

  pathogens-12-01119




pathogens-12-01119







Pathogens 2023, 12(9), 1119; doi:10.3390/pathogens12091119




Article



Effects of Host Plants and Their Infection Status on Acquisition and Inoculation of A Plant Virus by Its Hemipteran Vector



Saurabh Gautam 1, Kiran R. Gadhave 2, James W. Buck 3, Bhabesh Dutta 4, Timothy Coolong 5, Scott Adkins 6, Alvin M. Simmons 7 and Rajagopalbabu Srinivasan 1,*





1



Department of Entomology, University of Georgia, 1109 Experiment Street, Griffin, GA 30223, USA






2



Texas A&M AgriLife Research, 6500 W Amarillo Blvd, Amarillo, TX 79106, USA






3



Department of Plant Pathology, University of Georgia, 1109 Experiment St., Griffin, GA 30223, USA






4



Department of Plant Pathology, University of Georgia, 3250 Rainwater Road, Tifton, GA 31793, USA






5



Department of Horticulture, University of Georgia, 1111 Miller Plant Sciences, 120 Carlton Street, Athens, GA 30602, USA






6



USDA-ARS, U.S., Horticultural Research Laboratory, Fort Pierce, FL 34945, USA






7



USDA-ARS, U.S., Vegetable Laboratory, Charleston, SC 29414, USA









*



Correspondence: babusri@uga.edu; Tel.: +1-770-229-3099







Citation: Gautam, S.; Gadhave, K.R.; Buck, J.W.; Dutta, B.; Coolong, T.; Adkins, S.; Simmons, A.M.; Srinivasan, R. Effects of Host Plants and Their Infection Status on Acquisition and Inoculation of A Plant Virus by Its Hemipteran Vector. Pathogens 2023, 12, 1119. https://doi.org/10.3390/pathogens12091119



Academic Editor: Lawrence S. Young



Received: 21 July 2023 / Revised: 23 August 2023 / Accepted: 29 August 2023 / Published: 1 September 2023



Abstract

:

Whitefly, Bemisia tabaci Gennadius (B cryptic species), transmits cucurbit leaf crumple virus (CuLCrV) in a persistent fashion. CuLCrV affects several crops such as squash and snap bean in the southeastern United States. CuLCrV is often found as a mixed infection with whitefly transmitted criniviruses, such as cucurbit yellow stunting disorder virus (CYSDV) in hosts such as squash, or as a single infection in hosts such as snap bean. The implications of different host plants (inoculum sources) with varying infection status on CuLCrV transmission/epidemics is not clear. This study conducted a series of whitefly mediated CuLCrV transmission experiments. In the first experiment, three plants species: squash, snap bean, and tobacco were inoculated by whiteflies feeding on field-collected mixed-infected squash plants. In the second experiment, three plant species, namely squash, snap bean, and tobacco with varying infection status (squash infected with CuLCrV and CYSDV and snap bean and tobacco infected with CuLCrV), were used as inoculum sources. In the third experiment, squash plants with differential CuLCrV accumulation levels and infection status (either singly infected with CuLCrV or mixed infected with CuLCrV and CYSDV) were used as inoculum sources. Irrespective of plant species and its infection status, CuLCrV accumulation in whiteflies was dependent upon the CuLCrV accumulation in the inoculum source plants. Furthermore, differential CuLCrV accumulation in whiteflies resulted in differential transmission, CuLCrV accumulation, and disease phenotype in the recipient squash plants. Overall, results demonstrate that whitefly mediated CuLCrV transmission between host plants follows a virus density dependent phenomenon with implications for epidemics.
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1. Introduction


Successful survival of plant pathogens in the natural ecosystem depends on the availability of susceptible hosts [1]. A host is a plant that a pathogen can infect and within which the pathogen can replicate. Many pathogens have a broad host range, which ensures the pathogen’s survival within the ecosystem [2,3]. Plant viruses, for the most part, depend upon vectors, particularly insects for transmission [4]. Therefore, in the case of vector-transmitted plant viruses, an ideal host that supports virus multiplication should allow virus acquisition by vector/s for successful transmission [5]. Hence, in the case of vector-borne plant viruses, understanding the host range within the context of host suitability for vector transmission is central to understanding virus pathogenicity and epidemics. In the last decade, the annual occurrence of the whitefly Bemisia tabaci Gennadius B (otherwise referred to as B biotype/B mitotype/MEAM1) [6,7] transmitted cucurbit leaf crumple virus (family Geminiviridae, genus Begomovirus) is increasingly becoming important in squash (Cucurbita pepo L.) and snap bean (Phaseolus vulgaris L.) production in the southeastern United States [8,9,10,11]. CuLCrV was first detected in the southeastern U.S., in 2006, in Florida [12], and in 2010, it was detected in snap bean in Georgia [13]. Recently, CuLCrV was detected in cucurbits in South Carolina, demonstrating its expanding geographical range [14]. Although the host range of cucurbit leaf crumple virus (CuLCrV) and CuLCrV-mediated direct and indirect effects on vector fitness were studied previously [9], the ability of B. tabaci B to acquire and inoculate CuLCrV from these hosts remains largely unknown.



Polyphagous vectors, such as B. tabaci B, moving through a habitat may encounter multiple host plants and can acquire viruses during the process, resulting in single- or mixed infection in subsequently encountered susceptible host plants [8]. Mixed infection is ubiquitous in nature [15,16,17], and many co-infecting viruses interact synergistically [18]. Several agriculturally important plant viruses produce enhanced disease phenotypes in a mixed infection status [19,20,21,22,23], resulting in altered interactions with insect vectors with implications for virus transmission [20,24,25,26,27,28]. In squash, CuLCrV mostly occurs in mixed infection with other B. tabaci B-transmitted viruses, such as cucurbit chlorotic yellows virus (CCYV, family Closteroviridae, genus Crinivirus) and/or cucurbit yellow stunting disorder virus (CYSDV, genus Crinivirus) [9,29]. Compared with single infection, mixed-infected squash often produces a severe disease phenotype [9]. On mixed-infected squash, CuLCrV infection symptoms (crumpling) are more pronounced in upper leaves and CYSDV-specific symptoms (interveinal chlorosis) are prominent in older leaves.



