Spray-Induced Gene Silencing as a Potential Tool to Control rubber tree powdery mildew Disease
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Abstract

Powdery mildew of rubber tree, caused by the obligate biotrophic fungus Erysiphe quercicola, is a serious disease that occurs in all rubber tree growing regions. The disease is mainly controlled by fungicides. Here, an alternative means for powdery mildew control by spraying double-stranded RNAs (dsRNA), which target E. quercicola genes, was investigated. First, we demonstrated that the conidia of E. quercicola can take-up environmental dsRNA. Furthermore, the spraying of dsRNA targeting E. quercicola genes can effectively reduce both the expression of the target gene of the pathogen and the rubber tree powdery mildew severity. The reduction in disease severity was up to 50% compared to water-treated leaves. These results suggest that Spray-induced gene silencing (SIGS) of the pathogen genes will provide an additional tool to control rubber tree powdery mildew as well as a method to study the function of genes of E. quercicola.
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1. Introduction

Powdery mildew, caused by the obligate biotrophic parasite Erysiphe quercicola, occurs in all rubber tree growing regions. The disease is especially serious in suboptimal regions for rubber cultivation [1]. Epidemics of the disease mainly occur in spring when trees refoliate after winter, as the pathogen only infects young tissues of rubber tree including leaves, buds, flowers and shoots. Rubber latex yield losses of up to 45% occur when the disease is severe [1]. Currently, fungicide application, which negatively affects the environment, is the main method for rubber powdery mildew control as the current commercial cultivated rubber tree clones are susceptible to the disease [2]. Therefore, developing alternative means to control the disease is urgently needed. Furthermore, there are few methods to study the function of genes of E. quercicola as the pathogen is an obligate biotrophic fungus.
Spray-induced gene silencing (SIGS), which encompasses applying synthesized dsRNA onto plant tissues to silence target pathogen genes, has been demonstrated in other systems to be a useful tool for plant disease control as well as a transient silencing tool to study the function of pathogen genes [3]. There are two possible mechanisms of SIGS [4]. One is when a fungal pathogen directly takes up the synthesized dsRNAs, which are processed into small interfering RNAs (siRNAs) by the fungal Dicer-like (DCL) proteins [4]. The other, is when the host plant takes up the dsRNAs, which are processed into siRNAs by the plant DCL proteins; then both siRNAs and unprocessed dsRNAs are transferred into the fungal cells, where the dsRNAs are processed into siRNAs by the fungal DCL proteins [4].
SIGS was reported on fungal and oomycete pathogens including Fusarium graminearum [5], Botrytis cinerea [6] and Phytophthora infestans [7]. Also, SIGS was successfully reported on some obligate biotrophs like Phakopsora pachyrhizi [8], Podosphaera xanthii [9], Golovinomyces orontii and Erysiphe necator [10]. In this study, the potential of the dsRNAs in rubber tree powdery mildew reduction by SIGS was evaluated. 
2. Material and methods
2.1. Plant materials and spore inoculation
Healthy grafted budding rubber tree seedlings (CATAS7-33-97) were grown in plastic pots (15 cm diameter) with garden soil and coconut coir compost (4:1). The seedlings were grown in a greenhouse. 
Erysiphe quercicola obtained from Haikou, Hainan were maintained on rubber tree seedlings with tender leaves in a growth chamber set at 25°C with a 12-h day length. For disease assays, conidia were washed off the leaves 10 days after inoculation with a 0.01% solution of Tween 20.
2.2. E. quercicola conidia uptake of fluorescein-labeled dsRNA in vitro
A study to determine whether E. quercicola can uptake synthesized dsRNA directly from environment was performed [6, 10]. Fluorescein-labelled 500 baseβ-tubulin gene was synthesized using T7 RiboMAXTM Express RNAi System (Promega, Cat. Number: P1700) and Fluorescein RNA Labeling Mix (Roche, Cat. Number: 11685619910). Twenty μl of fluorescein-labelled RNA was applied as a drop to a glass slide, air-dried and then conidia were applied and incubated. The slide with powdery mildew conidia was placed into a Petri dish and the Petri dish was then closed with the lid. The Petri dish was sealed with parafilm and placed in a growth chamber at 25 °C. After 24 h, the conidia were treated with 75 U Micrococcal nuclease enzyme (Thermo Scientific, Cat. Number: 88216) at 37 °C for 30 min to remove the labeled dsRNAs remaining outside the fungal cells. The treated slide was observed using a Leica SP5 confocal microscope to detect the fluorescent signal. Duplicate slides treated with water were used as controls. 
2.3. dsRNA synthesis
Three conserved genes including β-tubulin (Tub), Sterol 14α-demethylases (CYP51) and chitin synthase (Chs) were targeted with SIGS tests in growth chambers. Tub and CYP51 gene were the target gene for MBC fungicides and DMI fungicides respectively, while Chs is responsible for chitin biosynthesis, which is vital for fungal growth and physiology. For dsRNA synthesis, DNA templates were amplified from cDNAs transcribed from E. quercicola conidia (Figure S1), using specific primers incorporating the T7 primer (5’-TAATACGACTC ACTATAGGG-3’) at the 5’ end (Table S1). The synthesis of dsRNAs was done in vitro using the T7 RiboMAXTM Express RNAi System (Promega, Cat. Number: P1700) according to the manufacturer's instructions. 

