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Zucchini Yellow Mosaic Virus Infection Limits Establishment and Severity of Powdery Mildew in Wild Populations of Cucurbita pepo
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Few studies have examined the combined effect of multiple parasites on host fitness. Previous work in the Cucurbita pepo pathosystem indicates that infection with Zucchini yellow mosaic virus (ZYMV) reduces exposure to a second insect-vectored parasite (Erwinia tracheiphila). In this study, we performed two large-scale field experiments employing wild gourds (Cucurbita pepo ssp. texana), including plants with a highly introgressed transgene conferring resistance to ZYMV, to examine the interaction of ZYMV and powdery mildew, a common fungal disease. We found that ZYMV-infected plants are more resistant to powdery mildew (i.e., less likely to experience powdery mildew infection and when infected with powdery mildew, have reduced severity of powdery mildew symptoms). As a consequence, during widespread viral epidemics, proportionally more transgenic plants get powdery mildew than non-transgenic plants, potentially mitigating the benefits of the transgene. A greenhouse study using ZYMV-inoculated and non-inoculated controls (non-transgenic plants) revealed that ZYMV-infected plants were more resistant to powdery mildew than controls, suggesting that the transgene itself had no direct effect on the powdery mildew resistance in our field study. Additionally, we found evidence of elevated levels of salicylic acid, a phytohormone that mediates anti-pathogen defenses, in ZYMV-infected plants, suggesting that viral infection induces a plant immune response (systemic acquired resistance), thereby reducing plant susceptibility to powdery mildew infection.
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INTRODUCTION

Many studies have examined the costs of parasite infection for host fitness. In both plant and animal systems, parasites can increase mortality, reduce reproductive output, reduce growth, and induce defense systems that are costly in terms of energy and nutrients (e.g., Anderson and May, 1978; Burdon and Leather, 1990; Ryals et al., 1996; Hawkins et al., 1997; Maskell et al., 1999; Moore, 2002a,b). The presence of multiple parasites in a host, which is common in nature, can change the expected dynamics of these systems (Petney and Andrews, 1998; Cox, 2001; Lello et al., 2004; Hatcher et al., 2006; Lively et al., 2014). Despite the complex nature of most natural communities, relatively few empirical studies have examined the combined effect of multiple parasites on host fitness especially under field conditions (e.g., Mitchell and Power, 2006; Pedersen and Fenton, 2006; Sasu et al., 2009; Alexander, 2010).

Direct interactions, such as interference competition between parasites, have been well documented (Dobson and Barnes, 1995). However, the importance of indirect effects as drivers of parasite community structure are gaining attention (Strauss, 1991; Pedersen and Fenton, 2006). Indirect interactions among parasites can influence parasite fitness (Stewart et al., 1999; Ishii et al., 2002), host fitness (Donoghue et al., 2005), and have important implications for the spread of parasites within communities (Mitchell and Power, 2006). These indirect interactions fall into two broad categories: pre-infection interactions (i.e., interactions that affect host exposure to a second parasite) and post-infection interactions (i.e., infection with one parasite changing host resource quality or the host immune response to a second parasite).

Pre-infection interactions among competing parasites have been documented in a few study systems. “Ecological interference” has been proposed as a mechanism of interaction in directly transmitted childhood infections, whereby illness due to a primary infection reduces contact rates and therefore exposure to a secondary infection (Rohani et al., 1998, 2003). Vector behavior, in response to an infected host, can also influence exposure rates to a vectored parasite. Changes in host-plant chemistry after infection can alter volatile cues that then influence vector-feeding preferences (Mauck et al., 2010). These changes in vector behavior can result in either increased (Wang et al., 2014) or reduced exposure of the host to a secondary parasite (Shapiro et al., 2012).

After infection, a co-infecting parasite enters an environment in which host resources may already be consumed by an initial parasite, or in which host defenses are upregulated in response to the primary infection. In plant cells, infection can trigger signaling cascades of the innate immune system that provide broad spectrum immunity against subsequent parasite attack (Jones and Dangl, 2006). These signaling cascades function via the signaling molecules, jasmonic acid (JA) and salicylic acid (SA), which are key mediators of plant defense responses. Specifically, SA is considered the primary phytohormone mediating induced resistance against biotrophic pathogens (An and Mou, 2011), while JA is primarily responsible for regulating defenses against necrotrophic pathogens and herbivores (Wasternack, 2007). In particular, SA is essential to the plant immune system, facilitating broad spectrum protection provided by systemic acquired resistance (SAR), cell-wall fortification, and the accumulation of pathogenesis related (PR) proteins (Dean and Kuc, 1987; Vlot et al., 2009; An and Mou, 2011). A SAR response triggered by the presence of one parasite has been shown to increase defenses against subsequent parasite attack in a few systems (Kuc, 1982; Mucharromah and Kuc, 1991). Additionally, antagonistic “cross-talk” between the SA and JA pathways can also influence the interaction among multiple parasites in the same host (Kunkel and Brooks, 2002; Chung et al., 2013).

