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RNA silencing has had a large impact on biology in
general, as well as on our understanding of plant-
pathogen interactions, especially interactions between
plants and viruses. While most of what we know about
the mechanism of RNA silencing was deduced in the
last 12 years, many of the interactions between plants
and viruses, as well as virus-virus interactions in plants,
which we now know are manifestations of RNA silen-
cing, were the subject of decades of work from numer-
ous laboratories. These laboratories were examining the
nature and extent of phenomena such as recovery from
infection, the formation of dark green islands resistant
to re-infection, synergy between unrelated viruses and
cross-protection between related viruses, all first describ-
ed in the late 1920s. In this review, the relationships
between these phenomena and their place in the defense
mechanism we call RNA silencing will be described, to
show how they are all linked.
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RNA silencing or RNA interference (RNAi) in animals is a

system for regulation of ectopic gene expression, post-

transcriptional RNA turnover, removal of aberrant RNAs,

silencing of retrotransposons, and defense against virus

infection (Brodersen and Voinnet, 2006; Carr et al., 2010;

Chitwood and Timmermans, 2010; Csorba et al., 2009;

Ding and Voinnet, 2007; Eamens et al., 2008; Lewsey et al.,

2009; Moazed, 2009; Li and Ding, 2006; van Rij and

Andino, 2006; Vaucheret, 2006; Voinnet, 2005a, b). This

process regulates organismal development as well as the

normal maintenance of homeostatic gene functions.

Although the research that led to the discovery of RNA

silencing by double-stranded (ds) RNA, culminating in the

Nobel Prize in Physiology and Medicine being awarded in

2006 to Fire and Mello, was developed first in a free-living

nematode (Fire et al., 1998), the phenomenon of RNA

silencing itself was known some years earlier in plants

starting with the discovery that transgenic sense and anti-

sense RNAs could both suppress the expression of a related

gene (Jorgensen et al., 1996; van der Krol et al., 1990;

Napoli et al., 1990; Smith et al., 1990). Subsequent work in

plants led to the idea that there was some sort of plant

surveillance system which could degrade RNAs, producing

small RNAs, and that the plant-encoded RNA-dependent

RNA polymerase (RdRp) possibly was involved in this

process (Goodwin et al., 1996; Lindbo et al., 1993). In the

following years, small RNAs of 21−25 nt were found

associated with degradation of transgene RNAs (Hamilton

and Baulcombe, 1999; Mette et al., 2000) and the tomato

RdRp gene (RDR) was isolated and characterized (Schiebel

et al., 1998). Soon thereafter, genes in a bread mold (Cagoni

and Machino, 1999), a nematode (Schmardon et al., 2000)

and a plant (thale cress; Dalmay et al., 2000; Mourrain et

al., 2000) involved in RNA silencing all were found to be

similar to the tomato RDR gene. Later, it was shown that

while there was only one RDR gene in lower eukaryotes,

there were six RDR genes in Arabidopsis thaliana and that

different RDRs were involved in either overlapping or

distinct pathways in RNA silencing (Chan et al., 2004;

Garcia-Ruiz et al., 2010; Qu et al., 2005; Schwach et al.,

2005; Wang et al., 2010; Yang et al., 2004; Yu et al., 2003).

Thus, it became clear that plants, fungi and (some) animals

all contained a novel RNA degradation system that re-

gulated gene expression. In congruence with the discovery

that plant viruses encoded suppression proteins of this cell

surveillance system (Csorba et al., 2009), it was apparent

that this RNA degradation system also was involved as a

novel virus resistance mechanism distinct from the innate

immunity system common to resistance to various patho-

gens in plants (Chisholm et al., 2006). While many details

of the components of this system were first described in

animal models (Dicer, RISC, Argonaute-like proteins,

miRNAs, etc.), further work in plants complemented the

work in animal models and extended them. This was due

largely to the number of orthologous genes involved in

overlapping or unique aspects the RNA silencing pathway,

the wealth of mutants affecting various steps in RNA

silencing in A. thaliana, and the plethora of plant virus-

encoded suppressors of RNA silencing (VSR), which

delimited and refined the mechanism of the RNA silencing

pathway. Similarly, while practical applications of RNA
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silencing in medicine have not yet become manifest, they

have been utilized effectively in plant systems in agriculture

(Gottula and Fuchs, 2009).

