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In the present study, field surveys were conducted to detect potential associational susceptibility of crop plants (potato, alfalfa and maize) caused by Canadian goldenrod, Solidago canadensis (L.), one of the most common invasive weeds in Central and Eastern Europe, via plant associated virus vectoring aphids. Assessments were made in two major agricultural land types: crops grown under high input vs. low-input (LIF) conditions, with and without fertilizers and pesticides. The two most frequent aphid species, found both on Canadian goldenrod and crop plants, were the leaf-curling plum aphid, Brachycaudus helichrysi Kaltenbach and the glasshouse-potato aphid, Aulacorthum solani (Kaltenbach). Plant viruses in both weed and crop plants were identified using high-throughput sequencing of small RNAs. Peroxidase (POD) enzyme activity was tested in weed and crop plants to connect aphids feeding processes in weeds and crops. In addition, conceptual modeling was used to detect direct relationships between viruses and other crops. The Canadian goldenrod density was only relevant in the LIF regime. Furthermore, its association with B. helichrysi and associational susceptibility was detected only in LIF. In total, 18 viruses comprising 17 plant and one insect virus were detected in Canadian goldenrod, of which 11 were also detected in potato and alfalfa crops. POD activity was high and correlated with high aphid density in both weed and crop plants, suggesting a direct associational susceptibility between these plants through aphid infestation and viral transmission.
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Introduction

Over the past 25 years studies performed on invasive weeds in Central Europe have recorded 435 alien species within 82 plant families. One of the most frequently found and identified as highly invasive is Canadian goldenrod, Solidago canadensis L., which occurs in a wide variety of habitats, including the verges of main roads, along railway tracks and verges, arable lands and even gardens, parks and cemeteries (Anastasiu and Negrean, 2005). Although weed control strategies exists in European countries, including mulching, tilling and burning as well as chemical control and crop management approaches, i.e., crop rotation (Uchino et al., 2012; Mabuza et al., 2013), the areas encroached upon by this plant in Central Europe are generally increasing (Tunaitienė et al., 2015; Pacanoski, 2017).

Beside the problems of invasion and pollen expansion caused by Canadian goldenrod, the latter causing severe allergies within the human population, another important issue is the plant’s suitability as a host for local pest aphid species. Several local sap-feeding pest insect populations, especially aphids, readily use Canadian goldenrod as a summer host; in the case of aphids, these may create so-called ‘associational susceptibility’ (AS) with local crops, such that the aphids transmit pathogenic plant viruses from this reservoir host plant to nearby or adjacent crop plants, factors rarely considered when the importance of an invasive weed are considered. To date, the fact that invasive weeds may act as virus reservoirs and hence pose a potentially serious threat via local migrating winged aphid species in terms of virus vectoring has yet to be tested under different crop management systems (Bell, 1983; Popkin et al., 2017). Having said that, several local aphid species, notably the leaf-curling plum aphid, Brachycaudus helichrysi Kaltenbach and the glasshouse-potato aphid, Aulacorthum solani (Kaltenbach), have already been tested to determine whether invasive weeds such as annual fleabane, Stenactis (= Erigeron) annua (L.) and Canadian horseweed, Erigeron (= Conyza) canadensis can act as summer ‘reservoir’ hosts for pest aphids, thereby allowing transmission of pathogenic crop plant viruses from these plants to adjoining crop plants (Szabó et al., 2019, 2020).

Clearly, direct and indirect interactions between plants in close proximity due to aphid infestation and viral transmission exists and the influence of one plant (i.e., an invasive weed in the present case) to another plant or plants (i.e., crop plants) may increase AS or decrease ‘associational resistance (AR)’, according to the potential importance of the focal herbivore abundances connecting these particular plants (Barbosa et al., 2009). Another important factor is the aspect on habitat diversity (i.e., diverse habitat surrounded by natural landscape mosaics) and conventional management systems (intensive crop management involving high chemical input), both of which may influence these relations between new invasive weeds and existing crop plants (Steffan-Dewenter et al., 2001).