We have extensively studied the interactions among pathogens and herbivores in populations of Cucurbita pepo ssp. texana (e.g., Hayes et al., 2004; Stephenson et al., 2004; Ferrari et al., 2007; Du et al., 2008; Sasu et al., 2009, 2010a,b; Simmons et al., 2011; Shapiro et al., 2012, 2014; Harth et al., 2016) under laboratory, greenhouse and field conditions. Cucurbita pepo ssp. texana (wild gourd) is an annual monoecious vine that is cross compatible with cultivated squash and several annual species of wild Cucurbita (Decker-Walters et al., 1993; Arriaga et al., 2006). The primary herbivores of wild gourds include a variety of generalist aphids and several species of cucumber beetles. The aphids also vector the four most common viral diseases of cucurbits [Cucumber mosaic (CMV), Papaya ringspot, Watermelon mosaic (WMV), and Zucchini yellow mosaic virus (ZYMV)]. ZYMV and WMV are the two most common viral diseases of cucurbits at our field sites in Central Pennsylvania (Sasu et al., 2009). Both viruses are in the family Potyviridae and are transmitted via aphids in a non-persistent manner. These viruses depress reproductive output but they do not typically kill the plants (e.g., Stephenson et al., 2004). Cucumber beetles are the only known vector of Erwinia tracheiphila, the causative agent of bacterial wilt disease. Transmission occurs when fecal pellets containing Erwinia fall either onto open wounds created during feeding or onto the floral nectaries when beetles aggregate in the flowers to mate (Fleischer et al., 1999; Sasu et al., 2010b). Wilting symptoms develop 10–15 days after infection and the disease is fatal once symptoms appear (Ferrari et al., 2007).

At our field sites in Central Pennsylvania, the C. pepo pathosystem also consists of powdery mildew (Podosphaera sp.), a wind-dispersed fungal pathogen of squash, cucumbers and melons. The fungus overwinters as chasmothecia (sexual spores) which serve as the source of initial infection each year. However, conidia (asexual spores) are the primary means of dispersal. Symptoms first appear on older leaves as small reddish-brown spots that quickly turn white as hyphae are produced. As the disease progresses, leaves become covered in the powdery, white mycelia before shriveling and dying. In central Pennsylvania, first symptoms typically occur in early August and by September the disease will spread to the entire population.

We have previously documented that primary infection with ZYMV limits exposure to Erwinia tracheiphila, i.e., a pre-infection interaction, by changing the foraging behavior of the beetle vector (Sasu et al., 2009, 2010a; Shapiro et al., 2012). These studies were greatly aided by the fact that in 1996, the USDA deregulated a transgenic yellow crookneck squash (Asgrow, CZW-3) with coat protein-based resistance to WMV, ZYMV, and CMV (USDA, 1996). In short, the transgene consists of a constitutively expressed promoter that drives the expression of portions of the coat protein of each of the three viruses which act as interference RNA to prevent encapsulation during viral replication (Fuchs and Gonsalves, 2007). By introgressing the transgene into wild gourd, we were able to create plants that were susceptible only to bacterial wilt disease and plants that were susceptible to ZYMV and bacterial wilt. In the study presented below, we show using large scale field and greenhouse experiments that a primary infection with ZYMV increases SA production and has post-infection effects on the incidence and severity of powdery mildew in populations of C. pepo ssp. texana.