Cucurbit leaf crumple virus and criniviruses (CCYV and CYSDV) differ in their interactions with B. tabaci. CuLCrV is transmitted by B. tabaci in a persistent and circular manner. Once acquired by the whitefly, CuLCrV can remain associated with it for the rest of the life span [30]. Criniviruses are semipersistent viruses, and once acquired by whiteflies feeding on infected plants; whiteflies can remain viruliferous for up to nine days [31,32]. Unlike CCYV, which was documented in 2019, CYSDV has been known to occur in the region for more than a decade [8,33]. Both CuLCrV and CYSDV can infect many plant species in the family Cucurbitaceae, and certain cultivars of the common or snap bean (Phaseolus vulgaris L.) [34,35,36,37]. Squash and snap bean are two commercially important crops in Georgia, where in 2021, growers planted ~4382 and 9873 acres of squash and snap bean, respectively, with a combined farmgate value of more than USD 74 million [38]. Also, both share a growing season in Georgia. During severe epidemics, field infection of CuLCrV in squash and snap bean could reach up to 100% in susceptible cultivars [11]. In squash, CuLCrV is often found to be mixed infected with CYSDV [13,35,39]. The frequent mixed infection of CuLCrV with CYSDV raises two important epidemiological questions. First, how does the acquisition of one virus (CuLCrV) and two (CuLCrV and CYSDV) viruses by B. tabaci affect its ability to transmit CuLCrV? Second, how the inoculum source infection status (single: CuLCrV and mixed infection: CuLCrV and CYSDV) could affect the CuLCrV spread/epidemic?



To answer the above questions, the current study used field-collected, mixed-infected squash with CuLCrV and CYSDV as an initial inoculum source for CuLCrV, and conducted a series of B. tabaci B-mediated transmission experiments (Figure 1): (i) CuLCrV transmission from mixed-infected squash to tobacco (experimental host), snap bean, and squash; (ii) CuLCrV transmission from mixed- (squash) versus singly infected (tobacco and snap bean) plants to squash; and (iii) CuLCrV transmission from mixed- versus singly infected squash to squash (Figure 1). In doing so, this study also quantitated the amount of CuLCrV acquired by the whiteflies feeding on mixed- versus singly infected plants belonging to different families. Also, this study estimated CuLCrV accumulation in squash plants inoculated by whiteflies, which acquired CuLCrV from different inoculum sources (mixed- and singly infected squash and singly infected tobacco and snap bean).




2. Materials and Methods


2.1. Plants and Insects


In the transmission studies, three different plant species, squash (Cucurbita pepo cv. “Gold Star, F1 hybrid”), snap bean P. vulgaris cv. “Provider” and tobacco (Nicotiana tabacum cv. “L326”), were used. Yellow summer squash and snap bean seeds were procured from Johnny’s Selected Seeds (Winslow, ME, USA), and tobacco seeds were obtained from UGA extension services. Throughout the study, two-week-old squash, four-week-old tobacco, and four-week-old snap bean seedlings were used for transmission experiments. Plants were at the four-leaf stage in all experiments. Plants were maintained in a greenhouse (25–30 °C with a 14 h L:10 h D photoperiod) in insect-proof cages (Megaview Science Co., Taichung, Taiwan) at five plants per cage. The whiteflies (B. tabaci ‘B biotype’) used in the present study were first collected in 2009 in Tifton, Georgia from infested cotton (Gossypium hirsutum L.) fields. Since then, whiteflies were reared on cotton plants in whitefly proof cages in the greenhouse maintained at the above-stated conditions [40]. The purity of the colony was periodically confirmed (once every few months) by partially sequencing the mitochondrial cytochrome oxidase I (COI) gene [41].




2.2. Virus Maintenance


The initial inoculum source of CuLCrV and CYSDV was obtained using the procedure described earlier by Gautam et al. 2020 [9]. Briefly, in September 2017, fifteen whitefly infested squash plants showing symptoms, such as crumpling and yellowing, were collected from a research plot in Tifton, GA. Symptomatic leaves were excised and surface sterilized using a six-step surface sterilization. The leaves were first washed in autoclaved distilled water, followed by 1 min rinsing in 1% bleach, followed by a 1 min wash in 70% ethanol, and finally, three rinses with sterile distilled water to remove the sterilizing agents. In total, 100 mg of surface-sterilized leaf tissues were used for DNA/RNA extraction. Total genomic DNA was extracted with the GeneJET Plant Genomic Purification Kit (ThermoFisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol. Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s guidelines and subjected to cDNA synthesis. The presence of CuLCrV in extracted DNA and CYSDV in generated cDNA was confirmed using the primers and conditions described earlier [9]. All fifteen samples tested positive for both CuLCrV and CYSDV. The inoculum was maintained in the greenhouse through repeated whitefly mediated inoculation in whitefly proof cages by placing two-week-old, non-infected squash plants with the infected plants.




2.3. Transmission Experiment One (E1)


Bemisia tabaci B mediated-CuLCrV transmission was conducted using field-collected mixed-(CuLCrV and CYSDV) infected squash as the inoculum source, and squash, tobacco and snap bean as recipients. Around one thousand whiteflies without CuLCrV (upto 48 h old) feeding on cotton were given a 48 h acquisition access period (AAP) on mixed-infected squash. Using a clip cage, whiteflies (~100/plant) that acquired both viruses were attached to the first true leaf of tobacco, snap bean, or squash plants (Gautam et al. 2020) for an inoculation access period (IAP) of five days. Clip cages were made of foam and each cage comprised two hollow foam rings (inner diameter of 2.5 cm, and a height of 1.5 cm) with mesh covering one side of each ring for visibility and ventilation. Using pins, as shown in Supplementary S1 (S.1), plant leaf tissues were sandwiched between the rings of clip cages containing insects. After four weeks, the total DNA/RNA from 100 mg of young leaf tissue was extracted and subjected to PCR analysis for CuLCrV and CYSDV, as described above. Each treatment had 10 replicates (one clip cage/plant), and the experiment was conducted three times (n = 30). For each experiment (n = 3), different inoculum sources (field collected mixed-infected plants) were used.



CuLCrV copy numbers in infected plants were estimated using the qPCR protocol described earlier by Gautam et al. 2020 [9]. Briefly, 2X GoTaq qPCR Master Mix was combined with forward and reverse primers (CuLCrV-QF and CuLCrV-QR final concentration of 0.5 μM), 10 ng DNA, and nuclease-free water for a final reaction volume of 25 μL. Cycling parameters were as follows: 95 °C for 2 min; 40 cycles of 95 °C for 1 min, 63 °C for 15 s, and 72 °C for 20 s. Upon completion of the run, melting curve analysis was performed to confirm the specificity of the primer pairs. Each sample was tested in duplicate, and the absolute number of copies in the samples was quantitated using the standard curve protocol described by Legarrea et al. [40]. Generated singly and mixed-infected plants were used as inoculum sources in transmission experiment two, as described below.




2.4. Transmission Experiment Two (E2)


Bemisia tabaci B-mediated CuLCrV transmission was conducted using singly (CuLCrV: tobacco and snap bean) and mixed- (CuLCrV and CYSDV: squash) infected inoculum sources and squash plants as recipients.