To date, only a relatively few aspects of these plant-aphid-plant relationships have so far been investigated, although one such aspect is the induction of volatiles by plants when these are injured, injuries influencing the probability of detection of neighboring plants (i.e., crops) by winged pest aphids, as originally demonstrated by Quiroz et al. (1997). These authors noted that undamaged wheat attracted higher numbers of aphids than that already infested by aphids. Another aspect is that some stress enzymes such as peroxidase (POD) are induced when plant cells are injured, the infected plants being perceived by attacking aphids as lower quality hosts, at least for a short while. In this way, POD enzyme activation is a good indicator of AS, i.e., high POD activity is correlated with high levels of infestation (Argandoña et al., 2001; Chaman et al., 2001; War et al., 2012; Scully et al., 2016).

Considering these various aspects, the main aims of the present study were to: (i) assess the population density of Canadian goldenrod in two differently managed agricultural crops field systems, i.e., with fertilizers and chemical pesticide input (high-input fields, HIF) and without significant management (low-input fields, LIF), respectively; (ii) assess the local abundance of aphids adapting to Canadian goldenrod along with actual detection of infection of these plants via POD activity; and (iii), compare and contrast the aphid population densities in adjacent crop plants along with detection of common plant viruses occurring within weed and crops, respectively The overarching hypothesis we wished to test was whether Canadian goldenrod forms associational susceptibility of crop plants via local aphids within a short time frame and if so, thereby represents a potentially serious threat as a plant pathogenic viral reservoir within the European agroecosystem.



Materials and methods


Study area

Field assessment of weeds and associated aphids were conducted during the crop growing season from spring to autumn over a three-year period (2015–17) in Transylvania, Romania. Surveys were performed under the two aforementioned management regimes (low vs. high input fields), purposely selected to reflect similar geographic and climatic regions. The low-input (LIF) fields were characterized by traditionally managed fields of the Old Saxon region, some 7,440 km2 in area at an altitude of 230–800 m above sea level (a.s.l.), the HIF by large monocultures with a low density of natural vegetation, situated about 5,500 km2 in area at an altitude of 220–750 m a.s.l. (Szabó et al., 2019, 2020). Around 200 km separated the areas with no direct connections between them via main roads or railways.



Assessment of invasive weeds, associated aphids and crop plants

Canadian goldenrod, S. canadensis (L.) is native to north-eastern and north-central America, grows in a diverse range of habitats, and is one of the most aggressive invasive weeds in Europe, resulting in significant crop losses in newly invaded areas (Anastasiu and Negrean, 2005; Abhilasha et al., 2008; Fenesi et al., 2015).

The weed assessment method here used has earlier been detailed by Szabó et al. (2019, 2020). In brief, two sample areas each of around 10m2 were selected in both LIF and HIF regions. Inside each, 10 smaller 1×1 m subplots were assessed and the exact coverage of all plants (invasive and other weeds) identified. Bi-weekly assessments were made in the same subplots from the end of May until June during the 2-year vegetation growing period.

Canadian goldenrod together with aphid colonies were collected and stored at −20°C. Aphids were counted in the laboratory and species identified according to Blackman and Eastop (2000) and Blackman (2010). For each sample collection period, 100 samples were collected per transect and management system, i.e., 400 samples/management system/collection data = total 1,600 samples/year. A similar sample collection system was followed for crop plants around each weed transect. Because only potato, alfalfa and maize were cultivated, samples from these crops were collected and tested for viruses. All plant material was stored at 70°C prior to virus identification.

The two native and locally-distributed aphid species investigated, the leaf-curling plum aphid, B. helichrysi Kaltenbach, and the foxglove aphid, A. solani (Kaltenbach), are both considered to be highly polyphagous (Blackman and Eastop, 2000; Blackman, 2010), and as such, important virus vectors. In B. helichrysi, hosts include members of the Asteraceae, e.g., Chrysanthemum, as well as Prunus spp., Citrus, Fragaria, Medicago, Solanum, Trifolium and also maize (Popkin et al., 2017). The most important viruses transmitted are Beet mild yellowing virus, Potato virus Y and Sharka virus (= Plum Pox virus; Isac et al., 1998). Hosts of A. solani include several crop plants, e.g., celery, carrots, cucurbits, peppers, tomato, tobacco, tulip bulbs, and legumes (Jandricic et al., 2014), the aphid transmitting Potato viruses A, Y, and X, Potato leaf roll virus, Bean yellow mosaic virus, Cucumber mosaic virus, Soybean dwarf virus and Turnip yellows virus (Jandricic et al., 2010, 2014).



