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We showed previously that grafting transmitted silencing 
occurred when transgenic ACC oxidase 1 (ACO1) overexpressing 
tomato plants that also produced siRNAs were grafted onto trans‑
genic stocks that already showed strong silencing. The presence of 
siRNAs in these overexpressing scions may indicate that silencing, 
though inefficient, may already occur at a low level before grafting. 
To test if a silencing state with a relatively high level of target mRNA 
can be shifted towards further more effective silencing, we grafted an 
ACO1 antisense (AS) line with a high level of antisense ACO1 
transgene mRNA and low level of siRNAs to the ACO1 strong 
silencer stock. The AS mRNA level was reduced dramatically two 
weeks after grafting. More interestingly, self‑grafting of ACO1 
overexpressers and AS lines also induced strong silencing in the 
scions. We suggest that grafting transmitted silencing may involve 
the switching from an inefficient or weak silencing state to a 
stronger silencing by a systemic silencing signal, similar to the 
change of silencing states that sometimes occurs during develop‑
ment. Control experiments using non-transgenic stocks designed to 
test whether wounding alone is responsible for generating a signal 
that enhances silencing in transgenic scions gave negative results. 
We propose that the build‑up of silencing signal and/or molecules at 
both sides of the grafting junction and their sudden release when 
the phloem is reconnected may be critical to grafting transmitted 
silencing.

It is well established that silencing can be transmitted to a non-
silencing scion by grafting onto a silencing stock, provided that 
a high level of target mRNA is accumulated in the scion before 
grafting.1,2 Silencing can also be transmitted from a scion to a 
stock. The transmission direction can be manipulated by changing 
the source and sink relationship, suggesting transmission through 
phloem.3 In most cases tested, the scion contains the same transgene 
as in the stock and the high level of target mRNA is largely due to 

the accumulation of mRNAs from the transgene by transcription 
from a strong promoter such as the CaMV 35S promoter. We have 
shown recently that grafting‑transmitted silencing occurs when ACC 
oxidase 1 (ACO1) overexpressers are grafted to a strong (ACO1) 
silencer rootstock in tomato.4 Interestingly, small interfering RNAs 
(siRNAs) could be detected in the overexpressers before grafting. 
Since different versions of the silencing transgene were available, the 
effect of transgenes in the stock and scion could be distinguished. 
This provided us with an excellent system to investigate transmis-
sion of the systemic silencing signal. Using the different transgene 
constructs, we were able to show that the siRNAs arise from the 3’ 
region of the transgene in the overexpressers (scion) and the 5’ region 
in the strong silencer (stock)4,5 (Fig. 1). This showed that the grafting 
process did not change the siRNA generation site to conform to that 
in the silencer stock but stimulated the production or amplification 
of the existing siRNAs in the scion. We proposed that another signal, 
such as larger aberrant RNAs (abRNA), rather than siRNAs, might 
be the systemic silencing signal. This grafting‑transmitted silencing 
is maintained even in plants propagated from cuttings of the scions 
(data not shown), similar to the maintenance of silencing after scions 
with grafting‑transmitted silencing are regrafted onto non-silencing 
stocks.6 Silencing is not inherited, however, since the grafting‑ 
transmitted silencing is not maintained in progenies.6

More Efficient Silencing Induced by Grafting onto Strong 
Silencers and Self‑Grafting

