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SUMMARY

Citrus tristeza virus (CTV) induces in the field the decline and

death of citrus varieties grafted on sour orange (SO) rootstock,

which has forced the use of alternative decline-tolerant root-

stocks in affected countries, despite the highly desirable agro-

nomic features of the SO rootstock. Declining citrus plants

display phloem necrosis below the bud union. In addition, SO is

minimally susceptible to CTV compared with other citrus vari-

eties, suggesting partial resistance of SO to CTV. Here, by silenc-

ing different citrus genes with a Citrus leaf blotch virus-based

vector, we have examined the implication of the RNA silencing

and salicylic acid (SA) defence pathways in the resistance of SO

to CTV. Silencing of the genes RDR1, NPR1 and DCL2/DCL4,

associated with these defence pathways, enhanced virus spread

and accumulation in SO plants in comparison with non-silenced

controls, whereas silencing of the genes NPR3/NPR4, associated

with the hypersensitive response, produced a slight decrease in

CTV accumulation and reduced stunting of SO grafted on CTV-

infected rough lemon plants. We also found that the CTV RNA

silencing suppressors p20 and p23 also suppress the SA signal-

ling defence, with the suppressor activity being higher in the

most virulent isolates.

Keywords: citrus decline, CLBV, reverse genetics, salicylic acid

signalling defence suppressor, viral vector.

INTRODUCTION

Citrus tristeza virus (CTV), genus Closterovirus, family Closteroviri-

dae, has a single-stranded (ss) positive-sense genomic RNA

(gRNA) of 19.3 kb, organized in 12 open reading frames (ORFs)

and 50- and 30-untranslated terminal regions (UTRs) of 107 and

296 nucleotides (nt), respectively. ORFs 1a and 1b, encoding pro-

teins of the replicase complex, are translated from gRNA, whereas

ORFs 2–11, encoding proteins p33, p6, p65, p61, p27, p25, p18,

p13, p20 and p23, are expressed via 30-coterminal subgenomic

RNAs (sgRNAs). These latter proteins are involved in virion

assembly, movement or interactions with the host (Dawson et al.,

2015; Moreno et al., 2008). The p25, p20 and p23 proteins act as

RNA silencing suppressors in Nicotiana benthamiana (Lu et al.,

2004; Ruiz-Ruiz et al., 2013), and p23 has been mapped as

responsible for the seedling yellows (SY) syndrome (Albiach-Mart�ı

et al., 2010). Moreover, transgenic Mexican lime [Citrus aurantifo-

lia (Christm.) Swing.], expressing p23, displays symptoms closely

resembling those produced by CTV infection (Soler et al., 2015).

CTV causes economically important diseases on citrus world-

wide, including the decline of trees propagated on sour orange

(SO) (C. aurantium L.) rootstock, SY syndrome on grapefruit (C.

paradisi Macf.) and SO, and stem pitting (SP) on different citrus

varieties (Dawson et al., 2015; Moreno et al., 2008). The decline

of sweet orange [C. sinensis (L.) Osb.], mandarin (C. reticulata

Blanco) and grapefruit varieties grafted on SO led to the loss of

about 100 million trees propagated on this rootstock and forced

the development of new citrus industries based on decline-

tolerant rootstocks in affected countries (Moreno and Garnsey,

2010), despite the excellent agronomic qualities of SO, which

include adaptation to most soil types, the ability to bear fruits of

high quality, and tolerance to many biotic and abiotic factors (Lee

and Keremane, 2013; Moreno and Garnsey, 2010). Declined field

trees grafted on SO usually show sieve tube necrosis and reduced

functional phloem below the bud union, whereas no necrosis is

observed in CTV-inoculated SO seedlings. Phloem necrosis in

grafted plants impairs appropriate carbohydrate supply to the

roots, leading to rootlet death. This results in the deficient supply

of water and minerals to the canopy and, ultimately, in decline

symptoms (Schneider, 1959). Previous results have indicated that

this bud union disorder, which does not occur with decline-

tolerant rootstocks, could be caused by a defence mechanism of

SO to limit CTV invasion and accumulation. Thus: (i) the maximum

virus load in CTV-susceptible hosts, such as sweet orange, Mexi-

can lime or C. macrophylla (Wester), is detected in the first flush

after inoculation, whereas, in SO, the virus titre increases progres-

sively over several months (Comellas, 2009); (ii) CTV distribution

in SO is uneven and its titre is low in comparison with that in sus-

ceptible hosts (Comellas, 2009; Folimonova et al., 2008; Ruiz-Ruiz

et al., 2007); (iii) inoculation of SO with a CTV construct express-

ing the green fluorescent protein (GFP) showed that the virus

barely moves from cell to cell (Folimonova et al., 2008); and (iv)*Correspondence: Email: jguerri@ivia.es
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ectopic expression of p23 in transgenic SO increased CTV accumu-

lation (Fagoaga et al., 2011). Moreover, virus accumulation and

tropism in SO roots and shoots may differ between CTV isolates

(Comellas, 2009; Harper et al., 2014).

The replication and movement of viruses within their hosts are

usually restricted by the triggering of the salicylic acid (SA)-medi-

ated defence and antiviral RNA silencing pathways. SA is a plant

hormone required for the induction of basal defence and systemic

acquired resistance (SAR) against many pathogens, including

viruses. Increased SA accumulation has been observed in incom-

patible plant–pathogen interactions, leading to cell death (hyper-

sensitive reaction, HR) in the infection zone as a result of a

resistance gene response, but also in the defence reaction against

pathogens with a compatible interaction without necrosis (Fu and

Dong, 2013; Mandadi and Scholthof, 2013). Treatments with SA

or over-expression of the SA biosynthesis genes enhances resist-

ance to viruses in N. benthamiana (Lee et al., 2011; White, 1979),

whereas the expression of the bacterial enzyme salicylate hydrox-

ylase in transgenic plants compromises plant defence (Baebler

et al., 2014; Jovel et al., 2011). The Non-expressor of

pathogenesis-related genes 1 (NPR1) is a master regulator of the

SA signalling pathway (Dong, 2004). In npr1 mutant plants, resist-

ance to pathogens is compromised, whereas mutants of the NPR1

paralogues NPR3 and NPR4 (npr3-npr4), two SA adaptor proteins

involved in NPR1 degradation, show enhanced pathogen resist-

ance (Fu et al., 2012; Zhang et al., 2006).

