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Cotton is a multipurpose crop grown globally, including the United States. Cotton leafroll dwarf virus (CLRDV), a phloem-limited virus (Solemoviridae) transmitted by aphids, causes significant economic losses to cotton cultivation. CLRDV strains (CLRDV-typical and atypical) that were previously prevalent in other countries cause severe symptoms leading to high yield loss. Recently, a new isolate of CLRDV (CLRDV-AL) has been characterized from infected cotton plants in Alabama that are often asymptomatic and difficult to detect, implying a low titer and pathogenicity within the host. Different pathogenicity among certain strains within the same species often correlates with both environmental and molecular factors. Thus, better management and control of the vector-borne disease can be achieved by elucidating host-pathogen interaction, such as host immune response and pathogen counter-response. In this study, we demonstrate the ability of CLRDV-AL to suppress a major host defense response known as RNA silencing and compare the potency of silencing suppression to other strains of the same virus. Also, we discuss the difference in pathogenicity among them by evaluating the observations based on the amino acid variation within the functional domain. Our study provides and suggests a future direction for specifying the strategy to mitigate potential cotton disease severity.
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1 Introduction

Cotton is a multipurpose agricultural resource cultivated in most continents, including Africa, Asia, and the Americas. In 2021, 12.8% of the global cotton harvested area was in the United States, and the production was valued at $7.4 billion (reviewed in Tarazi and Vaslin, 2022; Edula et al., 2023). Similarly, like many other crops, cotton is prone to damage from pests and diseases (Xiao et al., 2019; Chohan et al., 2020). Among them, viruses are major pests affecting the yield (Ziegler-Graff, 2020; Tarazi and Vaslin, 2022). Cotton leafroll dwarf virus (CLRDV) is the second most damaging virus to commercial cotton worldwide, reported in all cotton-growing continents (Distéfano et al., 2010; Agrofoglio et al., 2019; Conner et al., 2021). CLRDV is a member of the genus Polerovirus (family Solemoviridae) and the causal agent for the cotton blue disease (Parkash et al., 2021; Sõmera et al., 2021). This disease has caused about 80% yield loss in commercial cotton in South America (Silva et al., 2008). To manage CLRDV and mitigate the loss, the growers’ remedy was increasing the application of pesticides to reduce the population level of the insect vector, Aphis gossypii (Ellis et al., 2016; Galbieri et al., 2017). However, it has not been effective (Galbieri et al., 2017; Mahas et al., 2022). A resistant cotton variety was developed with a dominant resistant gene (Cbd) (Fang et al., 2010). Although this variety showed absolute resistance to CLRDV by restricting systemic virus replication, it was not long before a new strain that broke the resistance was identified in South America (Silva et al., 2008). This resistance-breaking strain was called CLRDV-atypical (CLRDV-at) in contrast to the previous strain CLRDV-typical (CLRDV-ty) (Da Silva et al., 2015). In 2017, CLRDV was reported first time in the United States in Alabama, and the genome sequence analysis identified it as a new strain (CLRDV-AL) (Avelar et al., 2019). Since the first incidence, CLRDV has been reported in many other cotton-growing states (Aboughanem-Sabanadzovic et al., 2019; Alabi et al., 2020; Ali and Mokhtari, 2020; Ali et al., 2020; Faske et al., 2020; Iriarte et al., 2020; Price et al., 2020; Tabassum et al., 2020; Thiessen et al., 2020; Wang et al., 2020; Ramos-Sobrinho et al., 2021; Ferguson and Ali, 2022). All cotton varieties grown in the United States are susceptible to this virus (Edula et al., 2023), and the presence of this pathogen poses a considerable threat. Plants infected in the early season show stunted leaves. During a late season infection, the symptoms include leaf distortion, cupping of leaves, and discoloration of veins (Avelar et al., 2019). However, CLRDV-AL-infected plants are also cryptic as they are often detected in asymptomatic plants, and infected plants do not always test positive for the virus using an amplification-based detection method (Tabassum et al., 2020; Bag et al., 2021; Tabassum et al., 2021).