MATERIALS AND METHODS

Introgression of the Virus Resistant Transgene and Field Experimental Design

To examine the effects of ZYMV infection on subsequent powdery mildew infection and establishment in wild gourds, under field conditions, we used transgenic wild gourds that were resistant to ZYMV but susceptible to powdery mildew and wild gourds that were susceptible to both ZYMV and powdery mildew. The Liberator III crookneck squash cultivar is one of many commercially available transgenic squash with coat protein based resistance to WMV, ZYMV, and CMV. In this cultivar, the virus resistance transgene (hereafter called the transgene) is hemizygous and, importantly, the NPTII marker gene has not been deactivated and is still tightly linked to the coat protein genes of the three viruses. Consequently, we have been able to introgress the transgene (coat protein genes and NPTII) into 20 families of the wild gourd (using the wild gourd as the recurrent parent) because the presence of the NPTII protein in hybrid progeny can be detected serologically. Previous studies have shown that the introgressed transgene effectively deters the target viruses under field conditions (Sasu et al., 2009, 2010a). For the study reported here, we used non-transgenic (ntBC9) and transgenic plants (tBC9) from the backcross nine generation (BC9) as well as wild type wild gourds. The BC9 plants are expected, on average, to possess less than 0.1% of the nuclear DNA of the Liberator III cultivar and no organelle DNA from the cultivar. It was not possible for us to distinguish among the three types of plants (wild gourds, ntBC9, tBC9) based upon appearance or growth habit. Moreover, because we screened progeny from multiple tBC8 X wild gourd crosses to produce the tBC9 and ntBC9 plants used in this study, we know that the segregation of the transgene did not differ significantly from 50 to 50 (see Sasu et al., 2009 for similar results from previous generations).

We germinated seeds in a greenhouse in early May 2013 and 2014 and, in late May of each year, we transplanted 18 wild gourds (wild type ssp. texana) plants, 9 tBC9, and 9 ntBC9 from each of five families (180 total plants per field, 25% were transgenic) into each of four 0.4 ha fields at the Pennsylvania State University Agriculture Experiment Station at Rock Springs, PA. In two of the four fields (located 25 m apart) we inoculated eight wild gourd and four ntBC9 from each of the five families prior to transplanting. Inoculum was prepared by grinding 2–3 ZYMV infected symptomatic leaves in 100 ml of a phosphate buffer. Plants were then inoculated by brushing the adaxial leaf surface with 320 grit carborundum and then dipping a small pestle into the inoculum and gently rubbing the leaf surface in a circular motion. This inoculation design resulted in 60 inoculated plants, 75 non-inoculated wild gourds and ntBC9 (virus susceptible) plants, and 45 tBC9 plants per field (Supplementary Figure S1). Symptoms first appeared 7–10 days after inoculation. The other two fields had no inoculated plants and were located approximately 1 km from the fields with the inoculated plants. The non-inoculated fields were also separated by 25 m and they were permitted to become naturally infected with mosaic viruses. In all four fields, the plants were the progeny from the same five randomly selected families (by family we mean the wild gourd, ntBC9, and tBC9 progeny shared the same maternal parent). Moreover, the tBC9 and ntBC9 from each family were full siblings (i.e., sired by the pollen from one hemizygous tBC8 plant from one of five different families) as were all of the wild gourd plants from a given maternal parent. In all four fields, plants were allowed to become infected with powdery mildew naturally.

The plants in each of the four fields were monitored once weekly throughout the growing season (beginning in early June) for symptoms of viral diseases. Our field diagnoses based upon visual symptoms were confirmed in both early July and early August by taking leaf samples from up to 20 symptomatic and 20 asymptotic plants per field and testing the leaves using ZYMV ImmunoStrips® (purchased from Agdia Inc., Elkhart, IN, United States. No inoculated plants were tested and no symptomatic plants were tested in both July and August. In the two control fields (no inoculations of ZYMV) it was not possible to find 20 symptomatic plants in early July. In no case did our field diagnosis differ from the immunological test results. However, it should be noted that the ELISA based ImmunoStrips are not as sensitive as RT-PCR screening. Consequently, it possible that some asymptomatic plants had low titers of ZYMV (Prendeville et al., 2012) and were pre-symptomatic. During our weekly screening for ZYMV symptoms we also screened for symptoms of powdery mildew. In mid-August of each year, we collected a sample of infected leaves from 15 visually infected plants in each field and our field diagnosis was confirmed by the Plant Disease Clinic, Pennsylvania State University, University Park, PA, United States, as Podosphaera sp. (most likely Podosphaera xanthii). We assessed powdery mildew symptom severity on a 0–3 scale where 0 indicates a plant showing no powdery mildew symptoms, 1 indicates a plant with <33% of leaves showing >50% spread of powdery mildew symptoms on the leaf surface, 2 indicates a plant with 33–67% of leaves showing >50% spread of powdery mildew symptoms on the leaf surface, and 3 indicates a plant with >67% leaves showing >50% spread of powdery mildew symptoms on the leaf surface. We assessed reproductive output by counting staminate (male) and pistillate (female) flowers weekly (an unbiased estimate of total flower production because the flowers last for only one morning) until the beginning of September.