2. 4. SIGS assay
For the SIGS assay, dsRNA was diluted with diethyl pyrocarbonate treated water and adjusted to a final concentration of 20 μg/ml [8, 9] and sprayed onto the surface of a leaf of a rubber tree seedling (at the copper bronze plant growth stage) until run-off. The treated seedlings were kept in a growth chamber at 25°C with a 12-h day length for 24 h until they were inoculated with E. quercicola conidial suspensions (1╳105 conidia per ml) by spray application. Then, seedlings were maintained under the same conditions until disease severity was assessed 10 days after inoculation. Disease severity was assessed as the percentage of the number of lesion pixels divided by the number of whole leaf region pixels, where the number of pixels was obtained by using Adobe Photoshop 2022 software (Adobe Systems Incorporated, San Jose, CA, USA), which has been used in other plant diseases [11-12].

2. 5. Quantitative RT-PCR
To study the effect of dsRNAs on E. quercicola genes expression, total RNA was extracted from rubber tree leaves that had been sprayed with dsRNA and inoculated with E. quercicola for 3 days. RNA extraction used the plant total RNA isolation kit (Foregene, Cat. Number: RE-05021). Then, cDNA was synthesized and quantitative PCR (qPCR) performed, using the E. quercicola elongation factor 1-alpha gene as a reference gene for normalization [13].

2.6. Statistical Analysis
The statistical significance of disease severity and genes expression between the dsRNA treatments and the water treatments was compared using unpaired, two-sided Student's t test.
3. Results and discussion

3.1. E. quercicola can uptake synthesized dsRNA from environment
The fluorescence signals were observed for E. quercicola conidia treated with fluorescein-labelled RNA even after MNase treatment, while no fluorescence signals were observed for conidia treated with water, indicating that the pathogen took up the dsRNAs independent of the host plant (Figure 1). Also, it was reported that a powdery mildew fungus G. orontii can uptake environmental dsRNA [10].
3.2. Effects of SIGS on rubber tree powdery mildew severity
Visible powdery mildew disease severity was reduced on dsRNA sprayed leaves compared with water-sprayed leaves (Figure 2) and the raw data for disease severity are shown in Table S2. dsRNA targeting β-tubulin, CYP51 and Chs were reported on other plant pathogens such as P. xanthii, E. necator and Fusarium graminearum [9-10, 14]. The present study also confirmed that the conserved SIGS powdery mildew fungal targets can be used to control rubber tree powdery mildew. The disease severity of powdery mildew was significantly lower on rubber tree leaves treated with dsRNA compared with these treated with water. The reduction of disease severity of rubber tree powdery mildew ranged from 26% to 50% for dsRNA treatments compared with water treatments, depending on the target gene used (Figure 3a). In previous studies, the disease severity of cucurbit powdery mildew was reduced by more than 90% for leaves sprayed with dsRNA of β-tubulin gene compared with leaves treated with water [9], which was a much greater reduction than produced with the β-tubulin gene assay used in this study. SIGS against E. necator CYP51 caused a 62% reduction in spore production in grapevine whole-plant assays [10], which is also a greater reduction than the CYP51 assay in the present study. One reason may be due to the different fragments of the β-tubulin and CYP51 genes used. As it was reported that different RNAi constructs of different fragments of chitin synthase expressed in F. graminearum strains showed substantially varied impacts on pathogenicity in wheat spikes [14]. Also, the length of the dsRNA affected the efficiency of dsRNA as it was reported that the inhibition of F. graminearum infection negatively correlates with the length of the sprayed dsRNA [15]. The sprayed dsRNA was not only taken up by the fungal pathogen but also by the host plant, which can then be transferred as siRNAs or dsRNAs into the fungal cells [4]. Also, it was reported that rubber tree leaves can take-up exogenous dsRNAs [16]. The uptake efficiency of dsRNA may be different in different pathogens and hosts [17], which may explain some differences in efficacy between different host-pathogen systems. For example, there was increased efficacy of dsRNA to control E. necator on grapevines compared to the parallel experiment in G. orontii–Arabidopsis thaliana [10]. SIGS against different target genes had variable efficiency of disease reduction in previous studies e.g. the degree of disease control of potato late blight by SIGS depended on the target genes selected [7]. Furthermore, out of 12 targets tested using SIGS, eight of them caused a significant reduction in powdery mildew proliferation in the G. orontii–Arabidopsis thaliana pathosystem [10]. In this study, the reduction of disease severity of rubber tree powdery mildew treated with Chs was lower than the other genes tested. Furthermore, the efficiency of SIGS is influenced by several other factors such as the efficiency of processing to siRNAs and structural features of the siRNA [18].
It was reported that SIGS against CYP51 can reduce hyphal growth and spore production of powdery mildew (Golovinomyces orontii) on A. thaliana, which resulted in reduced disease severity [10]. However, for P. infestans, different target genes had variable effects on disease progression, for example, target PiGPB1 greatly inhibited sporulation, while PiHmp1 was less effective, although both targeted genes resulted in significantly lower disease [7]. This could be due to the function of target genes selected and also differences in dsRNA uptake, processing to siRNAs and structural features of the siRNA as discussed earlier [18].
3.3. Effects of SIGS on gene targets expression