CLRDV has seven open reading frames (ORFs) that encode proteins necessary for the virus infection cycle (Distéfano et al., 2010; King et al., 2012; Delfosse et al., 2014; Smirnova et al., 2015). Genome analysis has revealed that ORF 0, which encodes a viral suppressor of RNA silencing suppressor (VSR) protein (P0), and is the most divergent region among CLRDV strains (Cascardo et al., 2015; Avelar et al., 2020). Like other plant viruses, certain poleroviral proteins function as VSRs (Almasi et al., 2015; Cascardo et al., 2015; Clavel et al., 2021; Wang et al., 2021; Xiao-Yan et al., 2021). VSRs are virus-encoded proteins to prevent the antiviral mechanism employed by their hosts, which degrades the viral RNA molecules (reviewed in Li and Wang, 2019). Thus, VSRs are considered to play key roles in determining the pathogenicity, virulence, and disease severity of viral pathogens (Sharma and Ikegami, 2010; Wang et al., 2021). Previous studies have shown that CLRDV-ty has a more potent suppression of RNA silencing activity than CLRDV-at and correlated this difference to their symptom severity (Nishiguchi and Kobayashi, 2011; Agrofoglio et al., 2019). Although the difference in amino acid (aa) sequence of CLRDV-AL encoded P0 protein from the other two strains’ P0 proteins was identified (Avelar et al., 2020), its effect on the VSR potency has not yet compared with that of the other strains. In this study, we demonstrated the VSR activity of CLRDV-AL encoded P0 protein via Agrobacterium-mediated transient expression and compared VSR potency to the P0 proteins encoded by two other strains (CLRDV-ty and CLRDV-at).




2 Materials and methods



2.1 Generation of cDNA constructs

The cDNAs of ORF 0 from three different strains of CLRDV were synthesized and cloned into a pUC57mini plasmid (Genscript, Piscataway, NJ, USA) using the reference genome sequences; CLRDV-ty (GenBank accession number: GU167940), CLRDV-at (GenBank accession number: KF359946), and CLRDV-AL (GenBank accession number: MN071395.1). pAI-P0AL, pAI-P0at, and pAI-P0ty, constructs of ORF 0 placed under the CaMV 35S promoter sequence, were generated using these pUC57mini clones as templates. Fragments encompassing the ORF 0 from three different strains of CLRDV were amplified using a Phusion® High-Fidelity DNA polymerase (New England BioLab, Ipswich, MA, USA) by a pair of oligomers, P0-AL.FW.ApaI (5`-ACTAGGGCCCAACAATGTTGAATTTGATCATCTGC-3`) and P0-AL.RV.XbaI (5`-GGACTCTAGATCAACTGCTTTCTTCTTCAC-3`). The amplified product was separated in 0.8% agarose gel by electrophoresis, and the target DNAs were purified from the gel using Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA). The purified DNAs were digested using ApaI and XbaI restriction endonucleases (New England BioLab) and ligated into the corresponding region of the binary plasmid pAIDEE (pAI; Lin et al., 2014), which was digested with the same restriction endonucleases using T4 DNA ligase (Promega, Madison, WI, USA). Constructs were transformed into E. coli JM109 competent cells (Promega) and the resulting transformants were screened on Luria–Bertani (LB) agar plates containing kanamycin (100 mg/ml). Sequence analysis was performed at Psomagen Inc. (Rockville, MD, USA). pAI-GFP, a construct expressing green fluorescence protein (GFP) within the same vector background, was generated in a similar way using a pair of oligomers GFP.FW.ApaI (5`-ACTAGGGCCCAACAATGGCTAGCAAAGGAGAAG-3`) and GFP.RV.XbaI (5`-GTACTCTAGACTATTTGTAGAGCTCATCC-3`) for the amplification.




2.2 Sequence analysis

Multisequence alignment of amino acid sequence for P0 ORFs of CLRDV-ty, CLRDV-at, and CLRDV-AL was performed using CLUSTAL multiple sequence alignment by MUSCLE (Multiple Sequence Comparison by Log- Expectation at https://www.ebi.ac.uk/Tools/msa/muscle/) (Edgar, 2004). The GenBank accession number for each strain is identified above.