Although RNA silencing and various related aspects,

such as ectopic gene regulation, are at the forefront of

molecular biology, many of the manifestations of RNA

silencing were known for many decades, although their

significance and mechanistic details were obscure. In epi-

stemological terms, they were unknown knowns; i.e., some-

thing we knew of, but did not understand where it fit or

what it meant. This mini-review will recapitulate these

early phenomena associated with plant virus interactions in

plants, showing how they are associated with various

aspects of RNA silencing and its suppression. 

Recovery

The description by Wingard (1928) of the course of infec-

tion of the nepovirus tobacco ringspot virus, included the

observations that after some time, the new leaves that

emerged were symptomless and also were resistant to re-

infection by the same virus. Similar observations were made

over the intervening decades with alfalfa mosaic virus

(Ross, 1941), other nepoviruses (Harrison, 1958; Lister and

Murant, 1967), tobacco rattle virus (TRV; Cadman and

Harrison, 1959) and cauliflower mosaic virus (CaMV) in

kohlrabi (Al-Kaff and Covey, 1995). In addition, except for

CaMV, these other viruses also were all seed transmissible

to some extent (Mink, 1994), indicating a link between the

recovery state and the ability to enter the meristem. How-

ever, the nature of the recovery state remained a mystery

until the late 1990s. The seminal work that explained the

nature of the recovery state was preceded by observations

from some lines of transgenic plants expressing viral

sequences. It was observed that plants expressing mode-

rate-to-high levels of the viral transgene would initial-

ly become infected by the corresponding virus, but then

these plants would recover from infection at which point

they also had no detectable virus in the upper leaves and

suppressed accumulation of the transgene RNA (Lindbo et

al., 1993; Smith et al., 1994). Those authors suggested that

such transgenic plants may require infection of the apical

meristem to bring about this recovery state, which was

caused by activation of the RNA degradation system (Lindbo

et al., 1993). Following on from this work, Covey et al.

(1997) and Ratcliff et al. (1997) independently showed a

linkage between recovery and what we now call RNA

silencing. Covey et al. (1997) showed that the CaMV 35S

and 19S RNAs were degraded in recovered kohlrabi plants,

while host RNAs were not affected, demonstrating that the

effects observed in virus-infected, recovering transgenic

plants also occurred in plants that were recovering from

virus infection but in the absence of a viral transgene. This

indicated that the two types of recovery probably were

related, mechanistically. Ratcliff et al. (1997) re-examined

the recovery observed during infection by a nepovirus,

tomato black ring virus, and the ability of such recovered

plants to resist re-infection. They showed that the recovered

tissue did contain low levels of virus, but could not be re-

infected by the same virus or a closely related strain of the

same virus, yet these tissues could be infected by a different

nepovirus or an unrelated virus, potato virus X (PVX). In

addition, such recovered plants also could not be re-infected

by a PVX vector containing sequences of tomato black ring

virus, indicating that the mechanism preventing replication

of the second virus was based on the relatedness of the

RNA sequences of the two viruses. A similar approach was

then used to show that plant tissue that had recovered from

infection by TRV expressing the green fluorescent protein

(GFP) was immune to re-infection by PVX expressing the

enzyme β-glucuronidase (GUS) and part of the GFP gene,

but not to PVX-GUS alone (Ratcliff et al., 1999). In a quite

different situation, after infection by cucumber mosaic virus

(CMV), the plants showed only a transient recovery leading

to a cycling of symptoms in tobacco (Gal-On et al., 1995;

Loebenstein et al., 1977) and Nicotiana benthamiana

(Fukuzawa et al., 2010). Interestingly, in N. benthamiana

(Fukuzawa et al., 2010), but not tobacco (Shams-Bakhsh et

al., 2007), transgenic expression of HC-Pro, a VSR from

potato virus Y (PVY), prevented the cycling of symptoms

induced by CMV. Unlike tobacco (Xie et al., 2001), N.

benthamiana does not contain a functional RDR1 (Yang et

al., 2004). These experiments all demonstrated that recovery

was a manifestation of RNA silencing. 

