Pickling cucumber plants treated with a silicon-based compound can overcome interference with the weed Cyperus rotundus 

Abstract
The interference of Cyperus rotundus L. (Cyperaceae) under pickling cucumber is an obstacle to the production of this raw material. Cucumber plants are responsive to silicates what that confer resistance against pathogens and herbivores. However, the potential of exogenous Si-based compounds to reduce interference caused by weeds is totally unknown. The objective was to evaluate cucumber growth and yield parameters pulverized with Potassium Silicate (K2SiO3) under interference with C. rotundus. The experiment was conducted in two growing conditions (greenhouse in the summer and field in the winter). For both, randomized blocks with four replications were used. Five treatments were tested: T1 (only cucumber without K2SiO3), T2 (only cucumber with K2SiO3), T3 (coexistence between weeds and cucumber, without K2SiO3 in both), T4 (coexistence between weeds and cucumber, with K2SiO3 only in cucumber) and T5 (coexistence between weeds and cucumber, with K2SiO3 only in weeds). Parameters of cucumber shoot growth did not differ between treatments, regardless of the growing conditions. However, cucumber roots were longer when sprayed with K2SiO3 than those without (with and without weed coexistence). Cucumber plants kept with C. rotundus and sprayed with K2SiO3 produced the same number of fruits per plant, average fruit mass, harvests per plant and yield (kg plant-1) as those that did not. Cyperus rotundus weeds sprayed with K2SiO3 produced longer roots and larger leaves only in the greenhouse environment. Considerations about the role of K2SiO3 diminishing the stressed-condition driven by C. rotundus under cucumber plants, but that also favored weed development are discussed.

Introduction
The weed Cyperus rotundus L. (Cyperaceae) compromises plants of economic importance (Das et al., 2014). Weed interference is a real problem faced by pickling cucumber (Cucumis sativus L.) (Cucurbitaceae) plants (Ali & Mohsen 2014). Labor for manual weeding increases costs. High burdens required by Brazilian labor laws hinder the hiring of employees by familiar-based farmers. A profile which corresponds to the majority of the suppliers registered by regional agroindustries which process cucumber fruits for pickling. 
Cucumber production is important by for supplementing the income in the field, due to its short cycle and value paid per pound. However, most farmers simultaneously engage in other farm activities, with an average of up to four hours per day dealing with cucumber management activities. This plant is recognized as intolerant to herbicides exposure due to the risk of phytotoxicity (Guerra et al., 2014) which is what has been discouraging many farmers in Brazil to remain as suppliers of this raw material for agroindustries.

The main advantage of pickling cucumber production is the security in the immediate sale to agroindustries. The pre-established promise of buying and selling contracts provides support and security to the farmer, avoiding wasted food and helping to plan the steps required to grow the vegetables. The Kybria F1 cucumber hybrid (TopSeed®) is one of the most used for pickles due to its good climate adaptation, quality and production (between 2 to 4 kg plant-1) (Vieira Neto et al., 2018). In Brazil, homemade and small-scale pickling production have been replaced in recent decades by companies that specialize in canned meats and vegetables. Investments in technology and quality have favored the opening of new consumer markets.

Silicon (Si) has been reported as an element capable of stimulating resistance in plants against pathogens (Wang et al., 2017) and herbivores (Keeping & Kvedaras 2008). Cucumber plants became more resistant to pathogens in treatments with foliar sprays (Menzies et al., 1992), soil fertilization (Liang et al., 2005) or via hydroponic nutrient solution (Samuels et al., 1991) containing soluble silicate compounds. The physical and biochemical action of Si in the plant is considered as the main defensive mechanism against sources of biotic stress (Cai et al., 2009). However, the role of Si influencing cucumber plants against certain biotic stress situations, such as weed interference, is not yet known.


Cucumber plants are responsive to silicate fertilization and are considered intermediate accumulators of Si, being less than rice and more than tomato (Mitani & Ma 2005). Cucumber plant structures capable of promoting plant resistance in a stress condition with weeds (Burgos et al., 2004) may excel when sprayed with Potassium Silicate (K2SiO3) (a commonly used Si source) compared to those without spraying. And then safe cucumber form weed stress negative impacts [meaning not clear, not sure how to edit, best deleted if unnecessary]. Differences in growth parameters of cucumber, after Si fertilization, have been demonstrated (Pozo et al., 2015).