Virus detection from Canadian goldenrod, aphids and crop plants

Analyses were made according to White and Kaper (1989) and Szabó et al. (2020). Material from both weed and crops was separately homogenized in an ice-cold mortar in 650 μl extraction buffer (100 mM glycine, pH 9.0, 100 mM NaCl, 10 mM EDTA, 2% SDS and 1% sodium lauroylsarcosine). Samples were mixed with phenol, centrifuged for 5 min., whereafter the aqueous phase was treated with a mixture of phenol, chloroform and isoamyl-alcohol (25:24:1). Following further treatment using chloroform: isoamyl-alcohol (24:1), the solution was precipitated with ethanol and re-suspended in sterilized water (White and Kaper, 1989; Szabó et al., 2020). Polyacrylamide gels from RNA pools were used for small RNA High Throughput Screening (HTS), separately for samples related to weed, crops, area and collection times. This approach allowed detection of any plant viruses present in samples at any given time during the survey. When investigating field crops belonging to different plant families (potato, alfalfa and maize) and also when the origin of cultivars was uncertain, their virus patterns were pooled. These pools were used for small RNA library preparation (2 libraries, one for weed and one for crop plants) using Truseq Small RNA Library Preparation Kit (Illumina, USA; Czotter et al., 2018). Thereafter, all samples were sequenced using HiScan2000 by UD Genomed (Debrecen, Hungary) 50 bp, single end procedures (Supplementary Figure S1). Fastq files of the sequenced libraries were deposited in the Gene Expression Omnibus (GEO) repository1, accessible via series accession number GSE132755 (Szabó et al., 2019, 2020). Aphids from each plants (weed and crop) were also tested for viruses; the insects were carefully collected from plants during feeding, and stored in absolute ethanol together with the plant portion containing the aphids’ stylets, prior to virus testing.



Pod enzyme activity assays in weeds and crop plants

The analyses were made in 2022. For POD enzyme analysis, weed and crop plant leaf samples were collected each year and date simultaneously with the aphid samples collected from the various fields and transects. In this way, aphid-plant interactions through high POD activity could be directly tested. Leaves and stems from the top of the plants containing aphids were sampled from Canadian goldenrod (n = 10 / 1 m2 sub-transect) and crop plants (n = 7 / 1 m2 sub-transect), using 20 samples from each transect (Supplementary Table S1), and stored at −20°C prior to enzyme extraction and activity assays. For this, ~ 400 mg of leaves were homogenized in 1 ml 50 mM phosphate buffer, pH 7.0, in a high-speed benchtop homogenizer (MP Biomedicals). The concentration of enzyme extract was determined using the Bradford method (1976; Szabó et al., 2019), whereafter POD activity was analyzed according to Németh et al. (2009). The increase in absorbance at λ 480 nm was followed in a spectrophotometer for 5 min., with POD activity separately defined as an absorbance change of 0.01 units.min −1 at both 5 and 10 μmol min−1. mg protein.−1



Data collection for virus incidences in crops using scientific references

Besides the fact that only potato, alfalfa and maize crops were present in both years of the assessment of crops and aphids detected around stands of Canadian goldenrod, some viruses other than those infecting these crops were also identified. In light of this, a detailed survey of the scientific literature was performed to assess the virus infection potential of crops studied and also other cash crops. All viruses detected in Canadian goldenrod and the aforementioned crops were analysed and scientific references searched using WoS (Web of Science) for the years 2000–22 inclusive. From this, all possible crop plants with potential as aphid hosts in Europe (i.e., in which viral symptoms had at one time been found) were noted.



Data analyses

Firstly, for the Canadian goldenrod data, a mean coverage value in each 1 m2 sub-quadrat was computed, involving averaging all the species relative abundance data from each 1 × 1 m plot per sampling date. As goldenrod was only present in low abundance under HIF conditions, its average coverage of 0.8% did not allow further analyses, so only data from LIF was considered. Next, analyses of inter-annual differences in coverage were compared using MANOVA, whereupon the mean values of weed coverage for one 1 m2 quadrat (40 data / field type / collection dates) were used. No significant difference in coverage were detected between the 2 years of the survey (p = 0.34); therefore cumulated and averaged data were used for analyses.