What exactly initiates recovery in such plants remains

unclear, but it does appear to relate to the invasion of the

meristem by the virus at some stage during infection, and

shortly thereafter RNA silencing leading to recovery is

activated. Prior to this step, the virus is able to evade or

suppress the RNA silencing mechanism. Apparently, the

ability of RNA to enter the meristem is compromised by

several VSR (Foster et al., 2002; Martínez-Hernández and

Baulcombe, 2008; Sunpapao et al., 2009) and in some

cases, RDR6 is involved in preventing RNAs from entering

the meristem (Di Serio et al., 2010; Qu et al., 2005;

Schwach et al., 2005). Additionally, in some cases, the level

of RDR6 mRNA was down-regulated by the action of VSR

(Zhang et al., 2008). Similarly, seed transmission, which is

linked to entry of viruses into the meristem, has been

mapped in some cases to viral genes now known to be VSR

(Csorba et al., 2009; Edwards, 1995; Johansen et al., 1996;

Maule and Wang, 1996: Wang et al., 1997). These studies

all provide further links between recovery, entering the meri-

stem, seed transmission, and the RNA silencing system.
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Synergy

In many cases, infection by unrelated viruses led to an inter-

action called synergy, in which the disease produced was

worse than caused by either virus alone (Palukaitis and

MacFarlane, 2006). Such synergistic interactions were first

described in the 1920’s, by Vanterpool (1926), Blood

(1928), and Smith (1928). More than 20 examples of syner-

gistic interactions have been described since then, most, but

not all of which, involved a potyvirus or a tobamovirus,

which usually did not increase in accumulation (Palukaitis

and MacFarlane, 2006). However, in almost all examples

so characterized, the other virus in the mixture showed an

increase in virus accumulation; while in some rare cases

either both viruses or neither virus increased in accumu-

lation (Palukaitis and Kaplan, 1997; Palukaitis and

MacFarlane, 2006). Much detailed work was done by Ross

and colleagues between 1950 and 1974, characterizing the

nature of the synergistic interactions between PVX and

PVY. They showed that co-infection by PVX and PVY

resulted in an increase in accumulation of PVX, but not of

PVY, and that co-inoculation of the two viruses resulted in

higher levels of PVX accumulation then when either virus

was inoculated some days before the other (Rochow and

Ross, 1955; Goodman and Ross, 1974a). Their data sug-

gested that for PVX levels to increase, the cells of the

infected leaves needed to be doubly infected with both

PVX and PVY (Goodman and Ross, 1974b), and these

cells needed to be actively accumulating PVY when PVX

infection took place (Damirdagh and Ross, 1967; Goodman

and Ross, 1974a). This was also shown to be the case for

the synergistic interactions between the potyvirus zucchini

yellow mosaic virus and the cucumovirus CMV (Poolpol

and Inouye, 1986). The increase in PVX accumulation

paralleled the increase in disease synergy, which was

dependent on a number of factors such as the temperature,

the type of tissue analyzed, and the growth stage of the

inoculated plant (Rochow and Ross, 1955). Damirdagh and

Ross (1967) speculated that “infection by PVX normally

induces reactions that act to limit PVX synthesis but is

unable to do so in a cell in which PVY is actively multi-

plying.” The nature of the substance limiting PVX infection

was not understood, but we now recognize this as RNA

silencing. 

Little further was done mechanistically concerning the

nature of synergy, until Vance (1991) re-examined the inter-

actions between PVX and PVY, using molecular tools not

available in the earlier studies. Vance confirmed and ex-

tended the conclusions of Goodman and Ross (1974a, b),

showing that both the level of PVX RNA and coat protein

(CP) increased during the synergistic interaction with PVY,

but neither component of PVY showed an increase in

accumulation. She also showed that during the synergistic

interaction, the (−) RNA of PVX increased dispropor-

tionately (~8 fold) in comparison with the increase in (+)

PVX RNA observed in the doubly infected plants (Vance,

1991). This increase in accumulation of (−) RNA, which is

usually found in the form of dsRNAs after isolation, is

consistent with synergy affecting some process that reduces

the accumulation of dsRNA, although this may be a sim-

plistic explanation, since such disproportional increases

were not always observed and appeared to depend upon

both the host used and the particular virus combinations

tested (García-Cano et al., 2006; González-Jara et al., 2004;

Wang et al., 2002). In some cases, synergy between viruses

could also break resistance plants exhibited against one of

the viruses (Choi et al., 2002; Murphy and Kyle, 1995;

Wang et al., 2004), or transiently enhance the spread of

another virus (Sáenz et al., 2002). Whether the nature of

these resistance responses were manifestations of RNA

silencing is not known.