Greenhouse Experimental Design

To confirm that the interaction between ZYMV and powdery mildew was not a direct result of transgene presence, we grew 320 wild gourd plants (wild type, no transgenic plants) in a greenhouse in September 2014. Additionally, the greenhouse environment allowed for a controlled environment where the only difference between plants prior to powdery mildew introduction was presence or absence of ZYMV. We inoculated 160 plants (16 plants from each of 10 families) with ZYMV at the second true leaf stage using the procedure described above (ZYMV infection confirmed by ELISA based ImmunoStrips; Agdia Inc., Elkhart, IN, United States). We mock-inoculated 80 (8 plants from each of 10 families) plants using just the inoculation buffer and left 80 plants as untreated controls (8 plants from each of 10 families). Plants were arranged in a randomized block design. Plants were treated with an insecticide to prevent leaf herbivory and ZYMV spread. Fourteen days after all inoculated plants first showed ZYMV symptoms, 12 additional plants with established powdery mildew infections were moved into the greenhouse and uniformly distributed. Fans were used to circulate the spores and ensure all plants were rapidly exposed to the powdery mildew inoculum. Plants were scored for powdery mildew symptoms every 2 days for 3 weeks.

To examine the effects of ZYMV infection on SA concentration in leaves, we grew an additional 12 plants for each treatment (mock, ZYMV-infected, and control) to use for phytohormone analysis. Leaf samples weighing 0.1 g were collected from these plants 10 days post-inoculation (prior to the introduction of powdery mildew) and were taken from new leaves that were systemically infected. Samples were immediately flash frozen in liquid nitrogen. After harvesting, the tissue samples received 100 ng of internal, isotopic standards and 400 μL of an aqueous, weakly acidic buffer solution while on ice. After grinding and mixing, each sample then received 1 mL of dichloromethane and was mixed and centrifuged for 2 min at 12,000 × g. The dichloromethane layer, now containing the compounds of interest and the internal standards, was removed to a glass vial and dried under house air. Briefly, after solvent extractions of leaf tissue we derivatized SA to its methyl ester, which we isolated using vapor-phase extraction and analyzed by coupled gas chromatography-mass spectrometry with isobutane chemical ionization using selected-ion monitoring. We quantified amounts of total free SA using 100 ng of [2H6]SA (CDN Isotopes, Pointe-Claire, Montreal, QC, Canada) (Schmelz et al., 2003, 2004; Shapiro et al., 2013).

RESULTS

Effect of ZYMV on Powdery Mildew Spread and Establishment – Field Experiments

Our initial analyses revealed that the wild type gourds and the ntBC9 plants did not differ statistically in their incidence or severity of powdery mildew infection, nor in their flower production. Therefore, we combined these two plant types into a single “susceptible’ class for the analyses presented below. Plants that died before the first incidence of powdery mildew in our fields (from transplant stress and bacterial wilt disease) were not included in these analyses.

In 2013, flowering began in late June and peak flower and fruit production occurred in August. Powdery mildew first appeared in mid-August and spread rapidly in all fields. Natural ZYMV spread in the inoculated fields began in mid-June, with peak spread occurring before first powdery mildew incidence (Figure 1A). In the non-inoculated fields, first ZYMV incidence occurred in late July. The transgene was effective against ZYMV infection, though a few transgenic plants did express mild symptoms ZYMV infection in August (Supplementary Table S1).
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FIGURE 1. Cumulative total of ZYMV infected plants and plants with powdery mildew symptoms over the course of both field seasons in (A) the ZYMV inoculated fields and (B) the not inoculated fields.