Whitefly acquisition: Whiteflies with or without viruses were obtained by allowing whiteflies to feed on non-infected, singly or mixed-infected inoculum sources for a 48 h AAP. Following AAP, whiteflies were attached to cotton plants using clip cages (100/clip cage). After 48 h on cotton, twenty whiteflies were randomly collected, and surface sterilized using the six-step protocol described above. For CuLCrV, total DNA was extracted from individual whiteflies using Chelex resin, InstaGene Matrix (Bio-Rad, Hercules, CA, USA) and subjected to PCR analysis, as described above. Percent infection and CuLCrV accumulation in whiteflies were estimated using endpoint PCR and qPCR programs, as described above. Whiteflies with 48 h AAP on non-infected squash plants served as control. The experiment was conducted three times (n = 60 for each treatment).



Whitefly inoculation: Using clip cages, whiteflies with or without the virus (100 adults/plant) were attached to the first true leaf of two-week-old squash and given an IAP of five days. Four weeks after the five-day IAP, total DNA/RNA from 100 mg surface-sterilized young leaf tissue was extracted and subjected to PCR analysis, as described above. Percent CuLCrV and/or CYSDV infection in squash was measured using endpoint PCR protocol, as described above, and CuLCrV copy numbers in infected squash were estimated using the protocol, as described above. Each treatment had 10 replicates and the experiment was conducted three times (n = 30). Generated ingly (squash infected from tobacco and snap bean, hereafter referred as ST and SB, respectively) and mixed-infected (squash infected from squash, hereafter referred SM)) squash plants were used as inoculum sources in transmission experiment three, as described below.




2.5. Transmission Experiment Three (E3)


Bemisia tabaci B mediated CuLCrV transmission was conducted using CuLCrV-infected squash ((SB or ST) obtained from singly infected snap bean or tobacco) and CuLCrV and CYSDV-infected squash ((SM) obtained from mixed-infected squash) as inoculum sources and non-infected squash plants as recipients. Whiteflies with or without viruses were generated by providing whiteflies with a 48 h AAP on non-infected, singly (SB or ST), or mixed infected squash (SM). Hereafter, whiteflies feeding on SB, ST, and SM will be referred to as WSB, WST, and WSM, respectively. CuLCrV transmission from singly/mixed-infected squash was carried out using the protocol described above. Percent infection and CuLCrV accumulation in whiteflies and plants were estimated using the protocol described above. Each treatment had 10 replicates and the experiment was conducted three times (n = 30).




2.6. Statistical Analysis


Whitefly and plant percentage infection data (infected versus. non-infected) were evaluated using binary logistic regression. CuLCrV accumulation data in plants were analyzed using a linear-mixed model. During analysis, replications and repeats were considered as random effects and treatments were considered fixed effects. Means separation was performed using Tukey’s HSD post hoc test. Data analyses were performed in R version 3.4.2 [42].





3. Results


3.1. Transmission Experiment One (E1)


Inoculated tobacco and snap bean plants were infected only with CuLCrV and not with CYSDV. However, inoculated squash plants were infected with both CuLCrV and CYSDV. Significantly higher infection percentages were observed in squash (93%) compared with tobacco (68%) and snap bean plants (62%) (χ2 = 14.33; df = 2, 87; p < 0.01; Figure 2A). CuLCrV infection symptoms were observed three to five weeks post-inoculation. In infected squash plants, crumpling on younger leaves was accompanied by interveinal chlorosis on older leaves (Figure 3A). Symptoms on tobacco plants included thickened and leathery young leaves (Figure 3B), and severe crumpling was observed on snap bean younger leaves (Figure 3C). CuLCrV accumulation differed significantly between the plant species (F = 10.43; df = 2, 68; p < 0.01). The highest CuLCrV accumulation was observed in mixed-infected squash and the lowest accumulation was documented in snap bean plants (Figure 2B).




3.2. Transmission Experiment Two (E2)


The percentage of whiteflies that acquired CuLCrV differed significantly depending upon the acquisition host plant species (χ2 = 18.41, df = 2, 177; p < 0.01). The highest percent was observed for whiteflies feeding on mixed-infected squash (95%), followed by tobacco (83%) and snap bean (64%) (Figure 4A). CuLCrV accumulation in whiteflies differed significantly depending upon the host plant species (F = 62.304, df = 2, 144, p < 0.01). CuLCrV accumulation in whiteflies feeding on mixed-infected squash was significantly higher than that of whiteflies feeding on tobacco or snap bean (Figure 4B). Within single infections, whiteflies feeding on tobacco acquired significantly more CuLCrV than whiteflies feeding on snap bean (Figure 4B).



Percent infection and accumulation differed in infected squash plants depending on the CuLCrV inoculum source. The highest percent infection was observed in squash (SM) inoculated by whiteflies post-acquisition on mixed-infected squash (84%) and the lowest percent infection was observed in squash (SB) inoculated by whiteflies post-acquisition on infected snap bean (40%) (χ2 = 129.7; df = 2, 87; p < 0.01) (Figure 4C). CuLCrV accumulation in infected squash was dependent on the CuLCrV inoculum source plants (F = 628.6; df = 2, 72; p < 0.01). There was no significant difference in the CuLCrV accumulation in squash (SM and ST) inoculated by whiteflies post-acquisition on mixed-infected squash and singly infected tobacco. Squash (SB) inoculated by whiteflies post-acquisition on infected snap bean plants accumulated significantly lower amounts of CuLCrV than SM and ST squash inoculated by whiteflies post-acquisition on mixed-infected squash or singly infected tobacco plants (Figure 4D). Symptom development in squash varied depending upon the CuLCrV inoculum source (Figure 3). Mixed-infected squash (SM) had severe crumpling (Figure 3D). Squash (ST) inoculated by whiteflies post-acquisition on infected tobacco that had characteristic CuLCrV symptoms (curled and crumpled young leaves) (Figure 3E). Mild symptoms (thickened leaves) developed on squash (SB) inoculated by whiteflies post-acquisition on infected snap bean plants (Figure 3F).




3.3. Transmission Experiment Three (E3)


The percentage of whiteflies that acquired CuLCrV was dependent on the CuLCrV accumulation levels in squash (SB, ST, or SM) (χ2 = 61.81; df = 2, 87; p < 0.01) (Figure 5A). The highest percentage (95%) of whiteflies positive for CuLCrV (WSM) was observed while feeding on mixed-infected squash plants (SM). Within single infections, 77% of CuLCrV positive whiteflies (WST) were observed while feeding on singly infected plants, ST, and the lowest percentage (40%) of CuLCrV positive whiteflies (WSB) was observed while feeding on singly infected plants, SB.



CuLCrV-DNA accumulation did not differ between WSM and WST whiteflies (F = 73.8; df = 2, 124; p <0.01) (Figure 5B). However, WSM and WST whiteflies accumulated significantly more CuLCrV DNA than WSB whiteflies.



Percent infection and CuLCrV accumulation in infected squash were dependent up-on the CuLCrV inoculum source (SB, ST, or SM). The highest percent infection was observed in squash plants (85%) inoculated by whiteflies (WSM) post-acquisition on mixed-infected squash plants (SM). Within single infection sources, the percent infection in squash plants (80%) inoculated by WST whiteflies was higher than the squash plants (20%) inoculated by WSB whiteflies (χ2 = 60.92; df = 2, 6; p < 0.01) (Figure 5C).