By the mid-1990’s, several laboratories has produced

transgenic plants expressing various potyviral sequences.

Vance and her colleagues took advantage of this to take our

understanding of synergy to the next level. After showing

that other potyviruses [tobacco vein mottling virus and

tobacco etch virus (TEV)] could interact synergistically

with PVX in tobacco, Vance et al. (1995) showed that some

transgenes derived from these viruses could increase both

PVX-induced pathogenicity and also the accumulation of

PVX in transgenic tobacco. Specifically, PVX accumu-

lation and virulence was increased in transgenic tobacco

plants expressing the P1/HC-Pro/(partial or complete) P3

encoding regions of these two potyviruses, but not in trans-

genic tobacco expressing other coding sequences of tobacco

vein mottling virus (Vance et al., 1995). Mutational analysis

showed that the central region of the HC-Pro encoding

sequences was involved in this activity (Shi et al., 1995).

They extended their work to show that transgenic plants

expressing the P1/HC-Pro/(partial) P3 coding sequences of

TEV could also stimulate enhanced pathogenicity and virus

accumulation after infection by tobacco mosaic virus (TMV)

or CMV (Pruss et al., 1997); two other viruses which also

interacted synergistically with TEV. This demonstrated that

this phenomenon was not limited to PVX and potyviruses,

and that synergy did not require the replication of both

viruses, but rather specific sequences. Using a PVX vector

to express TEV sequences, Pruss et al. (1997) also showed

that the specific viral sequence required to enhance patho-

genicity and the increase in accumulation of both (+) and

(−) PVX RNA was the P1/HC-Pro of TEV, and that it was

the protein and not just the RNA sequence encoding the P1/

HC-Pro that caused this effect; HC-Pro alone also increased

PVX RNA accumulation, but not to the same extent as P1/
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HC-Pro (Pruss et al., 1997). This may be some due to some

role of the P1 protein in the optimal folding of the HC-Pro

during translation. Thus, the stage was set for the next step,

to determine what the function of P1/HC-Pro was in

enhancing accumulation and virulence of unrelated viruses;

an epistemological known unknown.

RNA Silencing Suppressors

In late 1998, three papers appeared also showing that the

HC-Pro was a suppressor of the RNA silencing of a

reporter transgene (Anandalakshmi et al., 1998; Brigneti et

al., 1998; Kasschau and Carrington, 1998), indicating that

gene silencing was also a natural antiviral defense system.

Anandalakshmi et al. (1998) showed that the crosses made

between transgenic tobacco plants expressing the TEV P1/

HC-Pro/(partial) P3 and transgenic plants silenced for GUS

expression resulted in progeny plants that could express

GUS. Such plants were also susceptible to infection by

PVX expressing GUS. Moreover, while infection of GFP-

expressing plants by PVX expressing GFP would induce

the silencing of expression of GFP and ultimately inhibit

PVX accumulation [the so-called virus-induced gene silen-

cing (VIGS; Ruiz et al., 1998)], PVX expressing P1/HC-

Pro and GFP did not induce VIGS and PVX expressing

either P1/HC-Pro or just HC-Pro could interfere with the

PVX-GFP-induced VIGS in co-inoculated GFP-expressing

transgenic plants. Kasschau and Carrington (1998) also

used transgenic plants silenced for expression of a defective

GUS gene to show that these could not be infected by

PVX-GUS, but could be infected by PVX-GFP, and that if

such plants were crossed with transgenic plants expressing

P1/HC-Pro of TEV, the segregating progeny could be

infected by PVX-GUS, if they contained both GUS and P1/

HC-Pro genes, or the P1/HC-Pro gene alone, but not the

GUS gene alone. Moreover, those plants containing both

P1/HC-Pro and GUS genes showed high levels of GUS

mRNA accumulation, unlike the lines without the P1/HC-

Pro gene, which accumulated low levels of GUS mRNA,

due to RNA silencing. Brigneti et al. (1998) used GFP-

expressing plants that were silenced by agroinfiltration and

then showed that both PVY and CMV could reverse the

silencing. In addition, they showed that the HC-Pro of PVY

and the 2b gene of CMV could also reverse the silencing of

the GFP transgene, when expressed from a PVX vector.