2.3 Agroinfiltration

Agroinfiltration of the constructs was conducted as previously described (Kang et al., 2015). Briefly, Agrobacterium tumefaciens strain GV3101 was transformed with the cloned plasmids by the heat shock method. The resulting transformants were screened on LB agar plates containing kanamycin and rifampicin (100 mg/ml and 50 mg/ml, respectively). A single colony was selected and inoculated in 3 ml liquid LB media containing kanamycin (100 mg/ml). The culture was grown overnight at 28°C, then 50 µl of the culture was transferred into 5 ml of fresh LB media with kanamycin and rifampicin (100 mg/ml and 50 mg/ml, respectively). The cells were grown overnight at 28°C, and the culture was centrifuged at 3,000 rpm for 10 mins. Pelleted cells were resuspended in agroinfiltration buffer (10 mM MES, pH 5.85; 10 mM MgCl2; 150 µM Acetosyringone) at the optical density 1.0 at 600 nm (OD600nm = 1.0). Following the incubation for at least 2 hours without shaking at room temperature, the suspension was infiltrated into the lower surface of fully expanded leaves of six weeks old Nicotiana benthamiana 16c plants using needleless syringes. The infiltrated plants were grown under 16h/8h of light/dark cycle until further analysis.




2.4 Examination of fluorescence in plants

Six weeks old N. benthaminana 16c plants were infiltrated with A. tumefaciens GV3101 cells transformed with pAI-GFP mixed with cells transformed with P0 constructs (pAI-P0AL, pAI-P0at, or pAI-P0ty) or other known VSRs (pPZP-P19 or pPZP-HC-Pro; Qu et al., 2003) or empty pAI vector in equal volumes (v/v, OD600nm = 1.0). The expression of the GFP transgene within this transgenic line (16c) can be silenced when extra copies of the GFP transcript are introduced via a binary vector (Voinnet et al., 1998). However, silencing of GFP induced this way can be suppressed by the simultaneous expression of VSRs (Voinnet et al., 1999). This method has been used to identify VSRs among virus-encoded proteins for decades (Brigneti et al., 1998; Voinnet et al., 1999; Qu et al., 2003; Cui et al., 2005; Li et al., 2014; Dong et al., 2016; Li et al., 2019; Sinha et al., 2021; Wang et al., 2022). Green fluorescence was observed under a long wavelength (365 nm) using a hand-held UV lamp raised 6 inches above the plants at four days post infiltration (dpi) in the dark room. The infiltrated leaves were collected at 4 dpi and examined using an epifluorescence microscope, Echo Revolve (San Diego, CA, USA), with wavelengths specified by FITC cube (EX:470 ± 40 nm and EM:525 ± 50 nm).




2.5 Relative expression levels of GFP mRNA

The relative expression levels of GFP mRNA were evaluated by RT-qPCR using Luna® universal RT-qPCR system (New England Biolabs). Total RNA was extracted from 100 mg of leaf discs of infiltrated N. benthamiana (four discs of 0.9 cm in diameter). The samples were ground in liquid nitrogen using TissueLyser II (Qiagen, Hilden, Germany). The extraction was performed using RNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s protocol. RNA quality and concentration were evaluated using NanoDrop™ Lite Spectrophotometer (ThermoFisher Scientific). One-step RT-qPCR reactions were performed in a CFX Connect™ Real-time PCR detection system (BIO-RAD) with a total volume of 10 μl, using 2 μl of RNA (10 ng/μl). For the amplification of GFP, a pair of oligomers; MFA.Gq-PCR : FW (5`- GATGACGGGAACTACAAGAC -3`) and MFA.Gq-PCR : RV (5`- CGAGTACAACTATAACTCACAC -3`) were used. The reference gene, NbACTIN2, was used as the internal control and was amplified using a pair of NbACTIN2-FW (5`-CAATCCAGACACTGTACTTTCTCTC-3`) and NbACTIN2-RV (5`-AAGCTGCAGGTATCCATGAGACTA-3`) as previously described (Luo et al., 2019). The cycling conditions include the reverse transcription at 55°C for 10 min, incubation at 95°C for 2 min, and 40 cycles of 95°C for 10 s and 60°C for 60 s. Three biological and technical replicates were performed for all treatments. Ct values were averaged for triplicates of each sample prior to calculating relative values using the 2−ΔΔCt method (Livak and Schmittgen, 2001).