In 2013, there were significant differences in the incidence of powdery mildew between the two plant types (susceptible and transgenic) in both the inoculated fields (X2 = 23.173, df = 1, P < 0.001) and the non-inoculated fields (X2 = 6.876, df = 1, P = 0.009) in mid-August, with the same trend continuing in late August. We used a mixed-effects analysis of variance (ANOVA) to assess the effect of plant type (susceptible or transgenic), family (random), treatment (virus inoculated fields or no inoculation fields), and a plant type by treatment interaction on powdery mildew symptom severity. We found that transgenic plants not only had a higher incidence of powdery mildew infection, they also experienced significantly more severe powdery mildew symptoms than virus susceptible plants at each time point during the 2013 field season (mid-August: F1,564 = 34.10, P < 0.001; late August: F1,564 = 29.30, P < 0.001) (Figure 2A). A mixed-effects model ANOVA showed there was not a significant plant-type by treatment interaction (F1,564 = 2.23, P = 0.078) for the final powdery mildew scoring date (late August). However, inoculation treatment was not a significant factor indicating that ZYMV spread in the non-inoculated fields had reached a point where there were no longer treatment (field inoculation) differences. Additionally, there were significant family differences for powdery mildew severity at both time points (mid-August: F4,564 = 3.94, P < 0.01; late August: F4,564 = 6.07, P < 0.001), with one family showing the most severe symptoms (Supplementary Figure S2A).
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FIGURE 2. Powdery mildew symptom severity for each sampling date comparing transgenic and susceptible plants in (A) the 2013 field season and (B) the 2014 field season. Transgenic plants had significantly more severe symptoms at each time point (∗P < 0.05).



In 2014, flowering began in late June and peak flower production occurred in August. Powdery mildew first appeared in mid-August and spread rapidly in all fields. In the inoculated fields, natural ZYMV spread began in late June and peaked in late July, with most susceptible plants (wild gourd and ntBC9) infected before first incidence of powdery mildew. In the non-inoculated fields, first incidence of ZYMV was in mid-August, occurring simultaneously with powdery mildew infection and spreading rapidly (Figure 1B). The transgene was effective against ZYMV infection, though a few transgenic plants did express mild symptoms of virus in August.

In mid-August 2014, the incidence of powdery mildew was significantly higher on transgenic plants in the virus inoculated fields (X2 = 21.368, df = 1, P < 0.001) than on the susceptible plants. However, there was no significant difference in the incidence of powdery mildew on transgenic and susceptible plants in the non-inoculated fields (X2 = 0.068, df = 1, P = 0.794) indicating that the transgene per se does not alter the resistance of plants to powdery mildew. However, by early September, after virus had spread through the non-inoculated fields, there were significant differences in the proportion of transgenic and susceptible plants that contracted powdery mildew (X2 = 4.982, df = 1, P = 0.026).

We found that transgenic plants not only had a higher incidence of powdery mildew infection, they also experienced significantly more severe powdery mildew symptoms than non-transgenic plants at each time point during the 2014 field season (mid-August: F1,522 = 7.06, P < 0.01; late August: F1,522 = 6.65, P < 0.05; early September: F1,522 = 16.92, P < 0.001) (Figure 2B). The ANOVA also revealed a significant positive plant-type by treatment (inoculated vs. non-inoculated fields) interaction term indicating that transgenic plants have more severe powdery mildew symptoms in the ZYMV-inoculated fields (mid-August: F1,522 = 9.27, P < 0.01; late August: F1,522 = 4.13, P < 0.05; early September: F1,522 = 4.35, P < 0.05). Additionally, there were significant family differences for powdery mildew severity (mid-August: F4,522 = 2.80, P < 0.05; late August: F4,522 = 2.76, P < 0.05; early September: F4,522 = 2.65, P < 0.05), with one family showing the most severe symptoms (Supplementary Figure S2B).

Among susceptible plants in our fields, the proportion of plants that contracted powdery mildew during the initial outbreak decreased with the number of weeks they were infected with ZYMV (0–10 weeks) (Supplementary Figure S3). Moreover, transgenic and susceptible plants that were not virus infected had a similar incidence of powdery mildew during the initial stages of the powdery mildew outbreak (Supplementary Figure S3). We used a logistic regression model to assess the effect of plant type (transgenic or susceptible), family (random), treatment (inoculated or non-inoculated fields), and ‘weeks with virus symptoms,’ on the likelihood of infection with powdery mildew. This analysis showed that weeks with virus is a significant predictor of powdery mildew incidence and for each week a plant has been infected with virus, ZYMV-infected plants are 0.84 times less likely to contract powdery mildew. A reduced model that did not include weeks with virus showed that when powdery mildew first enters our fields, the odds of a transgenic plant contracting powdery mildew are 2.4 times that of susceptible plants (most of which are infected with ZYMV at this time in the season). However, the full model is a better fit (AIC full model = 1459.6; AIC reduced model = 1497.5) and ‘when weeks with virus’ is included in the model, plant type is no longer a significant predictor. This suggests that differences between transgenic and susceptible plants are a result of viral infection and not the transgene per se. The logistic regression model also revealed a significant family effect. In particular, one maternal family showed higher odds of contracting powdery mildew relative to the other four families suggesting that there was heritable (in the broad sense) variation for resistance to powdery mildew among families.