Interestingly, they found that while the HC-Pro could affect

the maintenance of RNA silencing, by reversing RNA

silencing in leaves in which it has become established, the

CMV 2b protein could not do so, and only prevented RNA

silencing from becoming established in new leaves that had

not emerged at the time of inoculation. This showed that the

two VSR had different effects and presumably different

targets.

Over the following years, viruses belonging to most plant

virus genera (Carr et al., 2010; Csorba et al., 2009; Ding

and Voinnet, 2007; Lewsey et al., 2009; Li and Ding, 2006;

Palukaitis and MacFarlane, 2006) and some animal virus

genera (Bivalkar-Mehla et al., 2011) were shown to contain

VSR, and in some cases, the specific targets or roles of

these VSR also have been deduced. The various VSR do

not have common sequences or structural motifs/domains

and most of them have other roles in the virus infection

cycle, including in replication, movement, encapsidation

and transmission. Some VSR have common targets in the

RNA silencing pathway (Carr et al., 2010; Csorba et al.,

2009; Ding and Voinnet, 2007; Lewsey et al., 2009),

although most, if not all, bind siRNAs (Lakatos et al., 2006;

Mérei et al., 2006; Rashid et al., 2008). Some viruses have

more than one VSR. The closterovirus citrus tristeza virus

contains three VSR, with different specificities: the P23

inhibits intracellular silencing, the CP inhibits long-distance

signaling and the P20 does both (Lu et al., 2004). The

crinivirus tomato chlorosis virus also contains three VSR:

the P22 encoded by RNA 1 interfered with local RNA

silencing but not with the spread of the silencing signal,

while both the major and minor capsid proteins, encoded by

RNA 2, also showed local RNA silencing suppression

activity (Cañizares et al., 2008). On the other hand, the

crinivirus sweet potato chlorotic stunt virus expresses a

small dsRNase that cleaves siRNAs such that they cannot

function in RNA silencing and works in concert with the

P22 protein of this virus (Cuellar et al., 2006; Kreuze et al.,

2005). Thus, even between viruses within the same genus

there are differences in the functions of VSR. Differences in

levels of virus accumulation between hosts (and viruses)

may reflect the extent to which a VSR is able to suppress

the host defense against that virus. Therefore, it is not

surprising that when two viruses are present in a mixed

infection and they have different targets of inhibition of the

RNA silencing pathway, at least one virus show an increase

in virus accumulation.

It is likely that virtually all viruses contain some sort of

VSR, with the likely exception of cryptic viruses. These are

dsRNA viruses that apparently only express genes encod-

ing a replicase and a CP, and replicate inside the virus

particles (Boccardo and Accotto, 1988). They are not

infectious to plants, but are present at low levels in all cells

of plants containing them, being transmitted only vertically

through seeds (Boccardo et al., 1987). 

Dark Green Islands

The infection of many plants by viruses leads to a mosaic

symptom, in which light green or yellow areas are inter-
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spersed with dark green islands (DGIs). This symptom

response was known before the concept of viruses was

elucidated by Beijerinck in 1898 and was described for

tobacco (Allard, 1914), although many other plant species

infected by numerous viruses show this response. Holmes

(1928) first showed that the DGIs contained less infective

material than the chlorotic areas of tobacco leaves infected

by TMV; he estimated the level of TMV present in DGIs at

about 4% of the TMV present in the chlorotic tissue. In the

1960’s and 1970’s, other groups also found that the level of

virus in the DGIs was 0−9% of that found in the chlorotic

tissue, using different viruses and different hosts (rev. by

Moore and MacDiarmid, 2006). More recently, using more

sensitive molecular tools (nucleic acid hybridization) and

larger numbers of samples, Moore et al. (2001) showed that

the DGIs fell into three classes in N. benthamiana infected

by the potyvirus, tamarillo mosaic virus (TaMV): 67% of

the DGIs had less than 1% of the virus found in the yellow

tissues; 19% of the DGIs had 1−10% of the virus present in

the yellow areas; and 14% of the DGIs had 10−50% of the

virus found in the yellow areas. The reasons for this

variation are unknown, but may represent different extents

of penetration of the tissue by an inhibitor. The nature of

this inhibitor is likely to be RNA silencing. 