RNA silencing is an important component of antiviral defence

in plants. This process is triggered by double-stranded RNA

(dsRNA), generated in the replication of ssRNA viruses or present

in gRNA and sgRNA regions with high secondary structure, which

is cleaved by class III RNases (termed Dicer-like, DCL) into 21–24-

nt fragments called small interfering RNAs (siRNAs). The mature

double-stranded siRNA is incorporated into Argonaute (AGO) and,

later, is further processed by releasing the passenger strand,

whilst keeping bound the guide strand (Meister, 2013). siRNAs

can also function as primers for the synthesis of new dsRNAs, cat-

alysed by host RNA-dependent RNA polymerases (RDRs), which

are cleaved by DCLs into secondary siRNAs, thus amplifying the

silencing signal (Baulcombe, 2004). RDR1 is involved in viral

resistance mediated by both the SA signalling and RNA silencing

mechanisms, and its expression appears to be up-regulated in cit-

rus after CTV infection (Alamillo et al., 2006; Gand�ıa et al., 2007;

Hunter et al., 2013). DCL2 and DCL4 mediate the genesis of 21-

and 22-nt siRNAs, which are the most abundant CTV-derived

sRNAs in infected citrus plants (Ruiz-Ruiz et al., 2011). To over-

come these defence mechanisms, plant viruses encode proteins

that suppress RNA silencing (Csorba et al., 2015) or SA-

responsive defence signalling (Laird et al., 2013).

A very attractive strategy used in recent years to determine

gene function is virus-induced gene silencing (VIGS). This

technology exploits the RNA silencing mechanism using a virus

genome as a vector in which plant genes or gene fragments are

inserted. After virus inoculation, processing of the virus-derived

dsRNA by DCLs generates siRNAs that guide the cleavage or

translational arrest of mRNAs of the gene or genes homologous

to the sequence inserted in the virus vector. Therefore, the plant

displays a loss-of-function phenotype of the gene tested (Burch-

Smith et al., 2004; Senthil-Kumar and Mysore, 2011). Viral vectors

offer advantages over mutagenesis or genetic transformation, as

it is possible to test the function of many genes in a short time.

This point is especially important with citrus varieties, which have

long juvenile periods (usually 6–8 years) and are very difficult to

transform, especially adult plants (Cervera et al., 2008).

Previously, we have used Citrus leaf blotch virus (CLBV) for

either silencing or protein expression in citrus (Ag€uero et al.,

2012, 2013, 2014; Vel�azquez et al., 2016). The CLBV gRNA has

8747 nts organized in three ORFs and 50- and 30-UTRs of 73 and

541 nts, respectively. ORF 1 is expressed from the gRNA and enc-

odes a polyprotein required for virus replication, and ORFs 2 and

3, expressed by sgRNAs, encode the movement and coat proteins,

respectively (Renovell et al., 2010; Vives et al., 2001, 2002). Dif-

ferent viral vectors, based on a full-genome infectious cDNA clone

of CLBV (Vives et al., 2008), have been obtained (Ag€uero et al.,

2012, 2014).

A knowledge of the molecular mechanism of SO resistance to

CTV is a necessary step to develop techniques aimed to reduce or

avoid decline/death of CTV-infected citrus varieties grafted on SO.

In this work, using VIGS with a CLBV-based vector, we have

examined the involvement of RNA silencing and SA signalling

pathways in SO resistance.

RESULTS

Symptoms and virus distribution in SO seedlings

infected with different CTV isolates

To elucidate whether symptom severity in SO is related to CTV

accumulation in infected tissues, groups of five SO seedlings were

graft inoculated with three CTV isolates of different pathogenicity:

a GFP-tagged version of the Florida isolate T36 (T36-GFP), T318A

and T385. T36-GFP is moderately pathogenic and induces decline

in plants propagated on SO rootstock, SP in sensitive hosts such

as Mexican lime, and mild to moderate SY syndrome (Satyanar-

ayana et al., 2001). T318A is a highly pathogenic isolate of Spain

causing severe decline, intense SY syndrome and SP in different

hosts, including grapefruit and sweet orange (Moreno et al.,

1993; Ruiz-Ruiz et al., 2006; Sambade et al., 2007). T385 is a mild

Spanish isolate inducing inconspicuous vein clearing in Mexican

lime, but not decline, SY syndrome or SP (Moreno et al., 1991,

1993; Vives et al., 1999).
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SO seedlings inoculated with the isolate T318A showed severe

SY syndrome with reduced growth and short internodes and yel-

low small-sized leaves (Fig. 1A), whereas those inoculated with

T36-GFP showed moderate stunting with essentially no leaf yel-

lowing, and those inoculated with T385 remained symptomless,

similar to the healthy controls. SO plants infected with these iso-

lates differed with respect to the weight of shoot bark and roots

collected at the second flush time (Fig. 1B). The growth of the aer-

ial part was correlated with the size of the root system, with

plants infected with T318A showing the smallest root develop-

ment, followed by plants infected with T36-GFP, whereas those

infected with T385 displayed the largest root system, similar to

that of the non-inoculated controls (Fig. 1C).