Ortosilicic acid (a water soluble form of Si) is capable of releasing the phosphorus present in calcium, aluminum and iron phosphates that are unavailable to plants by improving the root development of cucumber plants (Jarosz 2013). In barley (Liang 1999), alfalfa (Liu & Guo 2011) and pea (Olle & Schung 2016) silicon promoted the increase of potassium in the shoot and root under other types of stress, such as saline or water deficit. This structural benefit, triggered by the use of Si, can amortize the negative effect of interference with weeds. If this hypothesis is accepted, farmers who grow pickling cucumbers may be faced with a solution to the required manpower in hand-weeding.


In view of to show an alternative possibility of coexistence to weeds, without to explore an herbicide-used approach, the objective of the work was to evaluate the role of Potassium Silicate (K2SiO3) in vegetative growth and yield parameters of pickling cucumber plants submitted (or not) to interference with the weed Cyperus roundus in both greenhouse and field conditions.

Material and Methods
Cucumber plants were grown under two conditions in Goiás state, Brazil: 1 (greenhouse in the summer, between January and March 2017) and 2 (field in the winter, between May and July 2017). Climatic variables (temperature and relative humidity) were monitored daily with a digital thermohygrometer (Incoterm® model 7666, São Paulo, state of São Paulo) installed in a meteorological wooden shelter at 1.5 m above ground level. The mean temperature in the greenhouse was 29.5 ± 3.0°C and relative humidity was 72.0 ± 10.0%, while in the field 20.0 ± 2.0o C and 25 ± 8.0%, respectively. The greenhouse used was a simple bow type, East-West orientation and metallic structure. The dimensions were 30 m in length, 12 m in width and 5 m in height. The greenhouse ceiling was covered with a low-density polyethylene (LDPE) film (0.15 mm thick) and laterals covered with anti-aphid screens (0.60 mm thick).

The experimental design adopted, in both experimental conditions, was in randomized blocks, with five treatments and four replications. Treatments were T1 (only cucumber without K2SiO3), T2 (only cucumber with K2SiO3), T3 (coexistence between weeds and cucumber, without K2SiO3 in both), T4 (coexistence between weeds and cucumber, with K2SiO3 only in cucumber) and T5 (coexistence between weeds and cucumber, with K2SiO3 only in weeds). Potassium Silicate (168 g L-1 Silicon and 210 g L-1 Potassium) (registered at the Ministry of Agriculture of Brazil, no 09446 10000-9) was used at 0.4 L 100 L-1 of water following technical recommendations (Solo Fértil Comercial Agrícola Ltda, São José do Rio Preto, state of São Paulo).

Four beds with dimensions of 30 m in length, 1.50 m in width and 1 m distanced between beds were used. Experimental plots consisted of beds of 3.0 m in length where cucumber seedlings were transplanted in spacing of 1.20 m between rows and 0.30 m between plants. Thus, each experimental plot had 2 rows of plants, each with 10.0 cucumber plants. The borders between treatments, within each block, were 2.0 m in length where manual weeding was periodically performed. The borders between blocks were 1.0 m and maintained totally without weeds.

Potassium silicate was applied with a handheld costal spray (20 L) in the two rows of cucumber plants or weeds (in the case of T2, T4 and T5 treatments). We avoided to apply applying Potassium Silicate in to the cucumber plants to the point of drainage, in the treatment T4 (coexistence between weeds and cucumber, with K2SiO3 only in the cucumber). This precaution avoided the contact of K2SiO3 with weeds naturally presented in the plot. The applications according to the T5 treatment (coexistence between weeds and cucumber, with K2SiO3 only in the weeds) were directed only at the weeds but while avoiding to spray at the cucumber plant base and leaves. Potassium Silicate applications were carried out weekly from 48 hours after the transplant of the cucumber and extended until the end of fruit production (near 60 days after transplanting).

Experimental plots were weeded manually three days before transplanting, and all weeds were removed (regardless of the treatment). This measure avoided losses in the initial establishment of cucumber seedlings. From that moment, only the experimental plots corresponding to T1 and T2 treatments were maintained with total absence of weeds. Density values ​​of C. rotundus in both greenhouse and field are shown at the results section. Samples for calculating C. rotundus density within experimental plots for treatments T3, T4 and T5 were randomly placed between the rows of cucumber plants, casting an iron frame (0.3 m x 0.3 m) on the site (Jamaica & Plaza 2014). Individuals of C. rotundus were identified and counted. There was no weed removal, after sampling, to maintain the integrity of the natural infestation during the experimental period. The density of C. rotundus was quantified under the following time intervals: 11, 18, 25, 32, 39, 46, 53 and 60 DAT (days after transplanting).

