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Preferential Spreading of RNA Silencing Into the 3' Downstream 
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The amplification mechanism of short interfering RNAs (siRNAs) along the transgene sequence exists in RNA interference 
(RNAi). The RNA-dependent RNA polymerase synthesizes complementary RNAs by using the transgene mRNA as a template, 
and the secondary siRNAs are generated from the outside of primary RNAi target. Four independent RNAi vectors which pro- 
duced primary siRNAs against distinct regions of the tobacco endoplasmic reticulum c0-3 fatty acid desaturase gene (NtFAD3) 
were transiently expressed in leaves of the NtFAD3-overexpressed transgenic plants. Regardless of the RNAi vector used, the 
secondary NtFAD3 siRNAs were generated preferentially from the 3' downstream region of the transgene. Secondary siRNAs 
from the 5' upstream region adjacent to the annealing site of primary siRNAs accumulated under the detection level. Our 
results suggest that different regulatory mechanisms are involved in the spreading of RNA silencing into 5' upstream and 3' 
downstream regions of the target sequence, respectively. 
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RNA interference (RNAi) is induced by double-stranded 
RNAs (dsRNAs) which are cleaved into 20- to 25-nucle- 
otide (nt)-Iong small interfering RNAs (siRNAs). Then, siRNAs 
guide cleavage of homologous transcripts (Hannon, 2002). 
Amplification of siRNAs in RNAi is inferred from spreading 
of target regions of RNA silencing outside the inducer 
sequence. This phenomenon has been designated transitive 
RNAi (Sijen et al., 2001 ; Vaistij et al., 2002). Transitive RNAi 
involves the production of secondary siRNAs for which 
RNA-dependent RNA polymerase (RdRP) has implicated in 
nematodes, fungi, and plants (Wasseneger and Krczal, 
2O06). 

Most plant RNAi vectors transcribe an inverted repeat 
sequence which is processed into siRNAs (primary siRNAs) 
(Horiguchi, 2004; Hirai et al., 2007). Annealing of primary 
siRNAs to the homologous transgene's transcripts can trig- 
ger spreading of silencing region along the transgene (Vaistij 
et al., 2002; Himber et al., 2003; Kogciafiska et al., 2005; 
Miki et al., 2005; Petersen and Albrechtsen, 2005). The syn- 
thesis of secondary siRNAs has been observed in both 5' 
upstream and 3' downstream region relative to the primary 
silencing inducer sequences (Kogciafiska et al., 2005; Miki et 
al., 2005; Bleys et al., 2006). In contrast, preferential syn- 
thesis of secondary siRNAs against the 3' downstream region 
but not against the 5' upstream region was also observed 
(Petersen and Albrechtsen, 2005; Haque et al., 2007). In 
the latter case, lack of spreading into the 5' upstream region 
may be explained by limited synthesis of complementary 
RNAs (cRNAs) (Petersen and Albrechtsen, 2005). The RdRPs 
are recruited during the amplification process of siRNAs and 
synthesize cRNAs from the 3' end of target mRNAs (Tang et 
al., 2003). If processibility of RdRPs is limited, cRNA mole- 
cules corresponding to the 5' upstream region are barely 
synthesized on the template which has a long gap between 
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the silencing inducer sequence and the 3' end of templates. 
Another possible explanation for the lack of transitivity of 
RNA silencing into the 5 r upstream region is provided by a 
recent analysis of RdRP-deficient mutants. RDR6, a plant 
RdRP, is involved in the amplification process of siRNAs 
(Wasseneger and Krczal, 2006). Several endogenous tran- 
scripts can serve as a template for RdRP-dependent siRNA 
amplification after microRNA (miRNA)-mediated cleavage, 
and endogenous secondary small RNAs are produced 
(termed trans-acting siRNAs) (Allen et al., 2005; Yoshikawa 
et al., 2005; Bonnet et al., 2006). The target transcript of the 
miRNA is cleaved into 5' upstream and 3' downstream frag- 
ments followed by production of trans-acting siRNAs (Allen 
et al., 2005; Yoshikawa et al., 2005). In the rdr6 mutants, 
the trans-acting siRNAs corresponding to the 5" upstream 
region are produced, but those from the 3' downstream 
region are not (Ronemus et al., 2006). This result suggests 
that RDR6 is responsible for the production of trans-acting 
siRNAs corresponding to the 3' downstream region and that 
other unidentified RdRPs are required for generation of 
trans-acting siRNAs from the 5" upstream region. If the trans- 
gene transcripts are recognized preferentially by RDR6 dur- 
ing the spread of RNAi silencing, the 5' upstream region of 
transgenes relative to the inducer sequence would be 
ignored in the amplification process of siRNAs. 

