complex and dynamic in anti-ELVd. No 
direct involvement of DCL1 in cellular defence against 
ELVd was observed, but DCL1-processed miRNAs may 
indirectly participate in protection of plants from ELVd 
attack. Our results also demonstrate that sRNAs derived 

Fig. 8  A working model for cvd-siRNA biogenesis for chloroplast-replicating viroids. ELVd, a chloroplastic viroid, replicates in chloroplasts 
and it also endures a nuclear stage during its infection cycle. Such distinct subcellular compartments should prevent cytoplasmic RNA 
silencing machinery from targeting and cleaving ELVd RNA to generate cvd-siRNAs. However, siRNAs that are processed by RNA silencing 
and bona fide csRNAs are different, suggesting that ELVd cvd-siRNAs are not produced in chloroplasts. We envisage that a cytoplasmic phase 
during the shuttling of ELVd between cells via plasmodesmata (represented by a cylinder) or from chloroplast to nucleus and vice versa (blue 
double-arrow line) within infected cells may exist. Thus, when ELVd enters cytoplasm en route from chloroplast to nucleus or intercellular movement 
via plasmodesmata, for example, at the early stage of infection, cytoplasmic RNA silencing machinery can immediately target and process ELVd 
genomic RNA into cvd-siRNAs by DCLs. DCL2 is the predominant DCL to cleave ELVd RNA for production of 22 nt cvd-siRNA. DCL3 is functionally 
redundant to DCL2. Only when DCL2 is deficient, DCL3 dices ELVd RNA into 24 nt cvd-siRNA. DCL1, DCL4, and RDR6 may not be directly involved 
in such defence at the early stage of ELVd infection. However, at a later stage, they may be also required. For example, RDR6 may act to convert 
ELVd ssRNA into dsRNA for further cleavage into siRNAs in cytoplasm. This working model provides a plausible link between and logically reconciles 
the two seemingly contradictory aspects of cytoplasmic RNA silencing versus cvd-siRNA production together. ELVd circular ssRNA, chloroplasts, 
nucleus and ELVd-siRNAs of various sizes are indicated
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from nuclear and chloroplast genes may involve different 
silencing machineries. The dynamic changes of csRNAs 
during ELVd infection suggests that csRNAs may be of 
biological relevance to interactions between chloroplas-
tic viroids and their host plants. Moreover, this research 
has opened new frontiers for further investigation. For 
instance, how does the cellular RNA silencing recog-
nize chloroplast-replicating viroids to eliminate their 
infection? Can cvd-siRNAs or siRNAs in general act as 
intracellular signals to trigger spread of RNA silencing 
between cytoplasm and chloroplast and vice versa within 
cells? What is the genetic and molecular basis for csRNA 
biosynthesis in chloroplast? Can csRNA function as ret-
rograde-signalling molecules to regulate nuclear gene 
expression? What is the potential application of cvd-siR-
NAs in plant genetic engineering or even as exogenous 
sRNA agents (Mohamed et al. 2022) for viroid resistance? 
Answers to these questions will advance our understand-
ing of chloroplastic RNA silencing mechanisms in plants.

Methods
Plant materials and growth conditions
Generation of transgenic RNAi N. benthamiana (Nb) 
lines including RDR6i, DCL1Ai, DCL1Bi, DCL2Ai, 
DCL2Bi, DCL3Ai, DCL3Bi, DCL4Ai, and DCL4Bi was 
previously described (Chen et al. 2018). Briefly, pRNAi-
RDR6i and pRNAi-DCLi were constructed in the pRNAi-
LIC vector. These RNAi constructs were then mobilized 
into Agrobacterium tumefaciens strain LBA4404. Agro-
bacterium-mediated transformation was performed 
on Nb leaf discs to generate primary transgenic plants. 
Homozygous lines with a single copy of each RNAi con-
struct were obtained from primary transformants after 
selfing and genetic analyses (Chen et al. 2018). Wild-type 
Nb and all transgenic plants were grown and maintained 
in insect-free glasshouses or growth-rooms at 25°C with 
supplementary light (13,000 Lux intensity/Visible 40W 
LED Light Bulbs) to give a 16-h photoperiod.