The hybrid Kybria F1 (TopSeed®, Agristar do Brasil LTDA, Santo Antônio de Posse, São Paulo state) was the pickling cucumber type used. The seedlings were obtained by direct sowing in 162 cells styrofoam trays. Transplanting (about 12 days after sowing) was carried out following traditional methods, leaving one seedling per pit. Visualized damaged seedlings up to the 7th day after transplantation (DAT) were replaced by healthy ones from the stock, and of the same age.

Ten cucumber plants, five of which were adjacent to each single row, were labeled with cotton twine for monitoring the growth and yield parameters. The cucumber plants height (cm) was quantified with a steel measuring tape (10 m x 25 mm). To quantify the height of C. rotundus, only weeds were sampled for each experimental plot, in a randomized way, also with a set of steel with a locking mechanism (in this case, only for treatments T3, T4 and T5). The number of leaves was quantified by direct counting for each plant. The internode length (cm) was quantified, for each cucumber plant, in three distinct points (lower, middle and upper third), with a steel measuring tape, giving an average value per day of evaluation. All growth parameters of the cucumber plants were quantified at time scale corresponding to 11, 18, 25, 32, 39, 46, 53 and 60 DAT.

Cucumber root length was quantified through destructive analysis of randomly selected plants in the useful plot (with the exception of those previously labeled for growth and yield quantification). Two cucumber plants per experimental plot were completely removed every 11, 22, 32 and 42 DAT using a rectangular paddle (200.0 mm width and 300.0 mm height) with a 710 mm long cable. Withdrawn plants with visibly damaged roots were discarded. The same procedure of destructive analysis was adopted to quantify C. rotundus root length. In this case, ten plants for each experimental plot and only in treatments T3, T4 and T5 were sampled in the cucumber intervals of 11, 18, 25, 32, 39, 46, 53 and 60 DAT.

Cucumber commercial fruit count (length between 7.0 and 8.0 cm, according to the recommendations of the agroindustry Conservas Oderich SA) in greenhouse began from the 38th DAT, while in the field at the 42th DAT. From these days, for each growing condition, the commercial cucumber fruits were removed from the plants with a pruning shear, on alternate days, until the 65th DAT. Cucumber fruits that did not appear in the commercial pattern at the exact moment of harvest were kept in the plants until reaching the harvest point. Crooked or bifurcated fruits were discarded. After the fruits were removed, they were weighed with a portable digital scale (Model SF-400, B2W Companhia Digital©, Rio de Janeiro, state of Rio de Janeiro) (capacity 5.0 kg x 1.0 g) and recorded as a function of on the day of harvest and treatment. Thus, the number of fruits per plant, fruit mass (g), number of harvests per plant and yield (kg plant-1) were quantified, for each treatment and cultivation condition.

All the quantified data were checked for the assumptions of the analysis of variance. Normality was verified by the Lilliefors adherence test and, in a complementary way, by the symmetry of the histogram obtained by the SAEG® software (Ribeiro Junior & Melo 2009). According to this procedure, all quantified variables, for both greenhouse and field conditions, followed normal distribution and, therefore, the values ​​of their means were presented without the necessity of transformation.

Data were was analyzed using ANOVA obeying a randomized block design, according to the five treatments. The cultivation conditions (greenhouse and field) were not compared because some factors, not experimentally controlled showed great variation such as temperature, relative humidity and C. rotundus density. However, for each parameter quantified, the results were presented for the greenhouse and field growing conditions. After verification of the significance (or not) between blocks and treatments by ANOVA, for each experimental condition, the means of the quantified parameters were compared by the Tukish test at a 5% probability level. Statistical analyzes (ANOVA and test of means) were performed through the SAEG® software, while figures by the SigmaPlot® software, version 11 (Systat Software Inc).