We have investigated RNA silencing of a tobacco endo- 
plasmic reticulum 0)-3 fatty acid desaturase gene (NtFAD3) 
(Hamada and Kodama, 2006). The NtFAD3 protein cata- 
lyzes the conversion of linoleic acid (18:2) to cz-linolenic 
acid (18:3). Transitivity can be observed in the crossbred 
plants between the NtFAD3-overexpressed transgenic plants 
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tein; GUS, ~-glucuronidase; IMPDH, inosine-5'-monophosphate 
dehydrogenase; MES, 2-morpholinoethanesulfonic acid; mi'RNA, 
microRNA; Nos, nopaline synthase; RdRP, RNA-dependent RNA 
polymerase; RNAi, RNA interference; siRNA, small interfering RNA 
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(named $24 line) and the RNAi transgenic plants against the 
NtFAD3 gene (designated Rll line) (Tomita et al., 2004; 
Shimamura et al., 2007). The RNAi vector used in the pro- 
duction of R11 plants harbored NtFAD3 cDNA fragments in 
an inverted repeat structure. In the crossbred plants ($24x 
Rll), the secondary NtFAD3 siRNAs were generated from 
the 3' downstream region relative to inducer sequences 
(Shimamura et al., 2007). In this paper, we investigated the 
generation of secondary siRNAs in the $24 plants by tran- 
sient expression of several RNAi vectors that harbored target 
regions spanning the entire NtFAD3 transcripts. The results 
showed that transitivity into the 5' upstream region was 
strictly limited irrespective of the location of the inducer 
sequences in the NtFAD3 gene. 

MATERIALS AND METHODS 

Plant material 

pTF1SIIn harbored the NtFAD3 cDNA fragment from 52 
to 1366 (GenBank accession no. D26509) in a sense orien- 
tation relative to the promoter sequence (Hamada et al., 
1998). pTF1AGS contained two 498-bp sequences (corre- 
sponding to the nucleotide positions 181-678) of the 
NtFAD3 cDNA in an inverted repeat structure (Tomita et al., 
2004). Nicotiana tabacum cv. SR1 was transformed with 
pTF1SIIn and pTFIAGS, and the $24 and Rll lines were 
used as a representative line showing successful overexpres- 
sion and the RNAi of the NtFAD3 gene, respectively 
(Hamada et al., 1998; Tomita et al., 2004). 

Plasmid construction 

A binary vector, pSMAH621 (constructed by Ichikawa et 
al., personal communication), was used for construction of 
the following NtFAD3-related plasmids (Fig. 1). In this plas- 
mid, the Cauliflower mosaic virus (CaMV) 35S promoter, 
GUS gene and the terminator of nopaline synthase GUS 
gene sequences were cloned into the Hindlll/Xbal, Xbal/ 
5acl, and Sacl/EcoRI sites, respectively. We prepared an 
NtFAD3-sense construct, pSO-NtFAD3, by replacing the 
HindllI-Sacl fragment of pSMAH621 with the HindllI-Sacl 
fragment of pTF1Slln. The RNAi plasmids against the NtFAD3 
gene were constructed by using pSH-GUS1007 according 
to the procedures described in Hirai et al. (2007). This plas- 
mid harbors the same inverted repeat sequences as those of 
pTF1AGS. The Xbal and Apal sites were added to the 5' and 
3' ends of each antisense-oriented NtFAD3 fragment by 
means of PCR with primers harboring these restriction 
enzyme sites. Similarly, Xhol and 5acl sites were created at 
the 5' and 3' ends of the corresponding NtFAD3 sense frag- 
ments, respectively, by PCR. The XbaloApal and XhoI-Sacl 
fragments of pSH-GUS1007 were replaced with each Xbal- 
Apal NtFAD3 antisense fragment and XhoI-Sacl NtFAD3 
sense fragments to produce the following plasmids pSO-hp-I 
to pSO-hp-lV. 