Since an ACO1 antisense (AS) line has similar features to the 
ACO1 overexpressers, i.e., a high level of the transgene AS mRNAs 
and accumulation of siRNAs, we investigated if grafting of the  
AS line to the ACO1 strong silencers would lead to further silencing 
of the AS transgene. For this AS transgene, it is clear that its  
mRNA undergoes degradation by posttranscriptional gene silencing 
(PTGS) as the endogenous ACO1 mRNA is silenced.5,7 The anti-
sense ACO1 transgene produces two transcripts and the shorter one is 
due to an early alternative polyadenylation.7 �������������������������   This AS line accumulates 
much less siRNAs comparing to the strong sense silencer transgene, 
which is negatively correlated with the high level of transgene AS 
mRNA.5 This could indicate that the transgene mRNA may not be 
sensed as abRNA (it is designated to be capped and polyadenylated),7 
otherwise, we would expect much more siRNA. In other words,  
the low level of siRNA may reflect a low level of abRNA in the AS 
line. Interestingly, the AS transgene mRNA is reduced after grafting 
(Fig. 2A), demonstrating that further silencing can be induced by 
grafting onto a silencing stock.
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To test the nature of the silencing signal between the scion and 
stock in grafting transmitted silencing, we investigated if self‑grafting 
would lead to enhanced silencing. We used both the ACO1 strong 
overexpressers, which produce siRNA, and the AS line, which has 
low levels of siRNAs.5 Comparing the expression level of the trans-
genes between scions grafted onto wild type and self‑grafted scions, 
enhanced silencing by self‑grafting was observed with the ACO1 
overexpressers and the AS line (Fig. 2B and D). The enhanced 
silencing in ACO1 overexpressers by self‑grafting was associated with 
dramatic increase of siRNAs (Fig. 2C).

Changes of Silencing States by Development

The further silencing induced by grafting as described above may 
be considered as a switch of silencing from one state to another.  
A change in the level of other components in the silencing pathway 
may also lead to the switching of silencing state. Low temperature  
may inactivate Dicer (DCL1) and inhibit siRNA generation, 
switching a silencing state to an inefficient silencing state.8 Silencing 
may also be influenced by development. Several cases have been 
reported where silencing is switched on at certain stages of devel-
opment.9,10 Gene silencing of tobacco chitinase occurred during 
seedling development and the silenced genes were reset to a high 
expressing state in developing seeds 8–11 days post pollination.10  
In a transgenic tomato line containing a trunctated polygalac-
turonase (PG) gene driven by the CaMV 35S promoter, siRNAs 
accumulate in leaves and green fruits, in which the endogenous PG 
gene is not expressed. The transgene mRNA accumulates at relatively 
high level in leaves and immature green fruits (before reaching the 
final fruit size) even though siRNAs accumulate. However, the 
transgene mRNA level is reduced dramatically in mature green fruits 
(final size) when PG gene is switched on.11,12 Such an influence 
of the switch‑on of the endogenous PG gene transcription on the 
change of silencing state is supported further by the observation that 
the PG transgene silencing state did not change in the tomato mutant 
ripening inhibitor (rin), in which PG is not expressed in fruits.13  
This strongly supports the suggestion that a transient increase of 
target mRNA by the increased transcription in the PG transgene 
silencing system leads to further and more efficient silencing.

We showed in our previous paper and this current study that 
silencing in scions that had high levels of target mRNA and 
contained siRNAs before grafting could be enhanced by grafting 
to strong silencer stocks (Fig. 2A).4 In other cases of grafting‑ 
transmitted silencing reported previously it is difficult to exclude the 
possibility that siRNAs may be present in the scion sources before 
grafting, as found in our experiments. Thus, a scion source with 
high level of target mRNA before grafting may actually be in a low 
efficiency silencing state with little or no decrease in target mRNA 
level or very low level of siRNAs, similar to that observed with ACO1 
strong overexpresser.4 I�������������������������������������������         n a recent paper by Mourrain et al. ������� it was 
found that the target mRNA is not silenced in one line������� ���� (461–7/8) 
but grafting transmitted silencing occurred when it was grafted onto 
a silencing line (461–8).14 It is possible that the 461–7/8 scion source 
may contain a very low concentration of siRNAs because one of the 
parents is the silencing line 461–8.14 Therefore, grafting transmitted 
silencing may just be a switch of silencing states from weak silencing 
to stronger silencing, similar to the changes in silencing that occur 
during development.