Effect of ZYMV on Powdery Mildew Spread and Establishment – Greenhouse Experiment

The results of the 2013 and 2014 field experiments suggested that healthy (not virus infected) plants were more susceptible to powdery mildew and that the transgene had no direct effect on susceptibility to powdery mildew. To explicitly test these findings, we conducted a greenhouse experiment that consisted of three treatments (mock-inoculated, virus-inoculated, and untreated controls) and used only wild gourds (no transgenic plants). A repeated measures ANOVA showed that treatment was a significant factor for predicting susceptibility to powdery mildew (F2,287 = 207.71, P < 0.001). We found that virus-infected plants showed significantly less severe powdery mildew symptoms than the other two treatments (mock-inoculated and control) and that mock-inoculated plants showed significantly more severe symptoms than the other two treatments (virus-infected and control) (Figure 3). There were significant family differences in powdery mildew severity as well (F9,287 = 118.56, P < 0.001) (Supplementary Figure S4), indicating broad sense heritable variation for powdery mildew resistance among the 10 families used in this study. A significantly smaller proportion of virus-infected plants were infected with powdery mildew relative to the mock-inoculated and control treatments at the early (X2 = 27.533, df = 2, P < 0.001) and middle (X2 = 6.582, df = 2, P = 0.037) time points (Supplementary Table S2). However, at the conclusion of the experiment, all plants were infected with powdery mildew.


[image: image]

FIGURE 3. Severity of powdery mildew symptoms for each treatment type for the greenhouse experiment. Different letters indicate significant differences between groups at the P < 0.05 level.



Phytohormone Analysis

An ANOVA revealed significant differences in SA production among the treatments (mock-inoculated, virus-inoculated, and untreated controls) in our greenhouse study (F2,33 = 9.99, P < 0.001). A Tukey’s HSD test showed that leaves of ZYMV-infected plants contained significantly higher levels of SA compared to mock-inoculated and control plants (Figure 4).
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FIGURE 4. Mean salicylic acid levels with standard error for each treatment type (ZYMV-infected, control, and mock-inoculated) in the greenhouse experiment (N = 12 in each treatment). ZYMV-infected plants had significantly higher levels of salicylic acid (∗P < 0.05).



Effect of Powdery Mildew on Plant Fitness

A regression analysis revealed that there is a slight (but significant) negative impact on plant fitness as a result of powdery mildew infection in 2014 (Supplementary Figure S5). We did not conduct a regression analysis on the 2013 field data as there were only two powdery mildew scoring dates in 2013. However, an LS-means showed that susceptible plants produced 0.638 (SE = 0.012) of their total flower production and transgenic plants produced 0.628 (SE = 0.024) of their total flower production post first incidence of powdery mildew in our fields. We also used an analysis of covariance to assess the effects of weeks with powdery mildew (covariate), plant type (transgenic or susceptible), family (random), and treatment (inoculated or non-inoculated fields) on the proportion of both the total staminate and the total pistillate flowers produced by each plant after powdery mildew infection in both years. This analysis revealed that there was no difference in the proportion of flowers produced by transgenic and susceptible plants after powdery mildew infection in 2013 (Staminate: F1,560 = 0.03, P = 0.854, Pistillate: F1,501 = 0.53, P = 0.466). In contrast, our findings revealed that in 2014, transgenic plants produced a greater proportion of both staminate and pistillate flowers after powdery mildew infection relative to susceptible plants (Staminate: F1,551 = 10.29, P = 0.001; Pistillate: F1,520 = 6.97, P = 0.009). Moreover, even when weeks with virus is included as a second covariate in the model, transgenic plants still produce a significantly greater proportion of flowers than susceptible plants after powdery mildew infection (Staminate: F1,551 = 4.64, P = 0.032; Pistillate: F1,520 = 8.42, P = 0.004). This suggests that although powdery mildew infection has a negative impact on fitness, due to the timing of the diseases in our fields, the impact of powdery mildew was not as great as the impact of virus infection on plant fitness.