3 Results

To verify the ability of the P0 protein encoded by CLRDV-AL (P0-AL) to suppress the RNA silencing, P0-AL was expressed along with a green fluorescent protein (GFP) in Nicotiana benthamiana 16c plants, a transgenic line that constitutively expresses GFP (Figure 1). When there is no suppression, the transiently expressed GFP triggers an RNA silencing response which degrades both endogenous and transient GFP mRNAs, and subsequently, the fluorescence level drops (Figure 1B; EV, top left). However, in the presence of suppressors, such degradation is inhibited, and the level of GFP expression can be visualized under UV range light. In our assay, strong GFP fluorescence was observed in the presence of P19 or HC-Pro at four days post-infiltration (dpi) (Figure 1B; HC-Pro and P19, bottom right and left). P19 and HC-Pro are well-known strong VSRs encoded by Tomato bushy stunt virus and Tobacco etch virus, respectively (Anandalakshmi et al., 1998; Scholthof, 2006). Although P0-AL showed suppression activity of the RNA silencing, the GFP fluorescence level within the region of N. benthamiana 16c leaves co-infiltrated with GFP visualized by UV light was not comparable to the level shown by P19 or HC-Pro co-infiltration (Figure 1B; P0-AL, top right). A similar pattern in the suppression of GFP fluorescence was observed upon the co-expression of GFP along with each VSR or EV in the individual leaves (Figure 1C). The visually assessed relative intensity of the GFP fluorescence suggested that the RNA silencing suppression potency of P0-AL is significantly weaker than that of P19 or HC-Pro because the fluorescence intensity was similar to the basal fluorescence from the non-infiltrated leaves (Figure 1C; P0-AL and Mock). To better evaluate the relative intensity of GFP fluorescence resulting from the suppression of RNA silencing, infiltrated leaf tissue patches were examined using a fluorescence microscope (Figure 1D). The relative fluorescence intensity calculated from more than 15 images per treatment using Region of Interest (ROI) on ImageJ and analyzed by one-way ANOVA test in R (see Materials and Methods) demonstrated significant difference (p < 0.01) in the fluorescence level of P0-AL-infiltrated patches compared to either HC-Pro- or P19-infiltrated patches (Figure 1E; denoted as ‘a’ for HC-Pro or P19, and as ‘b’ for P0-AL). According to the analysis, all three VSRs demonstrated significant (p < 0.01) suppressor activity relative to the empty vector (EV)-infiltrated control (Figure 1E; denoted as ‘c’ for EV control). However, it is noteworthy that the fluorescence level measured from P0-AL-infiltrated patches was not completely distinct from the basal level fluorescence measured from buffer-infiltrated N. benthamiana 16c plants (Figure 1E; denoted as ‘bc’ for 16c control). These results implied that the P0 protein of CLRDV-AL is not a potent silencing suppressor compared to other VSRs, such as P19 and HC-Pro, known for their strong silencing suppression.




Figure 1 | P0 protein of CLRDV-AL is a weak local VSR. Potency of P0 protein of CLRDV-AL as a viral suppressor of RNA silencing (VSR) was compared to the known VSRs, such as P19 or HC-Pro, by co-expressing GFP and each VSR in GFP-transgenic N. benthamiana (16c) plants by Agroinfiltration. Images were taken at 4 days post infiltration (dpi) under the natural light (A) and UV light (B, C). The same leaf is shown for panels (A, B) EV, empty vector. (D) Infiltrated leaf tissue shown in panel (C) was examined using a fluorescence microscope. Three representative images per treatment were shown. Scale bar = 180 µm. (E) The fluorescence intensity was calculated using Region of Interest (ROI) on ImageJ. The relative intensity was analyzed by one-way ANOVA test in R and shown as a box and whisker plot. Each boxplot depicts the interquartile range (middle 50% of the data), the lower and upper edge show the first and third quartile (25th and 75th percentile respectively), median (horizontal line within the box). The whiskers are the contributions within the 1.5 interquartile range; open circles beyond these whiskers are considered as outliers; significant differences, p < 0.01, were denoted by letters.