To compare the tropism and viral load of different CTV isolates

in SO seedlings, the amount of CTV gRNA in shoots and roots

was estimated at the end of the first and second flushes by

reverse transcription-quantitative real-time polymerase chain reac-

tion (RT-qPCR) (Ruiz-Ruiz et al., 2007) (Fig. 1D). CTV accumulation

Fig. 1 Symptoms induced and virus accumulation on sour orange (SO) seedlings infected with different Citrus tristeza virus (CTV) isolates. (A) Seedling yellows

symptoms following inoculation with the CTV isolate T318A. (B) Weight of shoot bark and roots in the second flush. (C) Roots of plants healthy or inoculated with

different CTV isolates. (D) Comparison of the CTV titre estimated by reverse transcription-quantitative real-time polymerase chain reaction (RT-qPCR) in shoot bark

and rootlets in two consecutive flushes. The average number of CTV target cDNA copies per nanogram (ng) of total RNA (RNAt) 6 standard deviation was estimated

in each assay using five biological replications with two technical repetitions per sample. Bars represent standard deviation.
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in plants inoculated with the SY-inducing isolates T318A and T36-

GFP was higher in the shoots than in the roots, whereas, in plants

inoculated with the asymptomatic isolate T385, CTV accumulation

predominated in the roots and reached the highest level of the

three isolates. The lowest CTV accumulation in both shoots and

roots was found in plants inoculated with T36-GFP, indicating

that symptom severity is not associated with virus accumulation.

In all CTV-infected plants, the viral load in both shoots and roots

increased between the first and the second flushes, indicating

that CTV invasion of SO seedlings progressed with time.

VIGS-mediated silencing of genes RDR1, NPR1 and

DCL2/DCL4 results in enhanced CTV spread and

accumulation in SO seedlings

To assess whether the SA signalling defence and/or RNA silencing

mechanisms were involved in the resistance of SO to CTV, we

silenced the expression of genes RDR1, NPR1, DCL2 and DCL4 by

VIGS. For this purpose, cDNA fragments homologous to the Arabi-

dopsis thaliana genes RDR1, NPR1 and DCL2/DCL4 were RT-PCR

amplified from Valencia sweet orange and cloned into the clbv30

vector (see Experimental procedures) to yield vectors clbv30-RDR1,

clbv30-NPR1 and clbv30-DCL2-4, respectively. The vectors were

agroinoculated in N. benthamiana leaves and the resulting

recombinant virions were slash inoculated onto rough lemon (C.

jambhiri Lush) seedlings. Bark pieces of rough lemon infected

with virions derived from the three constructs or from the empty

vector clbv30 (WT-CLBV) were used to graft inoculate 15 SO seed-

lings per viral vector. One month after inoculation, groups of five

plants of each treatment were graft inoculated with the CTV iso-

lates T36-GFP, T318A and T385. Symptom expression was

observed visually and CTV accumulation in shoots and roots was

estimated by RT-qPCR.

The viral titre was higher in RDR1-, NPR1- and DCL2/4-silenced

plants than in the non-silenced controls. These differences were

more evident in plants inoculated with T36-GFP than in those ino-

culated with the T318A or T385 isolates. The highest CTV accumu-

lation was found in DCL2/4-silenced plants, followed by RDR1-

and NPR1-silenced plants (Fig. 2). Tukey’s studentized range test,

used to compare mean pairs, indicated that plants inoculated with

T36-GFP showed significant differences when the RDR1, NPR1 or

DCL2/4 genes were silenced vs. the non-silenced controls

(P< 0.05), but not in plants silenced for RDR1 and NPR1, or RDR1

and DCL2/4. Among the plants inoculated with isolate T318A, the

only significant differences in gRNA accumulation between

silenced and non-silenced plants were observed in rootlets of the

first flush or shoots of the second flush of plants silenced for

RDR1 or DCL2/4. Finally, among plants inoculated with T385, sig-

nificant differences in gRNA accumulation between plants with

the genes RDR1, NPR1 or DCL2/4 silenced and non-silenced con-

trols were observed in shoots of the two flushes and in roots of

the second flush, whereas, in roots of the first flush, differences

were significant only for plants silenced for DCL2/4.

As the isolate T36-GFP was engineered to express GFP, we

monitored CTV infection using a fluorescence stereomicroscope

with a GFP filter. Stem bark pieces from control plants (healthy or

pre-inoculated with WT-CLBV) inoculated with T36-GFP showed a

red fluorescence background, caused by chlorophyll, and some

isolated green fluorescent spots, caused by CTV infection (Fig. 3).

The number of GFP spots and their intensity was higher in plants

silenced for the genes RDR1, NPR1 and DCL2/4 than in the non-

silenced controls, indicating that silencing of SO defence genes

increased the number of infection foci and enhanced virus accu-

mulation (Fig. 3). In the silenced plants, a positive correlation was

observed between the number of infection foci and the viral load

estimated by RT-qPCR (Figs 2 and 3). The highest number of fluo-

rescent spots was found in plants silenced for gene DCL2/4, fol-

lowed by those silenced for genes RDR1 and NPR1 (Fig. 3). GFP

expression was also observed in roots, where strong green fluo-

rescence was observed in plants silenced for genes RDR1, NPR1

or DCL2/4, in comparison with the weak yellowish fluorescence

caused by lignin, generally observed in roots from non-silenced

plants (Fig. 4).

The effectiveness of VIGS in SO seedlings was evaluated by

comparing the expression of genes RDR1, NPR1, DCL2 and DCL4

by RT-qPCR in two successive flushes of plants pre-inoculated

with the different constructs and the controls inoculated with WT-

CLBV. Plants pre-inoculated with the clbv30-RDR1 virions showed

a 60%–70% reduction in RDR1 mRNA accumulation in shoots

and roots compared with the non-silenced controls. Plants pre-

inoculated with the clbv30-NPR1 virions displayed a 70%–80%

reduction in the NPR1 mRNA expressed in the shoots, but no

NPR1 mRNA was detected in the roots, suggesting that this gene

is expressed at a very low level if at all in citrus roots. Reduction

in the DCL2 mRNA level in plants inoculated with clbv30-DCL2-4

virions was about 90% in the shoots and 65%–75% in the roots,

whereas reduction in the DCL4 mRNA in the same plants was

40%–50% in both shoots and roots (Fig. S1, see Supporting

Information).