Thereafter, aphid abundances were assessed on both weeds and crop plants. Aphid abundance on Canadian goldenrod did not meet the assumption of normality so that the Kruskal-Wallis test was used, followed by the Mann–Whitney U test to compare the abundance of the two aphid species’ on this host plant. Aphid density analyses of crop plants were performed by considering only the abundance of B. helichrysi. This was because the abundance of A. solani was too low in crop plants (except potato), so that no statistics were possible using this data set. As the B. helichrysi aphid data was normally distributed, ANOVA followed by Tukey testing were performed to compare abundances between treatments and crop plants. All analyses were done using R version 3.0.1 (R Core Team, 2013). Other aphid species were also detected, but in small numbers (e.g., Macrosiphum spp.), hence were not included in the analyses.

Virus diagnosis was determined by small RNA HTS for weed and crops. For bioinformatics analysis, CLC Genomic Workbench was used. For plant virus diagnostics two strategies were followed. Firstly, longer contigs from the non-redundant reads were built and the CLC assembler (de novo assembly) used. Next, directly mapped contigs were made using Reference Genomes of those viruses, which were characterized at least with one contig in any of the libraries (CLC Genomic workbench).Virus incidence in samples was claimed if at least two parameters (virus specific contig and/or normalized redundant virus specific read count) was >> 200, and/or coverage of the virus genome was > > 60%; (Szabó et al., 2019, 2020). Because some viruses detected from weeds could not be directly associated with those detected in crops in close proximity to Canadian goldenrod, a detailed analyses of scientific references was made to associate these viruses with other potential crops present in the area.

POD activity values for weed and crop plants at 5 and 10 μmol min−1 were compared between years (n = 20 / year) using MANOVA, with values from 1 m2 sub-transects per sampling period considered. Because no significant year effect was observed (p = 0.83), data between years were averaged and used for further analyses. Similarly with weed data, where only samples from LIF were considered. POD enzyme data at 5 and 10 μmol min−1. mg protein−1 unit were analyzed separately and compared between assessment data, when aphids abundances were the highest in weed and crop plants (June 05–15), and also when aphid abundance decreased (between June 15 and 24) each year (Supplementary Table S1). Because data were normally distributed, a complete randomized factorial ANOVA of POD specific activity values (5 and 10 μmol min−1. mg protein−1 unit) was used for comparison. The Tukey test with p < 0.01 and LSMEAN (Minimal quadratic means) test were performed using the statistic package SAS. For analyses, the average POD quantity / 20 plants / 1 m2 sub-transect were used. Linear correlation analyses between POD activity level at both 5 and 10 μmol min−1. mg protein−1 unit and aphid species (B. helichrysi and A solani) abundances on Canadian goldenrod were computed for the same assessment period using the SPSS package, version 3.14.



Conceptual modeling based on scientific references

The whole analyses was performed in 2022. To link virus infections with crop plants, four major factors influencing infections were considered: (1) the weed-aphid species interactions identified as in our assessments; (2), plant viruses identified in both weed and crop plants using new generation small RNA assessment; (3), virus incidences observed and identified suggesting a direct link between weeds and crop plants via aphid-viral interactions; and (4), management strategies formulated to control virus infections. From these, only papers dealing with at least three factors were considered. To link factors, the number of searches that connected these factors, i.e., weed-virus-crops (other than those assessed by us) were considered. Of 44 papers searched between 2000 and 2022, a strong link was found between factors connecting Canadian goldenrod and crop plants, such information being indicative of viral transmission in at least one direction (i.e., virus transfer from weed to crop via aphids; Reference list, Supplementary online materials). Strong and influential links were considered between two factors when at least 10 searches were found that connected these in one direction (and marked in Figure 1 as conceptual representations). This was done by placing the factors (weed, aphids and crop plants) in a Sankey diagram representing direct contact. The method used is rather similar to those used for factors modeling within the DPI (Driving force–Pressure–Impact) framework, reporting different environmental issues facilitating interrelations between these and human and/or social factors (Gabrielsen and Bosch, 2003).

[image: Figure 1]

FIGURE 1
 Sankey diagram representing direct contact between Canadian goldenrod and crop plants due to plant pathogenic virus transmission via B. helichrysi. To link virus infections with crop plants, data from scientific references were collected and four major factors that influence infections were considered: 1, the same weed-aphid species interactions identified as in our assessments; 2, plant viruses identified in both weed and crop plants using new generation small RNA assessment; 3, virus incidences were observed and were identified as a direct link between weeds and crop plants through aphids; and 4, Management strategies were formulated to control virus infections. The model fits with factors modeling within the DPI (Driving force–Pressure–Impact) framework (Gabrielsen and Bosch, 2003).