Previously, the P0 protein encoded by an atypical strain of CLRDV (P0-at) was reported to function as a weaker VSR than the P0 protein encoded by a typical strain of CLRDV (P0-ty) by a similar set of experiments described above (Agrofoglio et al., 2019). To evaluate the VSR potency of P0-AL compared to the P0 proteins from two other strains (P0-ty and P0-at), a similar set of qualitative and quantitative experiments and analysis shown in Figure 1 was performed (Figure 2). Each construct harboring the ORF of P0 from three different strains of CLRDV was co-infiltrated into the leaves of N. benthamiana 16c plants along with the GFP construct via agroinfiltration. When observed under the UV light at four dpi, non-infiltrated leaves showed the basal level of GFP fluorescence generated from their own GFP transgene expression (Figure 2A; Mock). On the contrary, the leaves co-infiltrated by the GFP construct with an empty vector did not show GFP fluorescence and looked rather red due to the autofluorescence from the chloroplasts (Figure 2A; EV). As expected from previous reports, the leaves co-infiltrated with P0-ty or P0-at showed a sharp contrast in fluorescence level (Figure 2A; P0-ty and P0-at). Stronger fluorescence was observed from the leaves co-infiltrated with P0-ty, but less fluorescence was observed from the leaves co-infiltrated with P0-at. Upon the visual observation, the fluorescence level from the leaves co-infiltrated with P0-AL was even lower than the level of P0-at (Figure 2A: P0-AL). The relative intensities of the GFP fluorescence visually evaluated under UV light suggested that the RNA silencing suppression activity of P0-AL is weaker than P0-ty like P0-at. To evaluate the relative potency of the suppression of RNA silencing better, infiltrated leaf tissue patches were examined using a fluorescence microscope (Figure 2A; bottom row, see Supplementary Figure 1 for more representative images), and the relative fluorescence intensity was calculated from more than 15 images per treatment using ROI on ImageJ and analyzed by one-way ANOVA test in R (Figure 2B). The analysis demonstrated a significant difference (p < 0.01) in the fluorescence level from the patches infiltrated with three P0s individually compared to EV-infiltrated patches (Figure 2B; denoted as ‘d’ for EV control). The fluorescence level of the patches infiltrated with P0-ty was also significantly different and distinct from the other two sets of patches infiltrated with the other two P0s (Figure 2B; denoted as ‘a’ for P0-ty). However, the fluorescence level of the patches infiltrated with P0-at that was significantly different from the patches infiltrated with P0-ty (Figure 2B; denoted as ‘b’ for P0-at) was not completely distinct from the patches infiltrated with P0-AL (Figure 2B; denoted as ‘bc’ for P0-AL). Interestingly, according to the analysis, the fluorescence level of P0-AL-infiltrated patches did not show complete distinction from buffer-infiltrated N. benthamiana 16c control (Figure 2B; denoted as ‘cd’ for 16c control). This implied that there was suppression activity for P0-AL, yet the suppression potency was not strong enough. This result is also in accordance with the result shown above (Figure 1E; denoted as ‘b’ and ‘bc’ for P0-AL and 16c control, respectively). Although the fluorescence of GFP under UV light is an indication of the level of silencing or its suppression, this can still be argued because silencing is the mechanism acting on the RNA, yet the analysis based on the observed florescence comes from the translated product of such RNA. To further validate our observation, the relative accumulation of GFP mRNA was analyzed by quantitative real-time PCR (Figure 2C). The GFP mRNA levels in the patches infiltrated with three P0s individually were all significantly higher, p < 0.01, than EV control patches (Figure 2C; significant difference was not noted within the graph). This was consistent with the analysis using the GFP fluorescence shown in Figure 2B. The GFP mRNA level in the patches infiltrated with P0-ty was significantly higher than the levels in the other two sets of patches infiltrated with P0-at or P0-AL. This was also in agreement with the analysis shown in Figure 2B. Remarkably, the GFP mRNA levels between the patches infiltrated with P0-at and P0-AL showed less significant difference (Figure 2C; p < 0.05), which was in line with the result shown in Figure 2B where P0-at and P0-AL were denoted as groups ‘b’ and ‘bc’, respectively. Overall, the analysis of relative GFP mRNA level by RT-qPCR (Figure 2C) supported the quantified GFP fluorescence level analyzed in Figure 2B. These results implied that the silencing suppressor potency of the P0 protein encoded by CLRDV-AL is comparable to the P0 protein encoded by CLRDV-at, which is weaker than the P0 protein encoded by CLRDV-ty.