Effect of the silencing of genes RDR1, NPR1, DCL2/4

and NPR3/4 of SO on the growth and virus

accumulation of plants propagated on a CTV-infected

rough lemon rootstock

In this experiment, we also studied the role in SO defence of

genes NPR3 and NPR4 in addition to RDR1, NPR1 and DCL2/4. It

has been reported previously that the challenge with virulent

pathogens of the A. thaliana double mutant npr3-npr4 results in a

significantly reduced HR (Fu et al., 2012). To examine the role of

these genes in citrus, cDNA fragments of the genes from Valencia

late sweet orange, homologous to the A. thaliana genes NPR3
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and NPR4, were cloned in tandem (see Experimental procedures)

into the clbv30 vector to yield the construct clbv30-NPR3-4.

To assess the behaviour of the SO plants silenced for the

genes RDR1, NPR1, DCL2/4 and NPR3/4, when subjected to a con-

tinuous supply of CTV virions, buds of SO were propagated on

rough lemon seedlings (in which CTV accumulates to high titres)

co-inoculated with virions clbv30-RDR1, clbv30-NPR1, clbv30-DCL2-

4 or clbv30-NPR3-4 and with the CTV isolate T36-GFP. Plants co-

inoculated with WT-CLBV and T36-GFP were used as controls. As

with SO seedlings, the highest CTV load was found in DCL2/4-

silenced plants, followed by those silenced for RDR1 and NPR1

(Fig. 5), but CTV accumulation was higher in plants propagated

on rough lemon rootstock than in the cognate SO seedlings with

the same gene silenced (Figs 2 and 5). Plants silenced for NPR3/4

showed decreased CTV titre in comparison with the non-silenced

control (Fig. 5), probably resulting from an enhanced basal resist-

ance caused by an increased accumulation of the NPR1 protein.

Bark observation of these plants for GFP expression confirmed the

above results (data not shown). No significant growth difference

was observed between silenced and non-silenced plants (healthy

or pre-inoculated with WT-CLBV) inoculated with T36-GFP

(P> 0.05).

Fig. 2 Virus accumulation in sour

orange (SO) seedlings silenced for

RDR1, NPR1 and DCL2/4, and in

non-silenced control plants [non

pre-inoculated or pre-inoculated

with the wild-type Citrus leaf

blotch virus (WT-CLBV)],

inoculated with Citrus tristeza

virus (CTV) isolates T36-GFP (A),

T318A (B) or T385 (C). The

number of CTV gRNA copies was

estimated by reverse transcription-

quantitative real-time polymerase

chain reaction (RT-qPCR) in shoot

bark and rootlets in the first and

second flushes. Experimental

procedures as in Fig. 1.
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In previous work, we have observed that, in comparison with

mock-inoculated controls, SO propagated on sweet orange seed-

lings infected with isolate T318A shows a reduced growth that

has been associated with abnormal bud union in CTV-infected

plants (Pina et al., 2005). To test whether the silencing of genes

NPR3/4 could affect the growth reduction of SO caused by CTV,

buds of SO were propagated onto rough lemon seedlings, simulta-

neously graft inoculated with clbv30-NPR3-4 and T318A viruses.

Plants co-inoculated with WT-CLBV and T318A were used as con-

trols. The NPR3/4-silenced plants grew significantly more strongly

than their non-silenced counterparts (Fig. 6A–C); however, the

abnormal bud union was not observed in either group of plants

(data not shown). The CTV load estimated by RT-qPCR was lower

in NPR3/4-silenced plants than in non-silenced controls (Fig. 6D).

The CTV p20, p23 and p25 proteins act as

suppressors of SA signalling defence in N. tabacum

and N. benthamiana

Plant viruses encode proteins that suppress RNA silencing (Scorba

et al., 2015) or SA-responsive signalling (Laird et al., 2013) to

overcome the defence mechanism mounted by their hosts. The

different tropism and accumulation level in SO plants of CTV iso-

lates could result from the different ability of their p20, p23 and

p25 suppressors to overcome the SO defence system. These pro-

teins act as RNA silencing suppressors in N. benthamiana (Lu

et al., 2004; Ruiz-Ruiz et al., 2013), but their effect on the SA sig-

nalling pathway has not been tested. Using the Agrobacterium-

mediated transient assay in the GFP-expressing N. benthamiana

line 16c (Voinnet et al., 1999), no differences were observed in

the RNA silencing suppressor activity of the p20, p23 and p25 pro-

teins encoded by CTV isolates T36-GFP, T318A and T385 (Comel-

las, 2009; and data not shown).

To investigate whether p20, p23 and p25 CTV proteins were

able to suppress SA signalling, we used two Agrobacterium-medi-

ated transient assays. In the first, we exploited the ability of SA

suppressors to delay cell death in response to a gene-for-gene

elicitor. In the second assay, we studied the ability to suppress the

expression of the SA response marker gene PR1a (pathogenesis-

related 1a) (Laird et al., 2013).

The p19 protein of Tomato bushy stunt virus (TBSV) induces a

strong HR in N. tabacum L. cv. Xanthi in an SA-dependent manner

Fig. 3 Detection of green fluorescent protein (GFP) fluorescence in the internal surface of bark from healthy (A) and RDR1- (B), NPR1- (C) or DCL2/4-silenced (D)

sour orange (SO) seedlings inoculated with T36-GFP, using a fluorescence stereomicroscope with a GFP filter. Green fluorescent spots indicate infected foci.