The expression level of the genes on dsRNA treated leaves was significantly lower than those treated with water (raw data for the expression level of the affected genes is shown in Table S3). The expression of the selected E. quercicola genes was reduced to between 40.34% to 59.79% of that expressed in leaves sprayed with water (Figure 3b). The reduction of expression of E. quercicola treated with Chs was lower than the other genes tested, which was consistent with the lower efficacy shown by disease severity. These results provide molecular evidence suggesting that the observed reduction in rubber tree powdery mildew disease severity was caused by SIGS.
In this study, we have confirmed that spraying exogenous dsRNA targeting E. quercicola genes can effectively reduce the expression of the target gene and the corresponding disease severity of rubber tree powdery mildew. These results support the use of SIGS technology for environmentally friendly control of powdery mildews. More importantly, SIGS provides a method to study the function of genes of E. quercicola. Although it was reported that the dsRNAs remained effective on protecting the plants for up to 7 days [19], further research, including selection of dsRNA sequences against target genes, optimization of the stability of the dsRNA using BioClay carriers [20], is needed to increase the efficiency of SIGS on the disease control. 
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Supporting Information legends
TABLE S1 List of primers used for real-time quantitative reverse transcription PCR and in vitro double stranded RNA synthesis
TABLE S2 Raw data of rubber tree powdery mildew disease severity after spraying dsRNA targeting different genes 10 days after inoculationa
TABLE S3 Raw data of the expression level of Erysiphe quercicola genes after spraying dsRNA targeting different genesa
FIGURE S1 The cDNA amplification electrophoresis gel. Lane M: DL1000 DNA Marker
Figure legends
FIGURE 1 Examination of dsRNA uptake in Erysiphe quercicola using fluorescein -labeled dsRNA. Twenty μl of fluorescein-labelled RNA was applied to a glass slide, air-dried and conidia were applied and incubated. Micrococcal nuclease (MNase) treatment was performed 30 min before fluorescent signal analyzing using the confocal microscopy laser scanner.

FIGURE 2 Reduction of powdery mildew symptoms in rubber tree leaves after spraying dsRNA targeting different genes. Water: leaf taken from rubber tree seedling spayed with water; Chs: leaf taken from rubber tree seedling spayed with dsRNA targeting chitin synthase gene of Erysiphe quercicola; CYP51-1 and CYP51-2: leaf taken from rubber tree seedling spayed with dsRNA targeting two different fragments of CYP51 gene of E. quercicola, respectively; Tub: leaf taken from rubber tree seedling spayed with dsRNA targeting β-tubulin gene of E. quercicola.

FIGURE 3 Spray-induced gene silencing targeting reduces rubber tree powdery mildew severity (a) and relative expression of target genes (b). Water: leaf spayed with water; Chs: leaf spayed with dsRNA targeting chitin synthase gene of Erysiphe quercicola; CYP51-1 and CYP51-2: leaf spayed with dsRNA targeting two different fragments of CYP51 gene of E. quercicola, respectively; Tub: leaf spayed with dsRNA targeting β-tubulin gene of E. quercicola. Error bars mean values ± SD. Asterisks indicate statistical significance compared with the water treatment: *p < .05, **p < .01 (Student's t test, unpaired, two-sided). 
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