CuLCrV-DNA accumulation did not differ between mixed- and singly infected squash plants inoculated by WSM and WST whiteflies post-acquisition on mixed-infected (SM) and singly infected squash (ST) (Figure 5B). However, these plants accumulated significantly higher CuLCrV DNA than squash inoculated by WSB whiteflies post-acquisition on singly infected squash plants (SB) (F = 478.42; df = 2, 57; p < 0.01) (Figure 5D).



Mixed-infected squash inoculated by WSM whiteflies had severely crumpled leaves (Figure 3G). Singly infected squash inoculated by WST whiteflies had characteristic CuLCrV symptoms (curled and crumpled young leaves) (Figure 3H). Mild symptoms (slower growth and stunting) developed on squash plants inoculated by WSB whiteflies (Figure 3I).





4. Discussion


Insect-mediated plant virus transmission into new hosts, and multiplication within new hosts are two key components of virus fitness, which ensure survival within the ecosystem [43]. Understanding the insect vector-mediated transmission cycle within in an agroecosystem is fundamental to comprehending virus epidemiology and developing management plans. The current study examined the transmission of CuLCrV by B. tabaci B feeding on CuLCrV-infected plants with differential infection status and varying levels of CuLCrV accumulation. Irrespective of CuLCrV-inoculum source plant species and their infection status, the percent infection and CuLCrV accumulation in whiteflies were proportional to the CuLCrV accumulation in the inoculum source (S.2–S.4). Furthermore, disease phenotype development and percent infection in inoculated squash plants were dependent on the amount of CuLCrV present in the inoculating whiteflies. Overall, results from the current study provide experimental evidence that B. tabaci B-mediated CuLCrV epidemics in squash largely depend on the CuLCrV accumulation in the inoculum source. Knowledge about the likely level of CuLCrV in reservoir plants may be helpful in improving strategies for controlling CuLCrV epidemics in the fields.



Whiteflies were able to acquire CuLCrV from both mixed- (squash) and singly infected plants (tobacco, snap bean, squash), confirming that CuLCrV accumulation in plants was above the threshold that would limit its acquisition. Depending on the host suitability, B. tabaci B is reported to feed differentially on different host plants [44]. Differential feeding can affect the virus transmission by whiteflies [45]. Therefore, results obtained in the second transmission experiment that assessed CuLCrV transmission from mixed- (squash) versus singly infected (tobacco and snap bean) plants to squash might be the result of differential feeding of B. tabaci B on squash, tobacco, and snap bean along with differential CuLCrV accumulation in the three hosts. However, in the third transmission experiment through squash-to-squash transmission assays (CuLCrV transmission from mixed- versus singly infected squash), the host plant variable was removed from the experiment. Results from both the second and third transmission experiments demonstrated that CuLCrV accumulation in whiteflies was dependent on the virus accumulation in the host plants. Similar patterns of begomovirus accumulations in whiteflies that are dependent on the host plants have been reported earlier for tomato yellow leaf curl virus (TYLCV) [46] and sida golden mosaic virus (SiGMV) [5]. Furthermore, studies with solutions of purified virions of TYLCV have also proved that TYLCV accumulation in whiteflies is proportional to the virus load in the inoculum source [47]. Begomoviruses use receptor-mediated endocytosis to enter and accumulate within whiteflies tissues (midgut and salivary gland). In all the studies cited above, whiteflies were given sufficient AAP (48–72 h). Theoretically, TYLCV, SiGMV, and CuLCrV should have reached the maximum accumulation threshold within the provided AAP.



In the third transmission experiment, within singly infected plants, squash inoculated by whiteflies (WSB) feeding on squash (SB) that was inoculated by whiteflies post-acquisition on infected snap bean had mild symptoms, which disappeared after eight weeks of infection (data not shown). It is possible that reduced multiplication of CuLCrV in snap bean might be due to selection for a virus isolate/variant that is less capable of multiplication in snap bean. Recovery phenotypes observed in certain begomovirus-infected plants, coupled with a reduction in virus accumulation and symptom severity, could have been aided by host defense responses [48,49,50]. Begomoviruses are reported to trigger the host’s defense systems, which can lead to recovery from the infection [51,52,53,54], but begomoviruses also can suppress the host’s defense system [55,56]. Therefore, infection, at least partially, depends on the ability of begomoviruses to suppress the host’s defense system. In the case of aphid-transmitted potyviruses, a couple of studies measured the inoculum threshold of virus particles required to induce infection [57,58]. However, studies quantifying inoculum thresholds for begomovirus particles to induce and/or sustain infection are lacking. Results from the current study and studies with potyviruses imply that in the third transmission experiment, whiteflies feeding on singly infected squash (E2) inoculated by whiteflies post-acquisition from singly infected snap bean (E1) did not inoculate enough CuLCrV particles into squash for the virus to overcome the host’s defense response. However, in the current study, CuLCrV accumulation is estimated in whole insects; the amount of virus accumulated in the primary salivary glands and the actual amount of virus inoculated by whiteflies carrying CuLCrV remains unknown.



Under field conditions, effects of reduced CuLCrV accumulation in inoculum sources and subsequent reduced acquisition of CuLCrV in whiteflies could be enhanced by the presence of mixed infection (CCYV and/or CYSDV) in the inoculum source, leading to an irreversible (unrecoverable) phenotype. Interactions between plant viruses in a mixed infection can be synergistic, antagonistic, and neutral. Synergistic interactions resulted in increased disease severity compared with single virus infection [59,60]. In squash, CuLCrV often occurs as a mixed infection with CCYV and/or CYSDV [9,29]. Mixed infection can occur via multiple scenarios: by whiteflies that acquire virions from mixed-infected plants; sequentially acquire from singly infected plants or by multiple whitefly individuals that acquir different viruses. Currently, it is not known if the reduced CuLCrV inoculation by whiteflies in squash in some scenarios would be compensated by the presence of CCYV and/or CYSDV to kick start the irreversible CuLCrV infection/phenotype. Vector-borne pathogens are known to influence the host’s phenotype in ways that stimulate their transmission by the vector [61,62]. Previously, studies conducted using the same population of B. tabaci B under similar conditions indicated that the interactions between the begomovirus, host, and vector are pathosystem specific. For instance, studies with TYLCV-infected tomato demonstrated that B. tabaci B that acquired no virus were attracted towards susceptible genotypes with higher TYLCV accumulation, and they accumulated higher TYLCV compared with whiteflies feeding on resistant hosts with reduced TYLCV accumulation [40]. Also, B. tabaci B developmental time decreased significantly on TYLCV-infected susceptible tomato plants compared with non-infected plants. In contrast, in another study, B. tabaci B that acquired no virus, avoided settling on squash infected with CuLCrV, and whitefly development on CuLCrV-infected squash did not result in any fitness benefits [9]. CuLCrV can infect multiple host plants belonging to different families, more research on CuLrV-host-vector interactions using different host plants is warranted to fully comprehend the CuLCrV disease cycle in squash and snap bean agro-ecosystems.