A control plasmid, plR-IMPDH, harbors the 500-bp-long 
tea IMPDH sequences (GenBank accession no. EU106658) 
in an inverted repeat manner. The details of this plasmid will 
be reported elsewhere. The inverted repeat sequence con- 

sisting of the 700-bp cDNA fragment encoding a tobacco 
RdRP (NtRDR6) (nucleotide positions 1890-2559, GenBank 
accession no. AB361628) was similarly prepared in accord- 
ing to the procedure described above, and then inserted 
into XbaI-Sacl region of the pSMAH621 to generate an RNAi 
vector, pSH-hp-RDR6 (Fig. 1). 

Stable expression of the NtRDR6 RNAi construct in the 
Rll plants 

The homozygous Rll plants were transformed by the 
leaf-disc method using A. tumefaciens C58 containing pSH- 
hp-RDR6. Regenerated plants were selected on MS medium 
containing 750 mg/L Augmentin (GlaxoSmithKline) and 5 mg/L 
hygromycin B. To strictly select the transgenic plants with 
pSH-hp-RDR6, the concentration of hygromycin B increased by 
5 mg/L increments every 7 d to a concentration of 20 mg/L 
at final. The hygromycin-resistant offspring were transferred 
to soil, and then, the insertion of an inverted repeat sequence 
against the NtRDR6 gene was determined by PCR. The 
resulting tobacco plant containing both pTF1AGS and pSH- 
hp-RDR6 was designated R11-ARDR6, and was subjected 
to an analysis of transitivity. 

Stable expression of the NtFAD3 RNAi constructs in 
tobacco hairy roots 

The $24 seedlings homozygous for the T-DNA insertion 
locus were transformed by the leaf-disc method using Agro- 
bacterium tumefaciens RIO00 carrying the NtFAD3 RNAi 
vectors (pSO-hp-I to -IV) or pSMAH621 as a control vector. 
Hairy roots were produced on Murashige-Skoog (MS) medium 
containing 750 mg/L Augmentin and 5 mg/L hygromycin B 
(Kodama et al., 1997). The fatty acid composition of each 
hairy root was determined as previously described (Kodama 
et al., 1994). 

Agroinfiltration-mediated transient expression of the 
NtFAD3 RNAi constructs 

The $24, R11 and R11-gRDR6 plants were grown under 
continuous illumination at 25~ The young but fully 
expanded leaves of the about 2-month-old plants were used 
for agroinfiltration (Llave et al., 2000; Zhao et al., 2005). 
Individual Agrobacterium colonies were grown in 3-mL cul- 
tures (LB medium supplemented with 100 ~g/mL spectino- 
mycin) for 2 d at 28~ and then inoculated into 20 mL 
fresh culture medium. After culture for 2 d, cells were pre- 
cipitated and resuspended to a final concentration of A60o 
=1.0 in a solution containing 10 mM MgCI~, 10 mM MES, 
pH 5.6, 0.15 mM acetosyringone, and 0.025% silwet-77. 
With a 5-mL-volume syringe, the suspension of Agrobacte- 
rium cells was injected into the tobacco leaves. The infil- 
trated leaves were covered with a transparent plastic bag until 
ribonucleic acids were extracted. 

Extraction of small RNA and Northern blot analysis 

The small RNA-enriched fraction was prepared from the 
infiltrated leaves according to the protocol described by 
Goto et al. (2003). About 70 ~g of smalI-RNA-enriched 
nucleic acids were separated on a 18% (w/v) polyacrylamide 
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gel containing 7 M urea, and then transferred onto nylon 
membranes. 