As early as 1933, it was recognized that these DGIs were

resistant to re-infection. Salaman (1933) showed that DGIs

in plants infected by PVY were resistant to re-infection by

the same or another strain of PVY. Others studies confirm-

ed this observation, using different viruses. Fulton (1951)

showed that DGIs of tobacco infected with TMV showed

resistance to re-infection, Loebenstein et al. (1977) showed

that the DGIs of tobacco infected with CMV were resistant

to re-infection with CMV, but not with TMV, and Ferguson

and Matthews (1993) showed that DGIs in Chinese cabb-

age infected with turnip yellow mosaic virus were resistant

to re-infection by the same virus. Moore et al. (2001) also

found that DGIs of N. benthamiana plants infected with the

potyvirus TaMV were not resistant to infection by the

potexvirus white clover mosaic virus, but were resistant to

infection by a white clover mosaic virus vector expressing

sequences of TaMV. In addition, transgenic plants express-

ing CP sequences of TaMV eventually recovered from

infection by TaMV; however, the DGIs formed in infected

leaves before recovery showed an absence of both virus

accumulation and the accumulation of the TaMV transgene

mRNA (Moore et al., 2001). These experiments demon-

strated that DGIs are a manifestation of RNA silen-

cing, although why they occur in such islands is not known.

Interestingly, the formation of DGIs against a chimeric

hordeivirus was either reduced or inhibited in transgenic N.

benthamiana plants expressing a VSR, the HC-Pro of

potato virus A (Yelina et al., 2002); however the DGIs

induced by infection with either TMV or CMV were not

affected by the transgenic expression of PVY HC-Pro in

tobacco (Shams-Bakhsh et al., 2007). Thus, DGI formation

can be affected by VSR in some cases, as was the cycling of

recovered and symptomatic tissues after infection by CMV

(Fukuzawa et al., 2010), further linking these various phen-

omena involving plant-virus interactions. 

Cross-protection

Cross-protection is a phenomenon occurring between related

viruses, in which one virus interferes with or protects against

infection by the other virus. Cross-protection was noted

first by McKinney (1929), who observed the protection

afforded by different strains of TMV against each other,

when one strain was inoculated to the plant some days

before the other strain. Similarly, Salaman (1933) observed

that a mild strain of PVX could protect against infection by

a severe strain of PVX in potato, and Webb et al. (1952)

demonstrated that cross-protection also could occur bet-

ween strains of the phloem-limited potato leafroll virus in

potato. Many other examples of cross-protection have been

described and it has been applied in the field since the early

1950’s (Fulton, 1986; Gal-On and Shiboleth, 2006; Ziebell

and Carr, 2010). Since the 1930’s, models to explain cross-

protection have appeared, but it was not until the 1970’s

that testable models appeared. The earlier models included

precursor exhaustion (the first virus using up some plant

component that was required by a related virus) and filling

of some cellular replication site (shared by related viruses,

but not unrelated ones) (Ziebell and Carr, 2010). Later

models included CP of the initial virus preventing uncoating

of the (related) challenge virus (Sherwood and Fulton, 1982;

de Zoeten and Fulton, 1975) and an RNA-mediated,

RNA:RNA binding mechanism (Palukaitis and Zaitlin,

1984), to explain cross-protection involving viroids (Niblett

et al., 1978), which have no CP (Ding, 2009; Flores et al.,

2005). Various experiments indicated that CP was or was

not necessary for cross-protection to occur between related

viruses (Ziebell and Carr, 2010), without any firm

resolution; those in favor of it and those against it are all

convinced they are right! In an effort to demonstrate

whether or not CP was involved in cross-protection, the

Beachy group in collaboration with the Monsanto Company

generated transgenic tobacco expressing TMV CP and

showed that these plants were protected against infection by

TMV, exhibiting a delay in systemic infection (Powell-Abel

et al., 1986). Ironically, this was indeed a case of CP-

mediated protection, rather than RNA-mediated resistance

(Bendahmane and Beachy, 1999; Asurmendi et al., 2007),

as was observed in most of the other studies using CP genes

or other sequences of other viruses (Csorba et al., 2009).