Figure 2 | Comparison of VSR potency among the P0s encoded by three CLRDV strains. The suppressor of RNA silencing activity of the P0 proteins from CLRDV-AL, CLRDV-ty, and CLRDV-at was compared by co-expressing GFP and each P0 in GFP-transgenic N. benthamiana (16c) plants by Agroinfiltration. Images were taken at 4 dpi under the UV light (A, top row) and using a fluorescence microscope (A, bottom row). Scale bar = 180 µm. Mock; non-infiltrated N. benthamiana 16c plant, EV; empty vector. See Supplementary Figure 1 for more fluorescence microscopy images. Note that the leaves shown for Mock and EV are the same images used in Figure 1C as this set of Agroinfiltration was performed concurrently. (B) The fluorescence intensity was calculated using Region of Interest (ROI) on ImageJ. The relative intensity was analyzed by one-way ANOVA test in R and shown as a box and whisker plot. Significant differences were denoted by letters. (C) GFP mRNA levels in tissues co-infiltrated with a set shown in (A) were analyzed by RT-qPCR. Error bars indicate the standard deviation of the means of Ct values in three biological repeats using actin2 reference gene and 2-ΔΔCt method. Statistically significant differences determined by Student’s t-test, p < 0.05 or < 0.01, were denoted by asterisks (* or **, respectively). Note that all P0s showed significant difference (p < 0.01) from EV, but not noted.






4 Discussion

CLRDV induces a wide range of various symptoms, such as leaf drooping, wilting, reddening, stunting, and shortened internodes as well as asymptomatic infection which are commonly observed in the US (Agrofoglio et al., 2017; Avelar et al., 2019; Tabassum et al., 2020; Bag et al., 2021). The causes for diverse symptoms are not clearly understood and could be due to myriads of factors, such as abiotic factors, interactions between the virus and host, or a combination of both. Interaction between the virus and host also contributes to the resistance dynamic reported in the cotton-CLRDV pathosystem. Upon the rise of CBD in Brazil, deploying cultivars with a single dominant resistance gene, Rghv1, effectively mitigated the disease (Junior et al., 2008). However, varieties carrying a single dominant resistance gene, Cbd (Fang et al., 2010), became susceptible to CLRDV-at in Argentina (Agrofoglio et al., 2019). Furthermore, the BRS-293 cultivar, which is moderately resistant to typical and atypical CLRDVs (Morello et al., 2010), was susceptible to prevalent CLRDV in the southeastern United States (Brown et al., 2019). Considered a crosstalk between plant immunity such as resistance and viral pathogenicity mediated by RNA silencing and VSR has been proposed (reviewed in Ding, 2010), it is noteworthy to mention that suppression of RNA silencing at variable degrees among different isolates within the same species or among different species within the same genus has been reported from several members of family Solemoviridae (Han et al., 2010; Kozlowska-Makulska et al., 2010; Fusaro et al., 2012; Delfosse et al., 2014; Zhuo et al., 2014; Cascardo et al., 2015; Agrofoglio et al., 2019). Thus, while it is not the sole factor, the characteristics of its VSR does contribute partially to the cryptic pathogenicity of CLRDV-AL.