5. Conclusions


CuLCrV was first reported from the Imperial Valley of California in 1988 [63], and did not cause serious production issues until it was introduced into the Southeastern United States around 2006 [12]. Processes behind virus disease emergence are complex, and predicting what will trigger the next epidemic is difficult. Given that viruses are reported not to cause apparent disease in wild plants because they cannot afford to kill their reservoir host [17,64], there are three possible scenarios for annual epidemics of CuLCrV. First, there could be wild host plants that accumulate high levels of CuLCrV and serve as long-term reservoirs and efficient inoculum sources for CuLCrV. Second, the large populations of virus-laden whiteflies (as seen in the southeast during summer and fall) with low amounts of CuLCrV might be inoculating enough virus particles in at least some squash plants to kickstart the infection resulting in widespread epidemics. The third, CuLCrV infection in squash is assisted by mixed infection with CYSDV and/or CCYV. More research is warranted to explore these scenarios to develop long-term areawide management of CuLCrV.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens12091119/s1. S1: Clip Cage; S2: Virus accumulation in plants (E1); S3: Virus accumulation in plants (E2); S4: Virus accumulation in plants (E3).





Author Contributions


Conceptualization, S.G. and R.S.; methodology, S.G., K.R.G. and R.S.; software, S.G.; validation, S.G. and R.S.; formal analysis, S.G.; investigation, S.G.; resources, J.W.B., B.D., A.M.S. and T.C.; writing—original draft preparation, S.G.; writing—review and editing, S.G., K.R.G., R.S., S.A., J.W.B., B.D., A.M.S. and T.C.; visualization, S.G.; supervision, R.S.; project administration, R.S.; funding acquisition, R.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Georgia Commodity Commission for Vegetables, Georgia Department of Agriculture—Specialty Crop Block Grant, USDA-SARE, USDA-Specialty Crops Research Initiative (USDA NIFA SCRI grant 2018-003391), and the UGA-USDA ARS cooperative agreement number 6080-22000-027-18S.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Alton N. Sparks for allowing us to collect infected plant samples from his experimental plots, and Sasha Kay for helping with plant and insect maintenance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cunniffe, N.J.; Gilligan, C.A. Invasion, Persistence and Control in Epidemic Models for Plant Pathogens: The Effect of Host Demography. J. R. Soc. Interface 2010, 7, 439–451. [Google Scholar] [CrossRef] [PubMed]

	



McLeish, M.J.; Fraile, A.; García-Arenal, F. Evolution of Plant–Virus Interactions: Host Range and Virus Emergence. Curr. Opin. Virol. 2019, 34, 50–55. [Google Scholar] [CrossRef] [PubMed]

	



Haydon, D.T.; Cleaveland, S.; Taylor, L.H.; Laurenson, M.K. Identifying reservoirs of infection: A conceptual and practical challenge. Emerg. Infect. Dis. 2002, 8, 1468–1473. [Google Scholar] [CrossRef] [PubMed]

	



Whitfield, A.E.; Falk, B.W.; Rotenberg, D. Insect Vector-Mediated Transmission of Plant Viruses. Virology 2015, 479–480, 278–289. [Google Scholar] [CrossRef]

	



Gautam, S.; Buck, J.W.; Dutta, B.; Coolong, T.; Sanchez, T.; Smith, H.A.; Adkins, S.; Srinivasan, R. Sida Golden Mosaic Virus, an Emerging Pathogen of Snap Bean (Phaseolus vulgaris L.) in the Southeastern United States. Viruses 2023, 15, 357. [Google Scholar] [CrossRef] [PubMed]

	



Paredes-Montero, J.R.; Ibarra, M.A.; Arias-Zambrano, M.; Peralta, E.L.; Brown, J.K. Phylo-biogeographical Distribution of Whitefly Bemisia tabaci (Insecta: Aleyrodidae) Mitotypes in Ecuador. Ecosphere 2020, 11, e03154. [Google Scholar] [CrossRef]

	



de Moya, R.S.; Brown, J.K.; Sweet, A.D.; Walden, K.K.O.; Paredes-Montero, J.R.; Waterhouse, R.M.; Johnson, K.P. Nuclear Orthologs Derived from Whole Genome Sequencing Indicate Cryptic Diversity in the Bemisia Tabaci (Insecta: Aleyrodidae) Complex of Whiteflies. Diversity 2019, 11, 151. [Google Scholar] [CrossRef]

	



Adkins, S.; Webster, C.G.; Kousik, C.S.; Webb, S.E.; Roberts, P.D.; Stansly, P.A.; Turechek, W.W. Ecology and Management of Whitefly-Transmitted Viruses of Vegetable Crops in Florida. Virus Res. 2011, 159, 110–114. [Google Scholar] [CrossRef]

	



Gautam, S.; Gadhave, K.R.; Buck, J.W.; Dutta, B.; Coolong, T.; Adkins, S.; Srinivasan, R. Virus-Virus Interactions in a Plant Host and in a Hemipteran Vector: Implications for Vector Fitness and Virus Epidemics. Virus Res. 2020, 286, 198069. [Google Scholar] [CrossRef]

	



LaTora, A.G.; Codod, C.B.; Legarrea, S.; Dutta, B.; Kemerait, R.C.; Adkins, S.; Turechek, W.; Coolong, T.; da Silva, A.L.B.R.; Srinivasan, R. Combining Cultural Tactics and Insecticides for the Management of the Sweetpotato Whitefly, Bemisia Tabaci MEAM1, and Viruses in Yellow Squash. Horticulturae 2022, 8, 341. [Google Scholar] [CrossRef]

	



Agarwal, G.; Kavalappara, S.R.; Gautam, S.; Silva, A.D.; Simmons, A.; Srinivasan, R.; Dutta, B. Field Screen and Genotyping of Phaseolus Vulgaris against Two Begomoviruses in Georgia, USA. Insects 2021, 12, 49. [Google Scholar] [CrossRef] [PubMed]

	



Akad, F.; Webb, S.; Nyoike, T.W.; Liburd, O.E.; Turechek, W.; Adkins, S.; Polston, J.E. Detection of Cucurbit Leaf Crumple Virus in Florida Cucurbits. Plant Dis. 2008, 92, 648. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, R.; Kmiecik, K. First Report of Cucurbit Leaf Crumple Virus in Snap Bean in Georgia. Phytopathology 2010, 100, S68. [Google Scholar]

	



Keinath, A.P.; Ling, K.-S.; Adkins, S.; Hasegawa, D.K.; Simmons, A.M.; Hoak, S.; Mellinger, H.C.; Kousik, C.S. First Report of Cucurbit Leaf Crumple Virus Infecting Three Cucurbit Crops in South Carolina. Plant Health Prog. 2018, 19, 322–323. [Google Scholar] [CrossRef]