DISCUSSION

In multi-parasite systems, interactions among multiple diseases can lead to unexpected dynamics. In this study, we show that (1) plants infected with ZYMV are less likely to become infected with powdery mildew, (2) that when infected with powdery mildew, ZYMV-infected plants show reduced powdery mildew symptom severity, and (3) that infection with powdery mildew adversely affects the production of staminate and pistillate flowers. By August, when powdery mildew entered our ZYMV-inoculated fields, most non-virus-infected plants in our inoculated fields were transgenic individuals, however, our data show that the transgene has no direct effect on powdery-mildew infection (i.e., transgenic and susceptible plants were equally impacted by powdery mildew in the absence of ZYMV). Additionally, the greenhouse experiment (which did not use any transgenic plants) also showed that virus infected plants are more resistant to powdery mildew than their non-infected siblings, further indicating that the interaction between ZYMV and powdery mildew is not a direct result of transgene presence per se.

We also show that plants infected with ZYMV have elevated levels of SA post-infection (Figure 4), similar to previous work (Shapiro et al., 2013). These data, in combination with the field and greenhouse experiments in this study, suggest that a SAR response triggered by SA accumulation post-ZYMV infection increases the pathogen defenses of virus-infected plants compared to non-infected plants, thereby increasing their resistance to subsequent powdery-mildew infection. Other studies have shown that exposure to a pathogen can induce a SAR response that rarely results in complete resistance to a subsequent pathogen infection, but typically reduces lesion number and symptom severity (e.g., Kuc, 1982; Walters et al., 2005).

The mock-inoculated plants in our greenhouse study showed significantly more severe powdery mildew symptoms than both the control and virus-inoculated plants (Figure 3). While we expected that mock-inoculated plants would have more severe symptoms than the virus-inoculated plants, the fact that they had more severe symptoms than the control plants was surprising. The leaf damage caused by the inoculation/mock-inoculation procedure (abrasion) may have provided an easier avenue for the fungus to invade our plants. Additionally, the leaf damage may have upregulated the JA defense pathway, as commonly occurs with mechanical wounding, thereby suppressing levels of SA and facilitating powdery mildew infection as a result of antagonistic SA/JA cross-talk (Kunkel and Brooks, 2002; Chung et al., 2013). Regardless of the mechanism, the virus-inoculated plants received the same leaf abrasion as the mock inoculated plants, and still showed significantly less severe powdery mildew symptoms (Figure 3).

Previously, our lab documented an ecological, pre-infection interaction affecting exposure rates between two parasites in experimental populations of wild gourd. We found that in the absence of viral pathogens, virus-resistant transgenic and susceptible plants appear similarly affected by the deadly bacterial pathogen, Erwinia tracheiphila—the causative agent of bacterial wilt disease (Sasu et al., 2009). The disproportionate exposure of transgenic plants to wilt disease, due to avoidance of virus infected plants by vectors, mitigates the fitness advantage of the virus-resistant transgene when ZYMV is also epidemic in the population (Sasu et al., 2009, 2010a). Here, we present evidence of a second, post-infection interaction (a likely immunological interaction between ZYMV and powdery mildew) that further mitigates the benefit of the virus-resistant transgene. Our data reveal that powdery mildew adversely affects reproductive output and that ZYMV-infected plants are more resistant to powdery mildew than non-infected plants. During a viral outbreak, a high proportion of the non-infected plants possessed a virus-resistant transgene and suffered a greater incidence and severity of powdery mildew. Due to the influence of these pathogens on host-plant fitness, our findings have important implications for the spread of the transgene in natural populations of wild gourds.

Transgenic cultivars are often grown near wild populations and because gene flow between cultivated squash and wild gourds (Cucurbita pepo ssp. texana) is common and well documented (Kirkpatrick and Wilson, 1988; Decker-Walters et al., 2002), it is likely that the virus-resistant transgene has been introduced into wild populations. Unlike most traits of cultivated species which negatively influence fitness in wild populations, there are concerns that the presence of a virus-resistant transgene in wild populations could lead to increased fitness and weediness of wild species and/or have indirect impacts on non-target species and community composition (Fuchs and Gonsalves, 2007). Studies examining the transgene in both wild gourds and cultivated squash have shown that transgenic plants have a significant fitness advantage in the presence of the target pathogen and that there are no direct costs of transgene presence (Fuchs et al., 2004; Laughlin et al., 2009). In populations consisting of wild gourds and transgenic introgressives (as would happen if pollen flowed from transgenic cultivars into wild populations), the transgenic plants would suffer disproportionately from the adverse effects of powdery mildew if viral diseases are also present in the population. If all three diseases (ZYMV, bacterial wilt, and powdery mildew) are present in the same population, which seems likely, then fitness benefits of the transgene predicted by virus only studies would be greatly reduced. The pre-infection and post-infection interactions that would result from the presence of multiple pathogens in the same population are expected to slow, and under some conditions stop, the spread of the transgene in wild populations (Harth et al., 2012).