Eggplant latent viroid infection
The original ELVd infectious clone p53ELVd (GenBank 
reference sequence NC_039241.1), previously con-
structed in José-Antonio Daròs laboratory (Additional 
file  2: Figure S9), was subcloned into pCAMBIA1300 
(Yu et  al. 2018) to produce p1300/35S-ELVd. This was 
achieved by PCR amplification of a fragment cover-
ing the entire ELVd cassette (Additional file  2: Figure 
S9a) by a pair of primers 1300-35S-ELVd F/KpnI (5’ 
aaaaaaGGT​ACC​GAT​TCC​ATT​GCC​CAG​CTA​TC 3’) 
and 1300-35S-ELVd R/PstI (5’ aaaaaaCTG​CAG​CTG​
GAT​TTT​GGT​TTT​AGG​AA 3’), and cloning the result-
ant PCR product into the KpnI/PstI sites of pCAM-
BIA1300 (Additional file  2: Figure S9b). Recombinant 

clones were screened by PCR using a pair of primers 
1300-seq-F (5’ CGC​AAT​TAA​TGT​GAG​TTA​GCT​CAC​ 
3’) and 1300-seq-R (5’ ATC​GGT​GCG​GGC​CTC​TTC​GC 
3’). Miniprep plasmid DNA was doubly digested with 
KpnI/PstI to confirm the right insert (Additional file  2: 
Figure S9c) and further verified by Sanger sequencing. 
Plasmid p1300/35S-ELVd was then transformed into 
Agrobacterium tumefacien GV3101. Agrobacterium 
carrying p1300/35S-ELVd was cultured, collected and 
resuspended in sterile water at optical density at 600 nm 
(OD600) of 1.0. Young leaves of Nb and transgenic RNAi 
plants at the stage of 6 leaves were agro-infected as previ-
ously described (Bruce et al. 2011).

Induction of RNA silencing against chloroplast mRNA 
and agroinfiltration
To investigate if cytoplasmic RNA silencing targets chlo-
roplast gene-encoded mRNA, we generated a gene-spe-
cific hairpin RbCL-RNAi vector pRNAi-RbCL (Fig.  6a) 
that targets the chlororibulose-1, 5-bisphosphate carbox-
ylase/oxygenase large subunit (RbCL) gene (Additional 
file  2: Figure S10; Shinozaki and Sugiura 1982; Kunni-
malaiyaan and Nielsen 1997). To make this construct, 
cDNA fragments (250 bp) corresponding to nucleotides 
1182 to 1431 of RbCL (GenBank no. J01450.1; Additional 
file  2: Figure S10) was amplified using a set of primers 
NbRbCL RNAi-F (5’ CGA​CGA​CAA​GAC​CCTtaggtaacg-
tatttgggttca 3’) and NbRbCL RNAi-R (5’ GAG​GAG​AAG​
AGC​CCTtcatcatctttagtaaaatca 3’) and cloned into the 
RNAi vector pRNAi-LIC as described (Xu et  al. 2010). 
Two young leaves per Nb plant (six plants at the six-leaf 
stage in each experiment) were infiltrated with 1 OD600 
A. tumefaciens GV3101 harbouring pRNAi-RbCL or the 
empty RNAi vector. Agro-infiltrated leaf tissues from 
three to four different plants at 4 days post agroinfiltra-
tion, were collected and pooled together. Two pooled 
samples from different plants were used for sRNA extrac-
tion and construction of sRNA libraries.