We designated three parts of NtFAD3 cDNA as the 
upstream (U), target (T) and downstream (D) regions in ref- 
erence to the target sequence of pTFIAGS. The riboprobes 
corresponding to these regions (probes U, T and D) were 
prepared as previously described (Shimamura et al., 2007). 

In addition, we prepared four riboprobes as follows 
(probes I to IV). The nucleotide sequence of T7 promoter 
was added to 5' ends of the NtFAD3 fragments correspond- 
ing to regions I to IV by means of PCR (Fig. 1). Each digoxi- 
genin-labeled probe was prepared by transcription with T7 
RNA polymerase. Since the small RNA-enriched fraction 
contains tRNAs, 5S RNAs and small RNAs, we used the rice 
tRNA-GIy probe to elucidate the loading amounts of RNA 
samples (Kodama et al., 1994). The hybridization and visu- 
alization of hybridized probes were performed as previ- 
ously described (Hirai et al., 2007). The positions for 20- 
and 30-nt RNA oligomers (DynaMarker small RNA II, Bio- 
Dynamics Laboratory Inc.) were visualized by staining gels 
with ethidium bromide. 

RESULTS AND DISCUSSION 

The NtFAD3 RNAi plants (Rl l  line) were produced by 
introduction of an RNAi vector, pTF1AGS (Fig. 1). In these 
plants, the NtFAD3 primary siRNAs cleaved endogenous 
NtFAD3 mRNA, but the NtFAD3 transcripts did not serve as 
a template for the secondary siRNA production in the R l l  
plants. Secondary siRNAs were generated by using the trans- 
gene-originated NtFAD3 transcripts as a template for RdRP, 
and they can be observed typically in the crossbred plants 
($24xRl l )  (Shimamura et al., 2007). To rapidly delineate 
the mechanisms involved in generation of secondary siR- 
NAs, we examined, at first, whether or not transitive RNAi is 
induced by agroinfiltration-mediated introduction of the 
NtFAD3 sense constructs, pSO-NtFAD3 (Fig. 1), into the 
R l l  leaves. Since transient expression of the infiltrated plas- 
mids reached a maximum at 4 d post infection (data not 
shown), we extracted ribonucleic acids 4 d after the RNAi 
vectors were introduced. The primary siRNAs were detected 
by using the T-probe which covered the target region of 
pTF1AGS (nucleotide position 181-678 of the NtFAD3 
cDNA). Transient expression of pSO-NtFAD3 in the R l l  
leaves triggered synthesis of the NtFAD3 secondary siRNAs. 
The resultant secondary siRNAs were detected by hybridiza- 
tion with the D-probe covering the 3 downstream region 
relative to the inducer sequence (Fig. 2). When pSO- 
NtFAD3 was introduced into the Rl l  plants transformed 
with an RNAi construct against the NtRDR6 gene (R11- 
ARDR6), the NtFAD3 primary siRNAs were generated but 
the secondary ones were not (Fig. 2). Thus, transient expres- 
sion of the NtFAD3 sense transgene in the Rl l  leaves can 
trigger transitive RNAi as in the case of crossbred plants ($24 
x R11), and generation of secondary siRNAs was dependent 
on the NtRDR6 activity. 

Then we investigate the relationship between location of 
silencing target on the NtFAD3 gene and the efficiency of 
secondary siRNA generation. We prepared four RNAi con- 

Figure 1. Schematic diagrams of the binary vectors and probes used. 
(A) The NtFAD3 sense constructs, pTF1SIIn and pSO-NtFAD3 were 
used in production of the $24 plants and in the transient expression 
of the NtFAD3 gene, respectively. Pel2, a tandem repeat of 5'- 
upstream sequence of CaMV 35S promoter (Mitsuhara et al., 1996); 
D, 5'-untranslated sequence of tobacco mosaic virus. (B) RNAi con- 
structs used. Each RNAi vector contains the inverted repeat sequence 
corresponding to regions I to IV of the NtFAD3 gene as indicated in 
(C). A control plasmid, plR-IMPDH, harbored an RNAi cassette for 
the tea IMPDH gene. pSH-hp-RDR6 contained an inverted repeat 
sequence against the NtRDR6 gene. pTF1AGS was used in the pro- 
duction of RNAi plants (Rll line) against the NtFAD3 gene. P35S, 
CaMV 35S promoter. (C) Probes used. Probes I to IV were designed 
to detect the NtFAD3 siRNAs corresponding to regions I to IV. 