In addition to the implications for management of transgenic introgressives in wild populations, these data have implications for applied agriculture. Powdery mildew is a major economic pest of cultivated squashes and pumpkins worldwide by decreasing yield by as much as 50% and shortening the growing season (Perez-Garcia et al., 2009). Moreover, it is becoming increasingly difficult to control as some strains are resistant to the available fungicides (McGrath, 2001). Our data reveal heritable genetic variation for resistance to powdery mildew in wild C. pepo that could be bred into cultivated C. pepo. Moreover, recent studies have revealed that vertical transmission rates of ZYMV are 1.6% and that infected plants are virtually asymptomatic (Simmons et al., 2011). If vertically infected C. pepo show the same immune response to powdery mildew infection that horizontally infected ZYMV plants show in our studies, it could serve as a low pesticide alternative to extend the growing season. Similar cross-protection strategies in which a mild strain of one virus protects against a more virulent strain of that virus or another pathogen, have been effectively used in other crops (see reviews in Fulton, 1986; Lecoq and Raccah, 2001; Ziebell and Carr, 2010). For example, infection with the mild strain ZYMV-WK proved to be effective against infection with more severe ZYMV strains (Lecoq et al., 1991). Additionally, mild-strain cross protection using Citrus tristeza virus has successfully protected against more severe strains that cause citrus stem pitting (Folimonova, 2013) and has been important in maintaining profitability of the citrus market (Moreno et al., 2008). As in our study, it is likely that the mild pathogen induces defense pathways that in turn provide a degree of resistance to the more virulent pathogens (Lee and Keremane, 2013).

Plants in agricultural and especially natural populations are part of complex pathosystems consisting of a community of interacting organisms (Sasu et al., 2009) that have both direct and indirect effects on their host plants. Pairwise studies of hosts and their pathogens reveal only the direct effects of these pathogens; the direction and magnitude of indirect effects are far more difficult to predict. Studies of the Cucurbita pepo pathosystem reveal that a virus resistance transgene would spread rapidly through natural populations of wild gourd when only viral disease is present in the population. However, when multiple pathogens are present in the population, we see both pre-infection interactions and post-infection interactions among pathogens that would limit the spread of the transgene. The parallels between these mechanisms and those in animal systems suggest that these tractable plant systems might provide a test-bed for general tests of pathogen–pathogen–host interactions.
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FIGURE S1 | Schematic Representation of a 2013 Inoculated Field consisting of 15 rows and 12 columns of plants spaced evenly over a 0.4 ha plot, 180 total plants. Each box lists the type of plant (Wild type = X, non-transgenic backcross 9 = BC, transgenic backcross 9 = BCT) and the family to which it belongs (I2, J5, OZ, D2, or J3). Boxes shaded in red indicate ZYMV inoculated ntBC9 plants and boxes shaded in yellow indicate ZYMV inoculated wild type plants. The 2014 inoculated fields had the same layout.

FIGURE S2 | Severity of powdery mildew on plants from each maternal family for each scoring date during the (A) 2013 and (B) 2014 field seasons. Different letters indicate significant differences between families at the P < 0.05 level.

FIGURE S3 | Proportion of susceptible plants infected with powdery mildew in mid-August declines as the number of weeks for increasing weeks with zucchini yellow mosaic virus increases. Point size scales with number of plants that were virus infected for a given number of weeks.

FIGURE S4 | Severity of powdery mildew symptoms for each maternal family included in the greenhouse experiment. Different letters indicate significant differences between groups at the P < 0.05 level.

FIGURE S5 | Regression analysis for the impact of weeks infected with powdery mildew on the proportion of staminate (β = -0.0245, SE β = 0.0078, R2 = 1.72%, P = 0.002) and pistillate flowers (β = -0.07, SE β = 0.0121, R2 = 5.96%, P = 0.000) produced after first incidence of powdery mildew for 2014 field season. Dotted lines represent 95% confidence intervals.

TABLE S1 | Percent of susceptible and transgenic plants infected with Zucchini yellow mosaic virus (ZYMV) and the percent of non-inoculated susceptible and transgenic plants infected with Powdery Mildew in both the ZYMV inoculated and not inoculated fields at each time point during the (A) 2013 field season and (B) 2014 field season.

TABLE S2 | Percent of plants for each treatment type that showed powdery mildew at early and mid-time points during the greenhouse experiment.
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