1258 N. G �OMEZ-MU ~NOZ et al .

MOLECULAR PLANT PATHOLOGY (2017) 18 (9 ) , 1253–1266 VC 2016 BSPP AND JOHN WILEY & SONS LTD



(Angel and Schoelz, 2013), which reaches its maximum 36 h after

agroinoculation. However, co-infiltration of p19 with the p6 pro-

tein of Cauliflower mosaic virus (CaMV) delays the onset of HR by

approximately 24 h (Laird et al., 2013). To screen the ability of

p20, p23 and p25 from CTV isolates T36-GFP, T318A and T385

for suppression of SA signalling activity, leaves of N. tabacum

Xanthi were infiltrated with Agrobacterium cultures transformed

with pBIN-p19 or co-infiltrated with pBIN-p19 and pCAMBIA

expressing p20, p23 or p25 of the different CTV isolates, or p6 of

CaMV as a positive control. Agroinoculation with empty pCAMBIA

was used as a negative control. The monitoring of plants at differ-

ent post-infiltration times revealed that p20 and p23 of the three

CTV isolates suppressed cell death, albeit at lower efficiency than

p6, with p20 being a more efficient HR suppressor than p23. p20

and p23 from isolate T318 were slightly more suppressive than

those from T36-GFP and T385, the latter being the least

Fig. 4 Detection of green fluorescent protein (GFP) fluorescence in the external surface of roots from plants in Fig. 3.

Fig. 5 Virus accumulation in RDR1-, NPR1-, NPR3/4- or DCL2/4-silenced and non-silenced [wild-type Citrus leaf blotch virus (WT-CLBV)] SO plants propagated on

rough lemon rootstock inoculated with T36-GFP. The number of Citrus tristeza virus (CTV) gRNA copies was estimated by reverse transcription-quantitative real-time

polymerase chain reaction (RT-qPCR) in shoot bark in two consecutive flushes. Experimental procedures as in Fig. 1.
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suppressive. However, only p25 from T36-GFP afforded a slight

delay of cell death. The experiments were repeated three times,

agroinfiltrating four leaves per plant in each assay (Fig. 7).

To confirm the above results, we triggered the expression of

gene PR1a by agroinoculation with a binary plasmid, a response

that can be suppressed by the transient expression of p6 (Laird

et al., 2013; Love et al., 2012). We compared, by RT-qPCR, the

expression of PR1a mRNA in N. benthamiana infiltrated with

pCAMBIA or pCAMBIA carrying the p20, p23 or p25 genes from

the CTV isolates T36-GFP, T318A or T385. Plants infiltrated with a

plasmid expressing p6 were used as positive controls and non-

infiltrated plants as negative controls. A strong reduction in PR1a

mRNA accumulation was observed in N. benthamiana agroinfil-

trated with plasmids expressing p20 or p23 from the three CTV

isolates in comparison with those infiltrated with pCAMBIA,

although this reduction was smaller than that observed in plants

infiltrated with p6 (Fig. 8). The suppressor activity of p20 and p23

from isolates T318A and T36-GFP was higher than that observed

with the homologous proteins from T385. Plants expressing p25

from the T36-GFP isolate showed a slight reduction in the PR1a

mRNA level in comparison with the control plants or with plants

expressing p25 from the other CTV isolates. Overall, these results

suggest that p20 and p23 from CTV show suppressor activity of

SA signalling defence, and that this activity is stronger for proteins

from the more virulent isolates.

DISCUSSION

The number and size of fluorescent infection foci produced by a

GFP-expressing CTV construct have been shown to be larger in a

CTV-susceptible host, such as C. macrophylla, than in SO (Folimo-

nova et al., 2008), indicating that SO deploys an efficient barrier

against CTV infection. As the SA and RNA silencing pathways

have been associated with basal and long-distance plant defence

(Mandadi and Scholthof, 2013), we examined the effect of the

silencing of genes RDR1, NPR1, DCL2/DCL4 and NPR3/4, involved

in these pathways, on CTV infection of SO seedlings or SO propa-

gated onto a rough lemon rootstock. Our results with VIGS experi-

ments, followed by CTV inoculation, indicated that RNA silencing

and SA signalling are key components in SO defence against CTV.

RDR1 is an element of the RNA silencing pathway involved in

plant defence against viruses (Garcia-Ruiz et al., 2010), and its

Fig. 6 Growth and Citrus tristeza virus (CTV) accumulation in NPR3/4-silenced and non-silenced [wild-type Citrus leaf blotch virus (WT-CLBV)] SO plants propagated

on rough lemon rootstock inoculated with T-318A. Increased growth of the NPR3/4-silenced plants (A) with respect to the non-silenced control plants (B). Shoot

length of silenced and non-silenced plants in two consecutive flushes (C). CTV accumulation in shoot bark estimated by reverse transcription-quantitative real-time

polymerase chain reaction (RT-qPCR) analysis in two consecutive flushes (D). Experimental procedures as in Fig. 1.
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Fig. 7 Suppressive effect of the Citrus tristeza virus (CTV) p20, p23 and p25

proteins on the salicylic acid (SA) signalling pathway indicated by the delay in

cell death induced by the Tomato bushy stunt virus (TBSV) p19 protein in

Nicotiana tabacum Xanthi. Leaves were infiltrated with Agrobacterium

cultures transformed with pCAMBIA empty vector, pBIN-p19 or co-infiltrated

with pBIN-p19 and pCAMBIA expressing the p20, p23 or p25 proteins of the

different CTV isolates or the Cauliflower mosaic virus (CaMV) p6 as a positive

control. Photographs were taken at 3 days post-inoculation. Experiments were

repeated three times, agroinfiltrating four leaves per plant in each assay, with

similar results in all cases.