structs in which the inverted repeat cassettes harbored the 
NtFAD3 sequences corresponding to the following 4 regions 
(Fig. 1); 121-373 (pSO-hp-I construct), 451-700 (pSO-hp- 
II), 783-1040 (pSO-hp-III), and 1122-1358 (pSO-hp-lV) of 
the NtFAD3 cDNA (GenBank accession no. D26509). We 
investigated the silencing capability of these newly con- 
structed RNAi vectors by using hairy roots according to a 
method previously reported (Hirai et al., 2007). Hairy roots 
were produced by co-introduction of the Ri plasmid and the 
RNAi vector into the $24 leaves. Then, the 18:3 level of 
each hairy root was determined. The average 18:3 content 
was 60% of total fatty acids in the control hairy roots and 
decreased by about 25%-45% in hairy roots containing the 
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Fig-re 2. Detection of the siRNAs in RNAi plants infiltrated with the 
NtFAD3-sense construct. The primary NtFAD3 siRNAs generated 
from the R11 locus were detected by a sense-specific riboprobe cov- 
ering target regions (T-probe). The secondary NtFAD3 siRNAs were 
detected by a riboprobe (D-probe) covering the 3' downstream 
region adjacent to the target region as previously reported (Shimam- 
ura et al., 2007). pSO-NtFAD3 was introduced into the R11 and R1 "i - 
ARDR6 leaves. The blot was reprobed with a gene for tRNA-Gly 
(GCC) to verify that approximately the same amount of small RNA 
was loaded per lane. 

RNAi constructs (pSO-hp-I to -IV) (Fig. 3). The silencing phe- 
notype by pSO-hp-III and -IV was apparently intense relative 
to the phenotype by pSO-hp-I and -II. The precise reason of 
this enhancement of silencing by pSO-hp-III and -IV is unclear. 
These results indicated that the RNAi vectors tested were 
effective to induce RNA silencing of the NtFAD3 gene. 

Next, we investigated the secondary siRNA generation 
induced by these four RNAi vectors. The hairpin dsRNAs were 
transiently expressed in the NtFAD3-overexpressing $24 
leaves. As a control, plR-IMPDH was also introduced. This 
plasmid harbored a tea cDNA fragment against the IMPDH 
gene in an inverted repeat manner. The generated NtFAD3 
siRNAs in the infiltrated leaves were detected by using sense 
riboprobes corresponding to regions I to IV (Fig. 1). 

When pSO-hp-I was introduced into the $24 leaves, we 
observed the production of NtFAD3 siRNAs. No NtFAD3 
siRNAs were generated in the leaves infiltrated with a con- 
trol plasmid, plR-IMPDH. About 21-nt-long primary siRNAs 
derived from pSO-hp-I could be detected by using probe I, 
and the secondary NtFAD3 siRNAs corresponding to regions 
II to IV were successfully detected in the $24 leaves (Fig. 4). 
Therefore, RdRP synthesized the NtFAD3 cRNAs covering 
the 3' downstream region corresponding to the nucleotide 
position from 451 to 1358 of NtFAD3 cDNA. 

Next we introduced pSO-hp-II into the $24 leaves. The 
primary NtFAD3 siRNAs detected by probe II accumulated, 
and secondary siRNAs corresponding to regions III and IV 
were detected. As expected from our previous results (Shi- 
mamura et al., 2007), we failed to detected secondary siR- 
NAs generated from the 5' upstream region (namely region 
I). There were some faint hybridized signals with the probe I 
(Fig. 4). These signals are expected to have originated from 
nonspecific hybridization since there was no significant dif- 
ference in the signal intensities between the RNA sample 
infiltrated with plR-IMPDH and that with pSO-hp-II. 