In this study, we examined the silencing suppression potency of the P0 protein encoded by CLRDV-AL by using GFP co-infiltration assays on N. benthamiana 16c plants and analyzed the measure of suppression both in protein and RNA levels. Our study demonstrated that CLRDV-AL P0 functioned as a local VSR (Figure 1), but the suppression level differed from cognate VSRs from other strains of CLRDV (Figure 2) or VSRs from other viruses (Figure 1). The alignment comparing the aa sequence of the P0-AL to the previously isolated strains from South American countries showed some mutations within the F-box domain known for VSR function (Agrofoglio et al., 2019). Figure 3 summarizes some notably divergent residues within its conserved F-box motif among three CLRDV strains used in this study. P0-AL has a valine (V) substitution which resembles an atypical strain (Figure 3; letter in red), and an arginine (R) substitution which resembles a typical strain (Figure 3; letter in blue). However, P0-AL also carries a unique phenylalanine (F) substitution that is found as either leucine (L) or isoleucine (I) in atypical or typical strains, respectively (Figure 3; letter in green). The collective difference in these residues among the three strains may contribute to our results demonstrating that the P0 protein from CLRDV-AL displays yet another level of silencing suppression potency compared to two other P0s of different strains. Previous study sought the correlation between the resistance-breaking trait of CLRDV-at and its VSR, P0-at, by comparing VSR potency between the P0 proteins from CLRDV-at and CLRDV-ty (Agrofoglio et al., 2019). Agrofoglio et al. (2019) showed that an aa substitution, I to V, present in F-box motif was not sufficient to completely elucidate this question because the revertant P0-at, in which V residue has turned back to I, was still not able to restore the comparable suppression potency demonstrated by P0-ty. Our results with P0-AL demonstrating a similar suppression potency to P0-at can be partially explained by the fact that P0-AL has the same substitution to V in that residue as P0-at. However, other substitutions unique in P0-AL from both P0-at and P0-ty may explain why P0-AL is not precisely at the same degree of VSR potency as P0-at (Figure 2B). Furthermore, it is known that the virus-encoded proteins interact among them during the virus infection within the host to expand their functional landscape and stability (Dao et al., 2020; Wang et al., 2022a; Wang et al., 2022b). As presented study was based on the transient expression of a single viral protein, it is worthy to note that the observed VSR potency could differ in the presence of the other CLRDV proteins under the viral context.




Figure 3 | Alignment of the P0s encoded by CLRDV-AL, CLRDV-ty, and CLRDV-at. Amino acid (aa) sequences of the P0 proteins from three CLRDV strains were aligned. Notable divergence in P0-AL, within the F-box motif (shown in a box with black line) linked to RNA silencing suppressor activity, from atypical, typical, or both are noted in blue, red, or green, respectively. Consensus symbols show sequence similarities based on Percent Accepted Mutations (PAM) 250 scoring matrix. ‘*’; indicates aa fully conserved aa residues. ‘:’; indicates conservation between groups of strongly similar properties. ‘.’; indicates conservation between groups of weakly similar properties.



CLRDV is a potentially threatening pest to the cotton industry due to its high mutation rate as a viral pathogen with an RNA genome and the tremendously effective transmission by insect vectors (Jones, 2009; Tarazi and Vaslin, 2022). Considering the economic significance of cotton in the United States, it is imperative to develop predictable strategies to manage potential new strains of CLRDV. Further molecular investigation on P0-AL to understand the cryptic nature of CLRDV-AL and its disease development will provide insight into how different CLRDV strains display a wide range of various disease symptoms and severity. Additionally, identifying host factors playing a role with the P0 protein during the virus infection will help specify the strategy to develop resistant varieties that can mitigate potential loss by CLRDV and sustainably manage resources for cotton growers in the United States and beyond.
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Supplementary Figure 1 | Infiltrated leaf tissue showing GFP silencing inhibition from Figure 2A was examined using a fluorescence microscope. Representative images used for the analysis of relative fluorescence intensity (Figure 2B) are shown. (A; P0-ty, B; P0-at, C; P0-AL, D; EV). Scale bar = 180 µm.
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