Results


Canadian goldenrod and crop plants association with aphids

Canadian goldenrod was present in LIF fields at an average coverage of 2.5%. In contrast, at the other site with high input management, its average coverage in transects was 0.8%; thus samples from this site were not used to test for the presence of viruses. A higher density of B. helichrysi was detected on goldenrod (U1–40 = 3.4, p < 0.01) compared with A. solani. Other species (Macrosiphum spp) were observed at low density (12 individuals) on S. canadensis. Considering aphids on crop plants, the abundance of B. helichrysi was higher on alfalfa and potato and significantly lower on maize (F1–40 = 4.5 p < 0.01; Figure 2A), while the abundance of A. solani was always low so that no statistics were possible, but a higher abundance on potato was clearly observed (Figure 2B).

[image: Figure 2]

FIGURE 2
 Brachycaudus helichrysi (A) and Aulacorthum solani (B) abundance on crop plants. Data for B. helichrysi from goldenrod were compared using Kruskal-Wallis followed by Mann–Whitney U tests. Data from crop plants were compared using ANOVA followed by Tukey testing. Bars represent standard errors. No statistics were done for A. solani because of low abundances.




Associational susceptibility of crop plants caused by Canadian goldenrod

The small RNA libraries sequencing resulted in more than 21 million raw reads for crop plants and more than 17 million for Canadian goldenrod. After trimming and quality control, > > 20 million raw reads were obtained for crops and > > 16 million for weeds (Table 1). Overall, the number of plant viruses detected in Canadian goldenrod from LIF was 18, of which 17 were plant viruses, and one an insect virus. Of the plant viruses detected, 15 were RNA and two DNA viruses (Table 2). Altogether 11 viruses were found to be directly associated with crop plants assessed during the study, mostly alfalfa and potato, whereas no particular virus associations were discovered with maize. The vast majority of the viruses detected were associated with plants from the family Solanaceae; all viruses that infect these plants (Potato virus Y, V, S, M, X, Wild potato mosaic virus and Bidens mosaic virus isolate SP01) were found in goldenrod and in potato crops all over the LIF area sampled. Furthermore, two viruses infecting sweet pepper and potato were detected (Pepper severe mosaic virus and Pepper yellow mosaic virus). Bean leaf roll virus and the Lucerne transient streak virus, both infecting plants of the family Fabaceae, were also detected in goldenrod and alfalfa at all sampling sites (Table 2). Amongst other viruses associated with Canadian goldenrod, some were highly plant pathogenic, including PPV (Plum Pox Virus), Sunflower ring blotch virus, Sunflower chlorotic mottle virus and Tobacco vein clearing virus. Two viruses associated with sweet-potato may be considered important in terms of potential virus vectoring (Sweet potato virus G isolate and Sweet potato mastrevirus), both present in goldenrod, although its presence in host plants other than sweet potato has yet to be assessed. The presence of the insect virus (Helicoverpa zea nudivirus-2) in Canadian goldenrod is a new finding, with no previous confirmed record of its occurrence in Europe (Table 2).



TABLE 1 Samples (millions of sequenced reads) used for small RNA library preparation.
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TABLE 2 Plant viruses detected from Canadian goldenrod and crop plants.
[image: Table2]

While considerable efforts were made to extract and detect these plant viruses from aphid stylets collected from weeds and crop plants, this proved technically impossible in our particular study due to the low titer of virus present.

Upon assessing POD enzyme activity, this was found to be detectable at both 5 and 10 μmol min−1. mg protein−1 unit, its activity increasing when aphids feeding was at its highest on the sampled plant (June 05–15 each year; Figure 3). A very similar trend was observed in crop plants. Furthermore, a high positive correlation between aphids abundance and POD activity level was detected on weeds (Figure 3), along with a very similar trend in crop plants (a Rho value of <0.79 at 5, and < 0.8 at 10 μmol min−1. mg protein−1 for B. helichrysi on potato, and < 0.77 at 5, and < 0.82 at 10 μmol min−1. mg protein−1 on alfalfa). Because of the low density of A. solani on crops, no comparison were made.