RNA extraction, Northern blot, and RT‑PCR
Total RNA was extracted from agroinfiltrated leaf tissues 
using RNAprep Pure Plant Kit (Tiengen). Northern blot 
was performed as previously described to detect ELVd 
RNA using an ELVd-specific probe (van Wezel and Hong 
2004; Chen et al. 2018). Briefly, 5 μg of RNAs extracted 
from leaf tissues were separated on a 1% formaldehyde 
agarose gel, transferred to Hybond-N + membranes 
(Amersham Biosciences) through upward capillary 
transfer in 20 × SSC buffer, then crosslinked to the mem-
brane with an UVP CX 2000 UV crosslinker at 120 mJ/
cm2 for 1 min. Membranes were hybridized with digox-
igenin-labeled ELVd-specific probe that were prepared 
using the DIG High Prime DNA Labeling Kit (Roche). 
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Hybridization was detected using a DIG Nucleic Acid 
Detection Kit (Roche) as recommended by the manu-
facturer. Chemilluminescent signals were detected with 
a ChemiDoc XRS + imaging System (Bio-Rad). Further-
more, RT-PCR was performed to quantify ELVd RNA 
accumulation. Briefly, cDNA was reverse-transcribed 
from 1  μg total RNA pre-treated in with gDNase using 
Fastking RT Kit (With gDNase; Tiengen) in 20 μL solu-
tion containing 2  μL 10 × King RT Buffer, 2  μL FQ-RT 
Primer Mix, and 1 μL Fastking RT Enzyme Mix. PCR was 
then carried out in 20  μl solution containing the ELVd-
specific primers ELVd-3F/ELVd-3R (Additional file  2: 
Figure S9a), 1 μL cDNA, 2 × Taq Master Mix (CWBIO) 
at 95°C for 5  min, followed by 35 cycles of 95°C for 
30  s, 58°C for 30  s and 72°C for 30  s; and then at 72°C 
for 10  min. PCR detection of 18S rRNA with Primers 
PP271F (5’ CGG​CTA​CCA​CAT​CCA​AGG​AAGG 3’)/
PP272R (5’ GAG​CTG​GAA​TTA​CCG​CGG​CTG 3’) was 
used as a control of adding equal amount of cDNA in 
all PCRs. After electrophoresis of 10 μL PCR product in 
1.0% agarose gel and stained in ethidium bromide, the 
relative intensity of ELVd specific bands was quantified 
by ImageJ software, and analysed by the Student’s t-test.

Construction of small RNA Library for small RNA 
sequencing
Low-molecular-mass sRNAs were enriched from total 
RNA as described (Hamilton and Baulcombe 1999). 
Fragments of 18–30 nt long RNA were isolated from total 
RNA extracted from pooled samples of three to four dif-
ferent plants for each of the biological and technical 
duplicates after being separated through 15% denatur-
ing polyacrylamide gel/7  M urea gel electrophoresis in 
1 × Tris–borate-EDTA buffer. Then, sRNAs were excised 
from the gel and sequentially ligated to a 39-nt adapter 
and a 59-nt adapter. After each ligation step, sRNAs were 
purified after 15% denaturing PAG/7 M urea electropho-
resis. The final purified ligation products were reverse-
transcribed into cDNA using reverse transcriptase 
(Finnzymes Oy). The first strand cDNA was PCR ampli-
fied using the high-fidelity Phusion* DNA Polymerase 
(Finnzymes Oy). The purified DNA fragments were used 
for clustering and sequencing by Illumina HisEqua-
tion 2000 (Illumina) at the Beijing Genomics Institute.

Bioinformatics analysis of small RNA sequences
Illumina HighSEquation  2000 sequencing produced 
a similar number of 28  million reads per sRNA library. 
The reads were cropped to remove adapter sequences 
and were aligned to the reference sequences using 
Bowtie2 (Langmead and Salzberg 2012). Reference 
sequences include ELVd RNA genome (GenBank num-
ber NC_039241.1, same as AJ536613.1; Additional file 2: 

Figure S9a; Fadda et  al. 2003), RbCL (GenBank number 
J01450.1; Additional file  2: Figure S10; Shinozaki and 
Sugiura 1982; Kunnimalaiyaan and Nielsen 1997), DCL1 
(GenBank number FM986780), DCL2 (GenBank number 
FM986781), DCL3 (GenBank number FM986782), DCL4 
(GenBank number FM986783) and other RNA silencing 
pathway gene sequences (Nakasugi et al. 2013; Chen et al. 
2018) and a set of 41 unique tobacco miRNA sequences 
identified in Nicotiana plants (Pandey et al. 2008; Nakas-
ugi et al. 2014). SAMtools pileup was used to produce the 
siRNA and miRNA coverage profiles (Li et al. 2009). Out-
comes of comparisons between normalized cvd-siRNA, 
microRNA or csRNA reads against the total sRNA reads 
(per 10 million sRNA reads) are consistent with the num-
bers of cvd-siRNA, microRNA, or csRNA reads directly 
compared.
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