Then, we transiently expressed the RNAi cassette of pSO- 

Figure 3. Effects of different RNAi target sequences on RNAi effi- 
ciency. The levels of 18:3 in total fatty acids of hairy roots are shown. 
Each RNAi vector was introduced into the $24 plants with an Ri plas- 
mid. plR-IMPDH was used as a control. All RNAi constructs against 
the NtFAD3 gene showed the RNAi phenotype, namely decreased 
level in 18:3. Vertical line indicates SD (n= 16). 

hp-III in the $24 leaves. The primary and secondary NtFAD3 
siRNAs corresponding to regions III and IV, respectively, 
were generated in the infiltrated $24 leaves. Although the 
secondary siRNAs against region II were observed in the 
leaves infiltrated with pSO-hp-I, the siRNAs corresponding 
to region II apparently lacked in the $24 leaves infiltrated 
with pSO-hp-III (Fig. 4). 

By introducing pSO-hp-lV into the $24 leaves, we detected 
the primary NtFAD3 siRNAs corresponding to region IV. How- 
ever, the NtFAD3 siRNAs derived from regions I to III were 
deficient in the infiltrated $24 leaves (Fig. 4). These results 
indicated that generation of NtFAD3 secondary siRNAs cor- 
responding to the 5' upstream region relative to the inducer 
sequence was severely limited irrespective of the region of 
inducer sequence. 

Our results suggest that RdRP does not participate in 
cRNA synthesis corresponding to the 5' upstream region 
regardless of the distance between the inducer sequence 
and 3' end of the NtFAD3 transgene template, which is in 
agreement with the RDR6-dependent synthesis of a 3' 
downstream region of the trans-acting siRNAs (Ronemus et 
al., 2006). The possibility in which the secondary NtFAD3 
siRNAs are slightly synthesized from the 5' upstream region 
adjacent to the inducer sequences cannot be excluded, but 
there was a significant difference between the amounts of 
the secondary siRNAs from the 5' upstream and those from 
the 3' downstream regions. Several early reports clearly 
demonstrated efficient spreading into a 5' upstream region 
adjacent to the inducer sequence (Van Houdt et al., 2003; 
Garcia-Perez et al., 2004; Bleys et al., 2006). In such cases, 
another RdRP, not RDR6, may synthesize cRNAs by using 5' 
upstream transgene fragments as a template. 

The factors required for recruitment of another RdRP onto 
5' upstream regions in the spreading of RNA silencing are 
still unclear. The green fluorescent protein (GFP) transgene 
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Figure 4. Detection of the NtFAD3 siRNAs in the $24 leaves infiltrated with RNAi vectors. Four distinct sense riboprobes (probes I to IV) cover- 
ing regions I to IV of the NtFAD3 cDNA (see Fig. 1) were used. The blot was reprobed with a gene for tRNA-Gly (GCC) to verify that approxi- 
mately the same amount of small RNA was loaded per lane. Little NtFAD3 secondary siRNAs was detected in the $24 leaves infiltrated with 
plR-IMPDH (left lane). The figures enclosed with a bold line show the accumulation of primary NtFAD3 siRNAs originated from the RNAi con- 
structs. The position of the 20-nt long ribonucleotides is shown on the right. 

allowed the spreading of RNA silencing into a 5' upstream 
region (Klahre et al., 2002; Himber et al., 2003; Miki et al., 
2005), but preferential generation of secondary siRNAs from 
the 3' downstream region of the GFP transgene was also 
reported in grafting-induced systemic gene silencing (Bros- 
nan et al., 2007). Thus, the spread into a 5' upstream region 
would not be regulated in a gene-specific manner. There 
would be unveiled cues determining the recruitment of 
RdRP onto the 5' upstream fragments of the transgene. The 
elucidation of such factors would be important to clarify the 
molecular mechanisms of the transitive RNAi. 
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