202 Peter Palukaitis

However, given the subsequent work with transgenic plants

expressing sequences of other viral genes and/or untrans-

latable sequences showing high resistance or a recovery

form of resistance, doubt was again cast on the role of CP,

or specifically, the need for CP, in cross-protection. 

In examining whether “cross-protection” between unrelated

viruses expressing common (GFP) sequences could also

occur in non-recovered tissues, Ratcliff et al. (1999) show-

ed that N. benthamiana plants systemically infected with

PVX-GUS did not affect infection by TMV-GFP, but plants

infected systemically by PVX-GUSGF (expressing GUS,

but also containing part of the GFP gene), did prevent

infection by TMV-GFP. Those authors concluded that this

demonstrated that cross-protection was an RNA-mediated

defense mechanism (Ratcliff et al., 1999). However, this

does not explain the various instances of cross-protection,

where CP was required (Powell-Abel et al., 1990; Sherwood

and Fulton, 1982; Sherwood, 1987), or where using RNA

as an inoculum could overcome cross-protection (Dodds et

al., 1985; Nelson et al., 1987). Fulton (1986) also lists many

cases of non-reciprocal cross-protection, for which there is

no current explanation. These would have to be examined

again, in the light of the current systems and technology

available. With regard to RNA silencing as the sole

mechanism, it should be pointed out that cross-protection

between tobamoviruses in Arabidopsis did not require

RDR6 activity (Kurihara and Watanabe, 2003) and cross-

protection by CMV with a deletion of the 2b VSR against

wild-type CMV did not require the Dicer-like RNases

involved in siRNA-mediated protection (Ziebell and Carr,

1999). Thus, cross-protection does not involve a single

mechanism, but as discussed by Gal-On and Shibboleth

(1986) and Ziebell and Carr (2010) cross-protection is a

phenomenon that has multiple mechanisms. For example,

Culver (1996) observed good protection against infection

by TMV by pre-inoculating the plants with PVX express-

ing the CP of TMV, whereas some protection, but not as

good, was obtained when the PVX expressed non-trans-

latable TMV CP sequences. Thus, RNA silencing and CP-

mediated preventing of uncoating are likely to be two of the

mechanisms of cross-protection, but there may be other

underlying mechanisms not yet explored. 

Conclusions

The pillars of RNA silencing rest on the foundations of

various phenomena that were discovered in the late 1920’s:

recovery, synergy, DGIs and cross-protection. Recovery,

GDIs and cross-protection (in part) are all manifestations of

the same host defense response. The discovery of VSR

came directly from identifying the role of specific gene

products in viral synergism. Similarly, the identification of

RDR genes in RNA silencing followed on from work in

the early 1970’s showing that plants induced the expression

of an RdRp upon infection (Fraenkel-Conrat, 1983;

Wassenegger and Krczal, 2006). Some of these RdRps are

now known to be involved not only in RNA silencing, but

also in transcriptional silencing of DNAs and the epigenetic

control of gene expression (Chan et al., 2004; Lippman and

Martienssen, 2004; Wassenegger, 2005). RdRps are also

involved in innate resistance, including the salicylic acid-

mediated defense response (Gilliland et al., 2003; Xie et al.,

2001; Yang et al., 2004) and the jasmonic acid-mediated

defense response (Pandey and Baldwin, 2007; Pandey et

al., 2008). Thus, the RdRps are key components of quite

different defense pathways, providing defenses against

viruses, bacteria, fungi and insects (Boller and Felix, 2009;

Carr et al., 2010; Chisholm et al., 2006). It will be interest-

ing to see what other phenomena or processes are linked to

these various defense pathways. Perhaps an examination of

the old literature for such phenomena will stimulate

someone to make the next great breakthrough.
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