[image: Figure 3]

FIGURE 3
 POD enzyme activity values at 5 and 10 μmol min−1. mg protein−1 unit in Canadian goldenrod. Data were compared using complete randomized factorial ANOVA of POD specific activity values. The Tukey test with p < 0.01 and LSMEAN (Minimal quadratic means) test were performed using the statistic package SAS. The average POD quantity / 20 plants / 1 m2 sub-transect were used. Linear correlation analyses between POD activity level at both 5 and 10 μmol min−1. mg protein−1 unit and aphid species (B. helichrysi and A solani) abundances on Canadian goldenrod were computed for the same assessment period.


Conceptual analyses of viruses identified in the present assessment revealed that the most vulnerable crops appeared to be members of the Solanaceae. In the case of Canadian goldenrod, which belongs to the family Asteracae, this is currently expanding its range in mainland Europe, followed next by species from the family Fabaceae, e.g., alfalfa. In addition, the possibility of virus infection via aphid transmission from goldenrod to Helianthus, Chenopodiaceae and also Stone fruits (peaches, plums, cherries, etc.) are high. As Sweet potato cultivation is also expanding in Europe, viral infection of this crop is likely when Canadian goldenrod is present (Figure 1).




Discussion

As shown in this study, a clear associational susceptibility of crop plants potato and alfalfa in the presence of Canadian goldenrod occurs as a direct result of local aphids acting as vectors of plant pathogenic viruses, here B. helichrysi and A. Solani. These aphids are also important because of their ability to infect other crops too, such as Helianthus, Chenopodiaceae and Stone fruits. It is also apparent that in the case of conventional management when weed and pest control is enacted (i.e., HIF), the abundance of Canadian goldenrod is low, such that its potential as a reservoir of plant pathogenic viruses is insignificant. In contrast, when no adequate management efforts are made (i.e., LIF), even at low density, this weed is potentially important in terms of aphid borne viral transmission to adjacent agricultural crops.

Several factors seem to positively influence the associational susceptibility of crop plants caused by Canadian goldenrod. The likelihood of detection of neighboring plants by aphids, including settling, feeding and asexual propagation, and the successional availability that can directly sustain aphid populations and influence the survival of local colonies on these plants, seemingly include natural habitat diversity, and lack of any management, including any chemical (pesticide/herbicide) application under the LIF regime conditions used. Therefore, the general perception about lack of any management (more specifically weed management) inside protected areas needs to be reconsidered. In this particular scenario, the close proximity and high population density of virus vectoring B. helichrysi infesting Canadian goldenrod and their (mainly) aerial dispersal to adjacent crop plants (here alfalfa and potato) clearly influenced the associational susceptibility observed (Figure 2). Colonization experiments with this aphid species also demonstrated that other invasive weed species (Stenactis annua and Erigeron canadensis) are suitable hosts for this aphid species, while its colonization from these weeds toward maize, alfalfa and potato has earlier been demonstrated (Szabó et al., 2019).

While we made determined efforts to extract and identify viruses from the stylets of aphids attacking either weeds or crop plants, such efforts proved unsuccessful, undoubtedly due to the titer of the various viruses within aphid stylets being very low, whereas it is much amplified in the host plant itself, allowing detection. Indeed, our previous colonization experiments (Szabó et al., 2019) clearly demonstrated that B. helichrysi colonizing crop plants from nearby weeds involves the transmission of plant pathogenic virus by these insects.

High POD activity on goldenrod, as here shown to be correlated with the density of infesting aphids on weeds and nearby crop plants, argues that goldenrod is a high quality host for B. helichrysi, supporting large aphid populations. This in turn suggests that a significantly higher stress is caused by aphids feeding on goldenrod and on crop plants too, a conjecture, if true, further supporting the virus transmission potential of this aphid from weeds to crops (Figure 3). That plant-induced POD activity increases as a consequence of sap-feeding insect activity was first revealed by Felton et al. (1989), reviewed by War et al. (2012). Other similar studies have also revealed the anti-herbivore role of POD, arising, as it appears to do, as a consequence of the herbivore defense-inducing signal molecules systemin and methyl jasmonate (MeJA), which in turn trigger higher POD activity levels in – for example – tomato leaves (Constabel et al., 1995; Constabel and Barbehenn, 2008; Mai et al., 2016). Hence, evidence exists that the increased level of POD is associated with intensive feeding by aphids, resulting in injury of the plant’s cells (Dicke, 1998; Argandoña et al., 2001; Balog et al., 2017). Other similar studies on barley, Hordeum vulgare L, also report that infestation of the plant by the greenbug (aphid), Schizaphis graminum (Rondani) increased the total soluble POD activity, which was also associated with a maximum level of hydrogen peroxide activity (H2O2), after around 20 min of insect feeding (Argandoña et al., 2001). Taken together, these findings strongly suggest that the increase of POD activity in both weed and crop plants is directly associated with the processes of aphid feeding, while similar viruses detected in goldenrod and crop plants (potato and alfalfa in this cases) reflect the direct transfer of virus/es from goldenrod to crops.