The ���������������������������������������������������������������       systemic silencing signal involved in the grafting transmitted 
silencing could be abRNAs as we proposed previously.4 Any RNAs 
that are different from normal RNAs with regard to structure [cap‑, 
poly(A)], transcription termination (premature or late termination) 
and RNA binding proteins (e.g., exon junction complex) may be 
detected as aberrant RNAs.15 Such abRNAs may be recognized by 
RNA‑dependent RNA polymerase (RdRP) as templates for antisense 
RNA production. For example, the transgene mRNA of the strong 
silencer Line V can form local double‑stranded RNA (dsRNA) at 
the 5' end, and cleavage of the dsRNA by Dicer would generate 
decapped ACO1 mRNA, which is suggested to be the character-
istic of the templates for RdRP.5,16 Introduction of these decapped 
mRNAs into the ACO1 overexpresser scions by grafting may then 
help to increase the abRNA level, subsequently giving rise to a 
dramatic increase of siRNAs and strong silencing as we observed with 
the graftings of ACO1 overexpressers and the ACO1 antisense line 
over the line V stock (Fig. 2A).4 However, the success in enhancing 
silencing by self‑grafting experiments using ACO1 overexpressers 
and the ACO1 antisense line suggests that an altered or new silencing 
signal between the scion and stock may not be so critical. Rather,  
the accumulation and sudden release of silencing signal at the  
grafting junction before and after the reconnection of the phloem, 

Figure 1. Schematic diagram of grafting transmitted gene silencing of ACO1 
in strong overexpresser line C after grafting to ACO1 strong silencer line V. 
(A) The ACO1 strong overexpresser line C contained a sense ACO1 trans-
gene and showed much higher level of ACO1 mRNA (schematic) (light bar, 
wild type or wt; dark bar, line C) and also contained siRNAs from the 3’ 
region of the transgene (on the left).5 In contrast, the ACO1 strong silencer 
line V contained an ACO1 transgene with two inverted repeats (IRs) of the 
5’ UTR region and siRNAs were mainly from the 5’ region of the transgene 
(on the right).5 (B) The shoot of the line C was grafted to line V stock.  
(C) SiRNAs corresponding to the 5’ region of ACO1 would be expected to 
be detected in the scion if the siRNAs from the stock line V were transmit-
ted to the scion (on the left). However, grafting enhanced the generation of 
siRNAs from the 3’ region.4
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respectively, may be important for signal amplification. Both 
wounding sites (scion and stock) at the grafting junction may be 
sensed as a sink and silencing signal molecules such as abRNAs 
may be mobilised to these cells and accumulate, and subsequently 
dsRNA may be generated over the normal level. The reconnection 

of the phloem transport system, when the grafting junction between 
the stock and scion is healed, may create a wave of mobile RNAs, 
resulting from the combination of the relatively high level of these 
RNAs at both side of the junction, which then moves towards 
the shoot (the sink), breaking the previous silencing equilibrium 
and shifting it to a stronger silencing state. In our grafting experi-
ments, transmission of enhanced silencing occurred as early as two 
weeks after grafting. Sensitive experiments designed to detect long  
aberrant RNAs and siRNAs at the grafting junction site at early  
stages (3–10 days) post grafting may provide evidence to test our 
hypothesis. Whatever the nature of the transmitted signal, it is clear 
that transmission cannot be explained solely by the movement of 
siRNAs, since it is the scion siRNAs that increase, not those from 
the stock (Fig. 1). Our hypothesis may also explain other grafting  
transmitted silencing, in which target mRNA level is high but 
siRNAs are not detected in the non-silencing scion source. It could 
be that the concentration of signal RNAs held up by the grafting 
junction in the silencing stock is still sufficient to trigger silencing in 
the scion once the barrier at the grafting junction is removed and the 
phloem is reconnected.

We have also considered whether wounding itself caused by 
grafting could stimulate silencing. Wounding alone during grafting 
does not seem to cause the change of silencing state, however, since 
we and other groups showed that scions, which showed grafting 
transmitted silencing when grafted to silencing stocks, did not show 
grafting transmitted silencing when grafted to wild type stock or 
non-silenced stock.1,4,6 Failure in grafting transmitted silencing in 
such grafting controls (testing scions grafted to non-silenced stocks) 
also indicates that the build‑up of silencing signals on both sides of 
the grafting junction is critical.

In conclusion,������������������������������������������������         there is evidence that one silencing state can 
be changed into another (stronger) silencing state by grafting or 
development. We propose that the dramatic release of accumulated 
silencing signal RNAs at the grafting junction, when the phloem 
between the scion and stock is re-connected, may be the key to the 
grafting transmitted silencing.
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