Results
Density of C. rotundus did not vary between T3, T4 and T5 treatments for the greenhouse cultivation conditions at the 11, 18, 25, 32, 39, 46, 53 and 60 DAT time intervals (Figure 1A). There was no difference in density of C. rotundus between treatments in the time intervals of 11 (F= 0.09, P> 0.05), 18 (F= 1.49, P= 0.00) , 29 (F= 0.75, P> 0.05), 32 (F= 0.31, P> 0.05), 39 (F= 0.87, P> 0.05), 46 (F= 1.11, P= 0.38), 53 (F= 1.54, P= 0.28) and 60 DAT (F= 0.86, P> 0.05). In the greenhouse, C. rotundus density ranged from 5 to 65 weeds m-2 over the eight evaluation time intervals (Figure 1A). While much higher values ​​of density for C. rotundus were observed in the field (between 25 to 250 weeds m-2) (Figure 1B).

Cucumber plant height (Figure 2), number of leaves per plant (Figure 3) and internode length (Figure 4) showed no difference between treatments with and without coexistence of C. rotundus and applications or not of K2SiO3 (for all time intervals evaluated) in the greenhouse, as well as in the field. Cucumber plants had their height decreased by about 54% when grown in the field compared to those grown in the greenhouse. The number of leaves per cucumber plant did not vary numerically between the two growing conditions, but greater oscillations were observed under field conditions compared to the greenhouse. Under greenhouse, internode length was about 22% higher in the greenhouse compared to the field.

Cucumber root length varied between treatments for all time intervals evaluated under greenhouse conditions (Figure 5A). Cucumber plants living with C. rotundus, and sprayed with K2SiO3, had longer roots at 11 and 22 DAT in comparison to the other treatments (Figure 5A). At 32 and 42 DAT roots with K2SiO3 application and without weeds coexistence were also longer than those with coexistence, and in comparison, to the other treatments (Figure 5A). In the field, cucumber roots also differed between treatments for each evaluation interval (11 DAT: F= 4.20, P= 0.02, 22 DAT: F= 3.19, P= 0.02; 32 DAT: F= 4.34, P= 0.02 and 42 DAT: F= 6.32, P= 0.01) (Figure 5B). From the 22th DAT, root length of cucumber plants sprayed with K2SiO3 (with or without coexisting with weeds) was higher in comparison with the other treatments, and this behavior was maintained until the 42th DAT (Figure 5B). Cucumber root length was, on average, 29% higher in the greenhouse compared to the field cultivation condition, regardless of the treatment (Figure 5).

Cucumber plants, sprayed with K2SiO3 and living with C. rotundus, have the same number of fruits per plant, fruit mass, harvests per plant and yield than those of cucumber plants without weed coexistence (with or without K2SiO3) in greenhouse conditions (Table 1). Lower values ​​of cucumber production (with exception of harvests per plant) were obtained with coexistence of C. rotundus and without application of K2SiO3 or with application only in the weeds in the greenhouse (Table 1). For the field conditions, only the mean fruit mass did not differ between treatments (Table 1). The other parameters, for the field condition, differed between treatments (Table 1). The coexistence with C. rotundus contributed to generate less fruits per plant (independent of the application or not of K2SiO3 and where it was applied) (Table 1). The number of harvests plant-1 and cucumber yield were similar between treatments without coexistence (regardless of whether or not K2SiO3 was used) and with coexistence and sprays directed only to the cucumber plant (Table 1). The number of fruits per plant and yield, regardless of treatments, were 17.45% and 12.17% higher, respectively, when the plant was cultivated in the field. However, in the greenhouse, the fruit mass and harvests per plant were 66.3% and 48.85% higher than in the field.

Root length of the weed C. rotundus differed between treatments in the greenhouse at all evaluation intervals (Figure 6A). In this case, higher root length values ​​were observed in the treatment with K2SiO3 applied only to the weed (Figure 6A). For field cultivation, root length of C. rotundus did not differ between treatments at all evaluation intervals (Figure 6B). Weed root length was 28% higher in greenhouse compared to the field, regardless of treatment (Figure 6). Potassium Silicate applied only to the weeds provided longer leaves compared to those treatments without K2SiO3 with either or with sprays only on cucumber plants (Figure 7A). In field, C. rotundus leaves length did not vary as a function of the treatments (Figure 7B) and in the greenhouse was 74.28% higher than those observed from the field (Figure 7).