Conceptual analyses of viruses identified in this study also revealed that the most vulnerable crops in Europe in relation to invasive Canadian goldenrod are plant species of the family Solanaceae, followed by species of Fabaceae. In addition, the possibility of virus infection to species of Helianthus, Chenopodiaceae and Stone fruits are high (Figure 1). As for the Lepidoptera-infecting Helicoverpa zea nudivirus 2, this has not been reported from Europe before (EPPO listings; www.eppo.int). Further analyses are necessary to test its origin in Canadian goldenrod, along with its possible effect on local lepidopteran species. The type and nature of the viruses as here detected using small RNA HTS could be supported in future studies by the use of RT-PCR.

In conclusion, our findings show that even when low-input management farming systems are widely studied, and conservation protocols implemented in such areas (Akeroyd and Page, 2011; Fischer et al., 2012; Mikulcak et al., 2013), the total abandonment or absence of proper weed management may cause serious AS of some crops and hence create difficulties in terms of aphid-borne viral incidence due to increased local aphid virus vectoring. These areas are considered as low-cost (i.e., no or low management costs) effective systems with high biodiversity and cultural values (Hartel et al., 2013). Even so, damage to crops produced by virus infections transmitted by aphids infesting goldenrod may exceed the costs of any environmentally-friendly weed control. If this is so, new weed management systems and new research is necessary to evaluate the effect/s of weeds as virus reservoirs, even under low management regimes, as well as in many other ecosystems in Europe where invasive weed problems are on the increase.
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OPS/images/fevo-10-1080599-t002.jpg
Virus n: Short name Virus type Genoil Host family Major vectors
Bean leaf roll virus BLRV Luteovirus RNA Fabaceae Aphids
Bidens mosaic virus isolate SPO1 BIMV Potyvirus RNA Solanaceae Aphids
Lucerne transient streak virus LTSV Luteovirus RNA Fabaceae Aphids
Potato virus Y PVY Potyvirus RNA Solanaceae Aphids
Potato virus V' PV Potyvirus RNA Solanaceae Aphids
Plum pox virus PPV Potyvirus, RNA Stone fruits, Helianthus Aphids
Pepper severe mosaic virus PePSMV Potyvirus RNA Solanaceae Aphids
Pepper yellow mosaic virus PePYMV Potyvirus RNA Solanaceae Aphids
Potato virus § VS Carlavirus RNA Solanaceae Aphids
Potato virus M PVM Carlavirus RNA Chenopodiaceae and Solanaceae Aphids
Potato virus X PVX Potexvirus RNA Solanaceae csaldd Aphids
Sweet potato virus G isolate SPVG Potyvirus RNA Tpomoea batatas Aphids
Sunflower ring blotch virus SuRBYV Potyvirus RNA Helianthus Aphids
Sunflower chlorotic mottle virus SuCMoV Potyvirus RNA Helianthus Aphids
Sweet potato mastrevirus SPSMV-1 Mastrevirus DNA Ipomoea batatas Aphids
Tobacco vein clearing virus VeV Solendovirus DNA Nicotiana Aphids
Wild potato mosaic virus WPMV Potyvirus RNA Solanaceae Aphids

that are present in goldenrod and are associated with crops others than assessed in this study are colored blue. The only insect virus detected is colored yello.
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Plants Tested Library code Sequenced reads  Trimmed reads Non-redundant reads Number of

(containing and % contigs
redundant)
Crop 4.5C 21,087,654 20,477,950 7,192,941 35.13% 11,047
S. canadensis 5.54 17,177,187 16751,341 5,537,461 33.06% 10,164

Samples sequenced with HiScan2000 using UD Genomed (Debrecen, Hungary) 50bp, single end. Fastq files of the sequenced libraries were deposited to the GEO and can be accessed
through series accession number GSE132755,
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