	



Mascia, T.; Gallitelli, D. Synergies and Antagonisms in Virus Interactions. Plant Sci. 2016, 252, 176–192. [Google Scholar] [CrossRef]

	



DaPalma, T.; Doonan, B.P.; Trager, N.M.; Kasman, L.M. A Systematic Approach to Virus–Virus Interactions. Virus Res. 2010, 149, 1–9. [Google Scholar] [CrossRef]

	



Roossinck, M.J.; García-Arenal, F. Ecosystem Simplification, Biodiversity Loss and Plant Virus Emergence. Curr. Opin. Virol. 2015, 10, 56–62. [Google Scholar] [CrossRef] [PubMed]

	



Syller, J. Facilitative and Antagonistic Interactions between Plant Viruses in Mixed Infections. Mol. Plant Pathol. 2012, 13, 204–216. [Google Scholar] [CrossRef]

	



Rentería-Canett, I.; Xoconostle-Cázares, B.; Ruiz-Medrano, R.; Rivera-Bustamante, R.F. Geminivirus Mixed Infection on Pepper Plants: Synergistic Interaction between PHYVV and PepGMV. Virol. J. 2011, 8, 104. [Google Scholar] [CrossRef]

	



Wintermantel, W.M.; Cortez, A.A.; Anchieta, A.G.; Gulati-Sakhuja, A.; Hladky, L.L. Co-Infection by Two Criniviruses Alters Accumulation of Each Virus in a Host-Specific Manner and Influences Efficiency of Virus Transmission. Phytopathology 2008, 98, 1340–1345. [Google Scholar] [CrossRef]

	



Gil-Salas, F.M.; Peters, J.; Boonham, N.; Cuadrado, I.M.; Janssen, D. Co-Infection with Cucumber Vein Yellowing Virus and Cucurbit Yellow Stunting Disorder Virus Leading to Synergism in Cucumber. Plant Pathol. 2012, 61, 468–478. [Google Scholar] [CrossRef]

	



Srinivasan, R.; Alvarez, J.M. Effect of Mixed Viral Infections (Potato Virus Y-Potato Leafroll Virus) on Biology and Preference of Vectors Myzus Persicae and Macrosiphum Euphorbiae (Hemiptera: Aphididae). J. Econ. Entomol. 2007, 100, 646–655. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, R.; Liao, Q.; Feng, J.; Li, D.; Chen, J. Synergy between Cucumber Mosaic Virus and Zucchini Yellow Mosaic Virus on Cucurbitaceae Hosts Tested by Real-Time Reverse Transcription-Polymerase Chain Reaction. Acta Biochim. Biophys. Sin. 2007, 39, 431–437. [Google Scholar] [CrossRef] [PubMed]

	



McLaughlin, A.A.; Hanley-Bowdoin, L.; Kennedy, G.G.; Jacobson, A.L. Vector Acquisition and Co-Inoculation of Two Plant Viruses Influences Transmission, Infection, and Replication in New Hosts. Sci. Rep. 2022, 12, 20355. [Google Scholar] [CrossRef]

	



Dietzgen, R.; Mann, K.; Johnson, K. Plant Virus–Insect Vector Interactions: Current and Potential Future Research Directions. Viruses 2016, 8, 303. [Google Scholar] [CrossRef]

	



Martinière, A.; Bak, A.; Macia, J.-L.; Lautredou, N.; Gargani, D.; Doumayrou, J.; Garzo, E.; Moreno, A.; Fereres, A.; Blanc, S.; et al. A Virus Responds Instantly to the Presence of the Vector on the Host and Forms Transmission Morphs. eLife 2013, 2, e00183. [Google Scholar] [CrossRef]

	



Gutiérrez, S.; Michalakis, Y.; Munster, M.; Blanc, S. Plant Feeding by Insect Vectors Can Affect Life Cycle, Population Genetics and Evolution of Plant Viruses. Funct. Ecol. 2013, 27, 610–622. [Google Scholar] [CrossRef]

	



Moreno, A.B.; López-Moya, J.J. When Viruses Play Team Sports: Mixed Infections in Plants. Phytopathology 2020, 110, 29–48. [Google Scholar] [CrossRef]

	



Kavalappara, S.R.; Milner, H.; Sparks, A.; McGregor, C.; Wintermantel, W.M.; Bag, S. First Report of Cucurbit Chlorotic Yellows Virus in Association with Other Whitefly-Transmitted Viruses in Yellow Squash (Cucurbita pepo) in Georgia, U.S.A. Plant Dis. 2021, 105, 1862. [Google Scholar] [CrossRef]

	



Czosnek, H.; Ghanim, M.; Ghanim, M. The Circulative Pathway of Begomoviruses in the Whitefly Vector Bemisia Tabaci—Insights from Studies with Tomato Yellow Leaf Curl Virus. Ann. Appl. Biol. 2002, 140, 215–231. [Google Scholar] [CrossRef]

	



Wisler, G.C.; Duffus, J.E.; Liu, H.-Y.; Li, R.H. Ecology and Epidemiology of Whitefly-Transmitted Closteroviruses. Plant Dis. 1998, 82, 270–280. [Google Scholar] [CrossRef] [PubMed]

	



Celix, A.; Lopez-Sese, A.; Almarza, N.; Gomez-Guillamon, M.L.; Rodriguez-Cerezo, E. Characterization of Cucurbit Yellow Stunting Disorder Virus, a Bemisia Tabaci-Transmitted Closterovirus. Phytopathology 1996, 8, 1370–1376. [Google Scholar]

	



Gadhave, K.R.; Dutta, B.; Coolong, T.; Sparks, A.N.; Adkins, S.; Srinivasan, R. First Report of Cucurbit Yellow Stunting Disorder Virus in Cucurbits in Georgia, United States. Plant Health Prog. 2018, 19, 9–10. [Google Scholar] [CrossRef]

	



Hagen, C.; Rojas, M.R.; Sudarshana, M.R.; Xoconostle-Cazares, B.; Natwick, E.T.; Turini, T.A.; Gilbertson, R.L. Biology and Molecular Characterization of Cucurbit Leaf Crumple Virus, an Emergent Cucurbit-Infecting Begomovirus in the Imperial Valley of California. Plant Dis. 2008, 92, 781–793. [Google Scholar] [CrossRef] [PubMed]

	



Wintermantel, W.M.; Hladky, L.L.; Cortez, A.A.; Natwick, E.T. A New Expanded Host Range of Cucurbit Yellow Stunting Disorder Virus Includes Three Agricultural Crops. Plant Dis. 2009, 93, 685–690. [Google Scholar] [CrossRef] [PubMed]

	



Hernandez, N.A.; Sudarshana, M.R.; Guzman, P.; Gilbertson, R.L. Generation and Characterization of Infectious Clones of Cucurbit Leaf Crumple Virus, a New Bipartite Geminivirus from the Imperial Valley of California. Phytopathology 2001, 91. Available online: https://apsjournals.apsnet.org/doi/pdf/10.1094/PHYTO.2000.90.6.S1 (accessed on 20 July 2023).