Fig. 8 Suppressive effect of the Citrus tristeza virus (CTV) p20, p23 and p25

proteins on the salicylic acid (SA) signalling pathway assessed by the relative

accumulation of PR1a mRNA, as estimated by reverse transcription-quantitative

real-time polymerase chain reaction (RT-qPCR), in Nicotiana benthamiana leaves

inoculated with pCAMBIA expressing p20, p23 or p25 from different CTV isolates

or Cauliflower mosaic virus (CaMV) p6. Data were compared with the PR1a

mRNA expression induced by the empty pCAMBIA vector (100%). Elongation

factor 1 alpha (EF1a) was used as internal standard. The average number of

PR1a cDNA copies per nanogram (ng) of total RNA (RNAt) 6 standard deviation

values were estimated from three different assays using three plants per assay

and agroinfiltrating four leaves per plant. Bars represent standard deviation.
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expression is induced by SA treatment or virus infection (Xie

et al., 2001; Yu et al., 2003). The rdr1 mutants of A. thaliana

exhibit marked susceptibility to Tobacco mosaic virus and Tobacco

rattle virus (Yu et al., 2003), and N. benthamiana transformed

with gene RDR1 from Medicago truncatula shows a resistance to

tobamoviruses absent in wild-type N. benthamiana (Yang et al.,

2004). In addition, RDR1 expression in citrus is up-regulated after

CTV infection (Gand�ıa et al., 2007).

The NPR1 protein is a key regulator of the SA signalling path-

way (Wu et al., 2012). The accumulation of NPR1 is needed for

the expression of the basal defence genes, whereas its subse-

quent turnover is required for SAR. NPR1 is required in A. thaliana

for SA-induced expression of PR genes and pathogen resistance

(Dong, 2004). Although npr1 mutants show enhanced susceptibil-

ity to pathogens (Zhang et al., 2006), blocking NPR1 degradation

with proteasome inhibitors or by genetic knockdown of Cullin3 in

Arabidopsis (Cul3 is a component of cullin-RING ubiquitin ligases)

increases basal resistance, but blocks SAR induction (Spoel et al.,

2009). Contrasting with the pathogen susceptibility of the npr1

mutant, the double mutants npr3-npr4 of A. thaliana show

enhanced disease resistance. However, the npr1-npr3-npr4 triple

mutants display the npr1 phenotype, indicating that the enhanced

resistance of the npr3-npr4 mutants is NPR1 dependent (Zhang

et al., 2006). NPR3 and NPR4 interact directly with Cul3 to medi-

ate NPR1 degradation (Fu et al., 2012).

Finally, DCL2 and DCL4 are the enzymes responsible for the

generation of virus-derived siRNAs (Garcia-Ruiz et al., 2010;

Moln�ar et al., 2005). Their loss of function by mutation of both

genes DCL2 and DCL4 is sufficient to make plants highly suscepti-

ble to several RNA viruses (Deleris et al., 2006). The most abun-

dant CTV-derived sRNAs found by deep sequencing in CTV-

infected citrus plants are of 21 and 22 nts in size (Ruiz-Ruiz et al.,

2011), suggesting the involvement of DCL2 and DCL4 in anti-CTV

defence.

Evidence of SO genes associated with CTV resistance has been

reported, with a quantitative trait locus (QTL) being associated

with significant reduction of CTV accumulation (Asins et al.,

2004). In a study on the bark proteome and phosphoproteome of

CTV-infected Tarocco sweet orange grafted on SO rootstock, it

was observed that about 52% of the modulated proteins are

related to defence response pathways (Laino et al., 2016).

The intensity of symptoms induced in SO by different CTV iso-

lates did not correlate with virus titre, suggesting that such symp-

toms are more dependent on the pathogenicity of each isolate

than on its accumulation. The 30-terminal region of the CTV

gRNA, encompassing gene p23 and the 30-UTR, has been mapped

as responsible for the SY syndrome (Albiach-Mart�ı et al., 2010). In

this study, no correlation was observed between the amount of

p23 expressed and the intensity of the SY symptoms induced by

T36 or by T36/T30 hybrids not inducing SY in SO, suggesting that

SY symptoms are determined by the p23 sequence and not by

p23 accumulation (Albiach-Mart�ı et al., 2010). However, studies

with infectious clones of CMV carrying different versions of the

gene 2b have shown that symptoms depend on this gene and are

not associated with virus accumulation (Shi et al., 2002). In SO

seedlings inoculated with the SY-inducing CTV isolates T318A and

T36-GFP, virus accumulation was higher in the shoots than in the

roots, whereas the opposite situation was observed with the

asymptomatic isolate T385, which reached the highest virus load

in the roots. These results support previous findings indicating

that the roots of citrus genotypes considered to be resistant to

CTV could be infected despite the inability of the virus to infect

shoots, with this infection capacity being isolate specific (Harper

et al., 2014). Perhaps the antiviral defence in citrus is less effec-

tive in roots than in shoots, as occurs in N. benthamiana (Andika

et al., 2005, 2013). Failure to detect NPR1 mRNA in citrus roots

by RT-qPCR supports this hypothesis. Variable virus accumulation

in shoots of SO inoculated with different CTV isolates could be

explained, in part, by the different ability of p20 and p23 to sup-

press SA signalling defence, with this suppression capacity being

higher in isolates inducing symptoms in SO. Potential interactions

between viral and host factors required for virus infection and

movement could also differ depending on the virus isolate and

host variety (Harper et al., 2014; Tatineni et al., 2011).

Ectopic expression of p23 via transgenesis increased CTV accu-

mulation in SO, but not in Mexican lime or sweet orange, two sus-

ceptible host species (Fagoaga et al., 2011). As p23 is a

suppressor of both the SA signalling and RNA silencing defence

responses, these results support the involvement of both path-

ways in SO resistance to CTV. The RNA silencing suppressors 2b

of CMV and HC-Pro of Tobacco etch virus (TEV) have been found

to interfere with the SA-mediated signalling and RNA silencing

pathways (Alamillo et al., 2006; Hui and Ding, 2001).