Discussion
Silicon-based exogenous compounds applied under cucumber plants have been reported as catalysts of resistance against pathogens. We demonstrated that weekly leaf sprays with Potassium Silicate contributed to the maintenance of higher cucumber yields coexisting with weeds. Cucumber roots were markedly more responsive to Potassium Silicate (independent of the coexistence or not with C. rotundus). This indicates the responses in Cucumis sativus may differ between plant structures once exposed to Si as observed previously (Miyake & Takahashi 1986, Marschner et al., 1990). Therefore, we assume that adaptive mechanisms used by cucumber plants to overcome weed interference must focus on root system (Knerr & Hopen 1992).

The stress condition experienced by a given vegetable, under interference with weeds, depends on the weed species considered, soil density, ability to produce offspring, ability to emerge at great depths, alternative propagation mechanisms, among other factors (Das et al., 2014). In our case, only the weed species and its density were experimentally explored, which indicates a certain simplicity of the interference condition (stress) investigated herein. However, as there were no significant differences between C. rotundus densities (T3, T4 and T5), we suggest the stress condition was similar between treatments. Even though artifices were used to promote the propagation of C. rotundus inside the greenhouse, density was four times lower than that under field conditions. This information may be important to justify the fact that cucumber roots had 29% longer lengths in the greenhouse than in field (where C. rotundus density was higher). Alsaadawi & Salih (2009) reported C. rotundus exudates reduced (due to allelopathy) the root growth of tomato and cucumber plants. According to Semchenko et al. (2014) the number of exudates is directly dependent on the density of weeds present in a given area.

Parameters of cucumber shoot growth are important indicators of the stress experienced (Yang et al., 2009). Internode length has been used by farmers to predict improvements in fruit production, as a result of any management strategy (Ando & Grumet 2006). Our results do not corroborate to those where foliar sprays with Si compounds favored shoot growth in cucumber plants (Miyake & Takahashi 1983). Thus, we once again suggest that the interference caused by the stress from weeds has more influence on the radicular system of ​​cucumber plants. On the other hand, roots are not the best plant structure to, visually, convince farmers to use Potassium Silicate foliar applications under real conditions. They may find it difficult to accept the idea of ​​maintaining commercial cucumber areas without manual weeding. However, the response observed in the yield can be a convincing argument for the adoption of the new management proposed herein.

Root development with plants sprayed with potassium silicate were more striking than in any structure of the cucumber plants evaluated. The property of orthosilicic acid (a water-soluble form of Si) in favoring the release of conjugated phosphorus to forms previously not assimilable by the plant (such as calcium, aluminum and iron phosphates) may explain the cucumber root development, as reported by Jarosz (2013), Wu et al. (2015) and Neeru et al. (2016). In other plant species, besides cucumber (Jarosz 2013, Wu et al., 2015), Si promoted potassium increase in the root system under other sources of stress, such as saline and water deficit (Liang 1999, Liu & Guo 2011, Olle & Schung 2016, respectively). Thus, we can confirm that the benefit triggered by the use of Si, amortizing the negative effect of weed interference, is powerful to assume powerfully confirms our initial hypothesis. 
Potassium Silicate applications favored root development and height of C. rotundus plants, testifying that species of the Cyperaceae botanical family have the ability to manipulate silicate compounds in order to obtain better performance (Currie & Perry 2007). Thus, the management system proposed in the present work should be used with caution to avoid that foliar sprays directed to the cucumber reach of the adjacent weeds. In those cases, the greater control provided by sprays with water soluble Si, directed only at cucumber plants, may be an advantage compared to the use of granulated Si in the soil. In order to evaluate this type of Si application and the possible impacts, new studies are underway. The highest values ​​observed in both root length and leaf height of C. rotundus in the greenhouse compared to the field may also be related to their different densities, as observed by other studies (Lati et al., 2012). The greater the population of weeds, the greater its dominance and adaptability. 
Cucumber plants were responsive to the submitted growing conditions, as well as the density of C. rotundus. Cucumber root length was an important parameter for assessing interference conditions with weeds. Parameters related to the aerial part of this plant (plant height, number of leaves per plant and internode length) were not as responsive. Potassium Silicate stimulated root growth of cucumber plants with and without coexistence with weeds in both greenhouse and field conditions. Cucumber plants coexisting with weeds, but exclusively sprayed with potassium silicate, were as productive as those without coexistence and not pulverized with Si. Finally, Potassium Silicate sprays were also able to stimulate root and leaf lengths of the C. rotundus weed compared to those weeds that did not receive sprays.