	



Brown, J.K.; Idris, A.M.; Alteri, C.; Stenger, D.C. Emergence of a New Cucurbit-Infecting Begomovirus Species Capable of Forming Viable Reassortants with Related Viruses in the Squash Leaf Curl Virus Cluster. Phytopathology 2002, 92, 734–742. [Google Scholar] [CrossRef]

	



The University of Georgia. Georgia Farm Gate Value Report 2021; University of Georgia College of Agricultural and Environmental Sciences Center for Agribusiness and Economic Development: Athens, GA, USA, 2022; p. 176, AR-22-01; Available online: https://caed.uga.edu/content/dam/caes-subsite/caed/publications/annual-reports-farm-gate-value-reports/2021_GeorgiaFGVReportDec2022%20(1).pdf (accessed on 20 July 2023).

	



Kuo, Y.-W.; Rojas, M.R.; Gilbertson, R.L.; Wintermantel, W.M. First First Report of Cucurbit Yellow Stunting Disorder Virus in California and Arizona, in Association with Cucurbit Leaf Crumple Virus and Squash Leaf Curl Virus. Plant Dis. 2007, 91, 330. [Google Scholar] [CrossRef]

	



Legarrea, S.; Barman, A.; Marchant, W.; Diffie, S.; Srinivasan, R. Temporal Effects of a Begomovirus Infection and Host Plant Resistance on the Preference and Development of an Insect Vector, Bemisia Tabaci, and Implications for Epidemics. PLoS ONE 2015, 10, e0142114. [Google Scholar] [CrossRef]

	



Frohlich, D.R.; Torres-Jerez, I.; Bedford, I.D.; Markham, P.G.; Brown, J.K. A Phylogeographical Analysis of the Bemisia Tabaci Species Complex Based on Mitochondrial DNA Markers. Mol. Ecol. 1999, 8, 1683–1691. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2019. [Google Scholar]

	



Cooper, I.; Jones, R.A.C. Wild Plants and Viruses: Under-Investigated Ecosystems. Adv. Virus Res. 2006, 67, 1–47. [Google Scholar] [PubMed]

	



Liu, B.; Yan, F.; Chu, D.; Pan, H.; Jiao, X.; Xie, W.; Wu, Q.; Wang, S.; Xu, B.; Zhou, X.; et al. Difference in Feeding Behaviors of Two Invasive Whiteflies on Host Plants with Different Suitability: Implication for Competitive Displacement. Int. J. Biol. Sci. 2012, 8, 697–706. [Google Scholar] [CrossRef] [PubMed]

	



Ning, W.; Shi, X.; Liu, B.; Pan, H.; Wei, W.; Zeng, Y.; Sun, X.; Xie, W.; Wang, S.; Wu, Q.; et al. Transmission of Tomato Yellow Leaf Curl Virus by Bemisia Tabaci as Affected by Whitefly Sex and Biotype. Sci. Rep. 2015, 5, 10744. [Google Scholar] [CrossRef]

	



Lapidot, M.; Friedmann, M.; Pilowsky, M.; Ben-Joseph, R.; Cohen, S. Effect of Host Plant Resistance to Tomato Yellow Leaf Curl Virus (TYLCV) on Virus Acquisition and Transmission by Its Whitefly Vector. Phytopathology 2001, 91, 1209–1213. [Google Scholar] [CrossRef] [PubMed]

	



Kollenberg, M.; Winter, S.; Götz, M. Quantification and Localization of Watermelon Chlorotic Stunt Virus and Tomato Yellow Leaf Curl Virus (Geminiviridae) in Populations of Bemisia Tabaci (Hemiptera, Aleyrodidae) with Differential Virus Transmission Characteristics. PLoS ONE 2014, 9, e111968. [Google Scholar] [CrossRef]

	



Hagen, C.; Rojas, M.R.; Kon, T.; Gilbertson, R.L. Recovery from Cucurbit Leaf Crumple Virus (Family Geminiviridae, Genus Begomovirus) Infection Is an Adaptive Antiviral Response Associated with Changes in Viral Small RNAs. Phytopathology 2008, 98, 1029–1037. [Google Scholar] [CrossRef]

	



Rodríguez-Negrete, E.A.; Carrillo-Tripp, J.; Rivera-Bustamante, R.F. RNA Silencing against Geminivirus: Complementary Action of Posttranscriptional Gene Silencing and Transcriptional Gene Silencing in Host Recovery. J. Virol. 2009, 83, 1332–1340. [Google Scholar] [CrossRef]

	



Raja, P.; Wolf, J.N.; Bisaro, D.M. RNA Silencing Directed against Geminiviruses: Post-Transcriptional and Epigenetic Components. Biochim. Biophys. Acta (BBA)—Gene Regul. Mech. 2010, 1799, 337–351. [Google Scholar] [CrossRef]

	



Pooggin, M.; Shivaprasad, P.V.; Veluthambi, K.; Hohn, T. RNAi Targeting of DNA Virus in Plants. Nat. Biotechnol. 2003, 21, 131–132. [Google Scholar] [CrossRef]

	



Chellappan, P.; Vanitharani, R.; Ogbe, F.; Fauquet, C.M. Effect of Temperature on Geminivirus-Induced RNA Silencing in Plants. Plant Physiol. 2005, 138, 1828–1841. [Google Scholar] [CrossRef]

	



Chellappan, P.; Vanitharani, R.; Fauquet, C.M. Short Interfering RNA Accumulation Correlates with Host Recovery in DNA Virus-Infected Hosts, and Gene Silencing Targets Specific Viral Sequences. J. Virol. 2004, 78, 7465–7477. [Google Scholar] [CrossRef] [PubMed]

	



Carrillo-Tripp, J.; Lozoya-Gloria, E.; Rivera-Bustamante, R.F. Symptom Remission and Specific Resistance of Pepper Plants after Infection by Pepper Golden Mosaic Virus. Phytopathology 2007, 97, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Moissiard, G.; Voinnet, O. Viral Suppression of RNA Silencing in Plants. Mol. Plant Pathol. 2004, 5, 71–82. [Google Scholar] [CrossRef]

	



Bisaro, D.M. Silencing Suppression by Geminivirus Proteins. Virology 2006, 344, 158–168. [Google Scholar] [CrossRef]

	



Moury, B.; Fabre, F.; Senoussi, R. Estimation of the Number of Virus Particles Transmitted by an Insect Vector. Proc. Natl. Acad. Sci. USA 2007, 104, 17891–17896. [Google Scholar] [CrossRef] [PubMed]

	