In A. thaliana plants challenged with virulent pathogens, the

double mutant npr3-npr4 showed a significantly deteriorated HR

(Fu et al., 2012). When SO plants silenced for the genes NPR3/

NPR4 were propagated onto CTV-susceptible rough lemon root-

stock infected with the T318A isolate, thus providing a continuous

virus supply, increased growth of SO was observed in comparison

with non-silenced control plants. This difference might be a result

of increased NPR1 accumulation that would increase SO resist-

ance. An attractive hypothesis to explain the phloem necrosis usu-

ally observed in the field below the bud union of infected citrus

varieties propagated on SO rootstock is that CTV induces an HR in

the SO rootstock to delay or stop virus invasion. However, in our

experiments, we were unable to observe a necrosis line between

the scion and the rootstock in either the control or the NPR3/

NPR4-silenced plants, despite the differences observed in plant

growth. This could be the result of: (i) the need for longer infec-

tion periods to develop bud union necrosis; or (ii) the amount of
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virus arriving at SO from a susceptible CTV-infected variety is

higher when the variety is used as scion than when it is used as

rootstock. The first hypothesis is supported, in part, by the obser-

vation that CTV isolates taken from declining field trees usually do

not induce decline in the sweet orange/SO combination grown in

the glasshouse (Albiach-Mart�ı et al., 2010).

In summary, our results suggest that SO offers a resistance to

CTV invasion that is variable depending on the virus isolate. As

CTV accumulation in SO protoplasts is similar to that observed in

protoplasts from susceptible hosts (Albiach-Mart�ı et al., 2004; per-

sonal communication), SO resistance must be caused by deficient

cell-to-cell or long-distance movement. Silencing of the genes asso-

ciated with the SA and RNA silencing defence pathways in SO

improves both cell-to-cell and long-distance CTV movement.

Comellas (2009) observed that, in CTV-susceptible hosts, the high-

est virus accumulation was detected in the first flush after inocula-

tion, whereas, in SO, the viral load increased in successive flushes

over 2 years, depending on the CTV isolate. Moreover, although, in

susceptible hosts, CTV-derived siRNAs were detected in the first

flush, detection in SO occurred 1 year after inoculation (Comellas,

2009), probably because of the need for a threshold viral RNA

accumulation to trigger the RNA silencing machinery. The finding

that 53.3% of the sRNAs detected by deep sequencing in CTV-

infected Mexican lime were derived from CTV, whereas, in SO, this

fraction was only 3.5% (Ruiz-Ruiz et al., 2011), further supports

delayed CTV accumulation in SO. These results suggest that the ini-

tial resistance of SO to CTV accumulation probably results from trig-

gering of SA-mediated defence, rather than from RNA silencing,

although other antiviral pathways cannot be discarded. The relative

importance of the two defence routes in SO resistance to CTV is dif-

ficult to assess because there is evidence of the interplay between

SA signalling and antiviral RNA silencing pathways. For example,

treatment with SA increased RDR1 in N. tabacum and A. thaliana

(Alamillo et al., 2006; Hunter et al., 2013). In N. tabacum express-

ing salicylate hydrolase (NahG), which catalyses the degradation of

SA, accumulation of Plum pox virus (PPV)-derived sRNAs was

reduced (Alamillo et al., 2006). In addition, expression of the genes

DCL1, DCL2, RDR1 or RDR2 in tomato plants was induced after

infection with Tomato mosaic virus or by SA treatment (Campos

et al., 2014). Variable accumulation of CTV isolates in SO could

result from the different capacity of their p20 and p23 proteins to

suppress the SA signalling activity of the host.

EXPERIMENTAL PROCEDURES

Plasmid constructs

The amino acid sequences of the RDR1, NPR1, NPR3, NPR4, DCL2 and

DCL4 proteins from A. thaliana were used to search for their citrus ortho-

logues in the Phytozome 9.1 database (https://phytozome.jgi.doe.gov/pz/

portal.htm) with BLASTX. The nt identities between the A. thaliana and C.

sinensis genes RDR1, NPR1, NPR3, NPR4, DCL2 and DCL4 were 67%,

67%, 73%, 72%, 67% and 88%, with query cover values of 93%, 54%,

8%, 40%, 89% and 73%, respectively. Different fragments of the citrus

genes RDR1 (GenBank 102608479), NPR1 (GenBank 102617188), NPR3

(GenBank 102621158), NPR4 (GenBank 102622086), DCL2 (GenBank

102617691) and DCL4 (GenBank 102621372) were RT-PCR amplified from

Valencia sweet orange total RNA extracts (RNAt) using selected primers

(Table S1, see Supporting Information). The amplified cDNA fragments of

the gene pairs NPR3/NPR4 and DCL2/DCL4 were fused and re-amplified,

using the forward primers NPR3-F or DCL2-F and the reverse primers

NPR4-R or DCL4-R, respectively, to produce the tandem fragments NPR3-4

and DCL2-4, respectively. These fragments were inserted into the Pmll

restriction site of the clbv30 vector (Ag€uero et al., 2012) to generate the

clbv30-RDR1, clbv30-NPR1, clbv30-NPR3-4 and clbv30-DCL2-4 constructs.

To examine whether the three CTV silencing suppressor genes (p20,

p23 and p25) were involved in suppression of the SA signalling pathway

important in SO defence, the coding sequences of these genes from the

CTV isolates T36 (GenBank accession AY170468), T318A (GenBank acces-

sion DQ151548) and T385 (GenBank accession Y18420) were RT-PCR

amplified using selected primers (Table S1). The amplified cDNA sequen-

ces were inserted into the vector pCAMBIA to obtain the plasmids

pCAMBIA-p20T36, pCAMBIA-p20T318A, pCAMBIA-p20T385, pCAMBIA-

p23T36, pCAMBIA-p23T318A, pCAMBIA-p23T385, pCAMBIA-p25T36,

pCAMBIA-p25T318A and pCAMBIA-p25T385.