Pirone, T.P. Quantity of Virus Required for Aphid Transmission of a Potyvirus. Phytopathology 1988, 78, 104. [Google Scholar] [CrossRef]

	



Murphy, J.F.; Bowen, K.L. Synergistic Disease in Pepper Caused by the Mixed Infection of Cucumber Mosaic Virus and Pepper Mottle Virus. Phytopathology 2006, 96, 240–247. [Google Scholar] [CrossRef] [PubMed]

	



bance, V.B. Replication of Potato Virus X RNA Is Altered in Coinfections with Potato Virus Y. Virology 1991, 182, 486–494. [Google Scholar] [CrossRef]

	



Mauck, K.; Bosque-Pérez, N.A.; Eigenbrode, S.D.; De Moraes, C.M.; Mescher, M.C. Transmission Mechanisms Shape Pathogen Effects on Host-Vector Interactions: Evidence from Plant Viruses. Funct. Ecol. 2012, 26, 1162–1175. [Google Scholar] [CrossRef]

	



Lefèvre, T.; Thomas, F. Behind the Scene, Something Else Is Pulling the Strings: Emphasizing Parasitic Manipulation in Vector-Borne Diseases. Infect. Genet. Evol. 2008, 8, 504–519. [Google Scholar] [CrossRef]

	



Guzman, P.; Sudarshana, M.R.; Seo, Y.-S.; Rojas, M.R.; Natwick, E.; Turini, T.; Mayberry, K.; Gilbertson, R.L. A New Bipartite Geminivirus (Begomovirus) Causing Leaf Curl and Crumpling in Cucurbits in the Imperial Valley of California. Plant Dis. 2000, 84, 488. [Google Scholar] [CrossRef] [PubMed]

	



Roossinck, M.J. Symbiosis versus Competition in Plant Virus Evolution. Nat. Rev. Microbiol. 2005, 3, 917–924. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 12 01119 g001] 





Figure 1. Bemisia tabaci B mediated CuLCrV transmission experiments’ sketch. Field-collected, mixed-infected squash (CuLCrV and CYSDV) plants were used as an initial inoculum source. Transmission experiment one (E1): CuLCrV transmission from mixed-infected squash to tobacco, snap bean, and squash. Transmission experiment two (E2): CuLCrV transmission from mixed- (squash, CuLCrV and CYSDV) versus singly infected (tobacco and snap bean, CuLCrV) plants to squash. Transmission experiment three (E3): (iii), CuLCrV transmission from mixed- versus singly infected squash to squash. In all transmission studies, whiteflies were given a 48 h acquisition access period. 
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Figure 2. Bemisia tabaci B-mediated CuLCrV transmission from field-collected mixed- (CuLCrV and CYSDV: squash) infected inoculum source to squash, tobacco, and snap bean. (A), Percent CuLCrV infection in snap bean, tobacco, and squash plants inoculated from mixed-infected (CuLCrV and CYSDV)—squash plants. (B), CuLCrV accumulation in snap bean, tobacco, and squash plants. Values are means  ±  SE. Means with different letters are significantly different (HSD test at p  <  0.05). Different lowercase letters on bars indicate differences between treatments. 
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Figure 3. Symptom development in plants infected with CuLCrV and/or CYSDV. Photographs were taken at the most symptomatic phase of infection in respective plants. (A), mixed-infected squash with CuLCrV and CYSDV; (B), tobacco infected with CuLCrV; (C), snap bean infected with CuLCrV; (D) CuLCrV- and CYSDV-infected squash inoculated by whiteflies that acquired CuLCrV and CYSDV from mixed-infected squash; (E), CuLCrV-infected squash inoculated by whiteflies that acquired virus from singly infected tobacco; (F), CuLCrV-infected squash inoculated by whiteflies that acquired virus from singly infected snap bean; (G), CuLCrV- and CYSDV-infected squash inoculated by whiteflies that acquired CuLCrV and CYSDV from mixed-infected squash that was inoculated by whiteflies that acquired both viruses from mixed-infected squash; (H), CuLCrV-infected squash inoculated by whiteflies that acquired CuLCrV from squash inoculated by whiteflies post-acquisition on singly infected tobacco; (I), CuLCrV-infected squash inoculated by whiteflies that acquired CuLCrV from squash inoculated by whiteflies post-acquisition on singly infected snap bean plants. 
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Figure 4. Bemisia tabaci B-mediated CuLCrV transmission from singly (CuLCrV: tobacco and snap bean)- and mixed (CuLCrV and CYSDV: squash)- infected inoculum sources to squash. (A), Percentage of whiteflies that acquired CuLCrV by feeding on singly (CuLCrV: tobacco and snap bean)- or mixed-infected (CuLCrV and CYSDV: squash) plants. (B), CuLCrV accumulation in whiteflies that acquired CuLCrV by feeding on singly (CuLCrV: tobacco and snap bean)- or mixed-infected (CuLCrV and CYSDV: squash) plants. (C), Percent infection in squash inoculated by whiteflies post-acquisition on singly (CuLCrV: tobacco and snap bean)- or mixed-infected (CuLCrV and CYSDV: squash) plants. (D), CuLCrV accumulation in squash inoculated by whiteflies post-acquisition on singly (CuLCrV: tobacco and snap bean)- or mixed-infected (CuLCrV and CYSDV: squash) plants. Values are means  ±  SE. Means with different letters are significantly different (p  <  0.05). 
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Figure 5. Bemisia tabaci B-mediated CuLCrV transmission from singly infected (squash inoculated by whiteflies post-acquisition on singly infected snap bean or tobacco plants) and mixed-infected squash plants (squash inoculated by whiteflies post-acquisition on mixed infected squash) to squash plants. (A), Percentage of whiteflies that acquired CuLCrV feeding on singly infected (CuLCrV: squash inoculated by whiteflies post-acquisition on bean or tobacco) or mixed-infected (CuLCrV and CYSDV: squash plants inoculated by whiteflies post-acquisition on mixed-infected squash) plants. (B), CuLCrV accumulation in whiteflies feeding on singly infected (CuLCrV: squash inoculated by whiteflies post-acquisition on snap bean or tobacco) or mixed-infected (CuLCrV and CYSDV: squash (squash inoculated by whiteflies post-acquisition on mixed-infected squash)) plants. (C), Percent CuLCrV infection in squash plants inoculated from singly infected (squash inoculated by whiteflies post-acquisition on infected bean or tobacco) or mixed-infected (CuLCrV and CYSDV) squash (squash inoculated by whiteflies post-acquisition on mixed-infected squash) plants. (D), CuLCrV accumulation in squash inoculated from singly infected (CuLCrV: squash inoculated by whiteflies post-acquisition on infected snap bean or tobacco) or mixed-infected (CuLCrV and CYSDV: squash inoculated by whiteflies post-acquisition on mixed infected squash) plants. Means with different letters are significantly different (p  <  0.05) (please check once more). 
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