Plant growth and inoculation

Nicotiana benthamiana and N. tabacum Xanthi plants were grown in

small pots with 50% vermiculite and 50% peat moss in a plant growth

chamber at 20/248C (night/day), 60% humidity and a 16 h/8 h (light/dark-

ness) regime. Citrus plants were grown in a glasshouse at 18/268C (night/

day), using 2-L plastic containers filled with 50% sand and 50% peat

moss and a standard fertilizing procedure (Arregui et al., 1982). SO plants

were grown as seedlings or propagated on a rough lemon rootstock.

All the recombinant plasmid constructs were transfected to Agrobacte-

rium tumefaciens, strain COR 308, as described previously (Vives et al.,

2008). In silencing experiments, recombinant CLBV constructs were agro-

infiltrated on N. benthamiana leaves as described previously (Vives et al.,

2008). Semipurified virion extracts (Galipienso et al., 2000) from N. ben-

thamiana infected plants were inoculated to rough lemon plants by stem

slashing (Garnsey et al., 1977). Bark pieces from CLBV-infected rough

lemon were used to graft inoculate SO or rough lemon plants.

In the experiments to compare the effect of the CTV genes p20, p23

and p25 on the SA signalling pathways, leaves of N. benthamiana were

infiltrated with Ag. tumefaciens cultures carrying the different recombi-

nant pCAMBIA plasmids, whereas N. tabacum Xanthi leaves were co-

infiltrated with equal volumes of Ag. tumefaciens cultures carrying the

recombinant pCAMBIA plasmids and the pBIN-19 plasmid.

RNA extraction

Total RNA preparations (RNAt) from 50 mg of agroinfiltrated leaf areas

from N. benthamiana, or from 500 mg of fresh citrus tissues (young bark

or rootlets), were obtained with a standard protocol that includes two

phenol–chloroform–isoamyl alcohol extractions, followed by precipitation
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with 12 M lithium chloride (Ancillo et al., 2007). RNA was resuspended in

80 mL of RNase-free water and treated with RNase-free DNase (Turbo

DNA-free, Ambion Inc., USA). RNA concentration was measured in a

NanoDrop spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,

USA) and adjusted to approximately 10 ng/mL.

Estimation of the CTV load and plant gene expression

level by RT-qPCR

To estimate CTV accumulation in citrus shoots and roots, RT-qPCR was per-

formed in a LightCyclerVR platform (Roche Molecular Diagnostics, Branch-

burg, NJ, USA) using LightCyclerVR FastStart DNA MASTER PLUS SYBR Green

I, 0.3 mM of primers PM197R and PM198R, and 2 mL of RNAt (�10 ng RNA/

mL). The cycling conditions and procedure to estimate the absolute number

of CTV gRNA copies per nanogram of RNAt have been established previously

(Ruiz-Ruiz et al., 2007). Data were analysed by multivariate analysis of var-

iance (ANOVA), followed by mean separation by Tukey’s studentized range

test, using the software SPSS Statistics 17 (IBMVR SPSSVR Statistics, USA).

In gene silencing experiments, the mRNA level of the genes RDR1,

NPR1, NPR3, NPR4, DCL2 and DCL4 was estimated by RT-qPCR using a

LightCyclerVR platform (Roche Molecular Diagnostics). RNAt from shoot

bark and rootlets of citrus plants inoculated with the different CLBV

mutant virions or with WT-CLBV was reverse transcribed and then qPCR

amplified using the primer pairs qRDR1F-qRDR1R, qNPR1F-qNPR1R,

qNPR3F-qNPR3R, qNPR4F-qNPR4R, qDCL2F-qDCL2R or qDCL4F-qDCL4R

(Table S1), excluding the gene regions that were cloned into the CLBV

vector. The mRNA amount estimated for each gene was normalized to the

expression level of the gene actin11 from citrus measured in the same

samples with primers CiACT11qF and CiACT11qR (Table S1). The mRNA

level of each gene silenced was measured in five independent citrus

plants and estimated by the 2–DDCT method (Livak and Schmittgen, 2001).

The relative accumulation of the transcripts from genes RDR1, NPR1,

NPR3, NPR4, DCL2 and DCL4 was compared with that of the control

plants inoculated with the WT-CLBV vector.

The expression level of gene PR1a in N. benthamiana was determined

by RT-qPCR in tissue samples collected 3 days after infiltration, with each

biological sample consisting of RNAt extracted from the infiltrated area of

a single leaf. RT-qPCR was performed in a LightCyclerVR platform (Roche

Molecular Diagnostics) using 0.3 mM of the NbPR1a forward and reverse

universal primers (Dean et al., 2005; Love et al., 2012) and 2 mL of the

cDNA sample. Elongation factor 1 alpha (EF1a) was used as an internal

reference standard (Dean et al., 2005). The relative expression of mRNA

coding for PR1a in N. benthamiana was determined by the 2–DDCT method

(Livak and Schmittgen, 2001) and compared with the PR1a levels in plants

infiltrated with pCAMBIA. Data were analysed by one-factor ANOVA using

the software SPSS Statistics 17.

GFP detection

GFP expression in T36-GFP-infected plants was monitored by fluorescence

observation. Citrus bark and roots from consecutive flushes were exam-

ined with a Leica MZ16 stereomicroscope (Leica Microsystems, Heerbrugg,

Switzerland) using a high-energy light source and a GFP filter. Images

were taken with a Leica DFC490 digital camera using IM50 software

(Leica Microsystems).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Table S1 Primer set used in plasmid construction and quantita-

tive analysis.

Fig. S1 Relative accumulation (%) of RDR1, NPR1, DCL2 and

DCL4 mRNA in silenced sour orange (SO) seedlings. Transcript

accumulation was determined by reverse transcription-

quantitative real-time polymerase chain reaction (RT-qPCR) in

the shoots and roots of SO seedlings inoculated with T36-GFP,

T318A or T385 Citrus tristeza virus (CTV) isolates.
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