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Abstract

:

A novel delivery method for the application of bio-based biostimulants as seed coatings was developed using different sources of liquid and powder forms of vermicompost and soy flour. Micronized vermicompost (MVC) and soy flour (SF) were mixed in different combinations as dry seed coating blends and applied using rotary pan seed coating equipment. The physical properties of coated seeds were measured, and as binder concentration increased, coating strength increased. The rates and percentages of germination of the newly developed coating formulations of SF+MVC did not decrease the germination parameters and were not significantly different than the control. However, the SF, SF with concentrated vermicompost extract, and SF + MVC from dairy manure increased the seedling vigor index by 24, 30, and 39 percent, respectively, compared to the control. Plant biometric parameters and nitrogen uptake per plant were also significantly higher for SF and SF+MVC coated seeds than the control, in a greenhouse environment. This is the first seed coating study to show an enhancement of plant growth with vermicompost, and vermicompost in combination with a plant-based protein that serves as a dry seed coating binder and biostimulant, respectively. Seed coatings developed in this study can serve as a model for development of the delivery systems of seeds for the application of bio-based biostimulants to enhance early plant growth.
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1. Introduction


Biostimulants, broadly defined, are a diverse range of materials which, when applied to plants, seeds, and growing substrates in small quantities, have the capacity to enhance physiological processes in plants that provide benefits to growth and development, or can reduce plant stress [1]. Investigations on the use of biostimulants have been gaining interest worldwide, since they have the potential to minimize the negative environmental impacts associated with applications of agrochemical pesticides and fertilizers [2]. Various categories of plant biostimulants include microbial inoculants, beneficial bacteria and fungi, plant and animal-based protein hydrolysates, and other nitrogen containing compounds, such as humic and fulvic acids, biopolymers, seaweed, and botanical extracts [1].



Recently, several studies on the utilization of biostimulants in agriculture have been initiated to evaluate their influence on crop quality and the growth enhancement of plants. The use of biostimulants at a low dosage decreases the risk of phytotoxicity and can reduce the application of high concentrations of agrochemicals, which contaminate soil and water [3,4]. Foliar applications of biostimulants have been investigated on a range of horticultural crops, while little research has been conducted on biostimulant seed treatments. In addition, the physiological mechanisms associated with the nutrient uptake of biostimulants via seed coating have not been elucidated. The application of biostimulants to seeds has the potential to promote plant growth at an early stage, while using low doses [5]. Previous investigations have demonstrated that seed treatments with growth regulators, micro and macronutrients, amino acids, and beneficial microbes, or other biostimulants, can enhance plant growth at the time of sowing [5,6,7,8,9].



Vermicomposting is a process that utilizes earthworms to convert biodegradable organic wastes such as animal manure and plant debris, into a humus-like compost product. The biostimulant properties of vermicompost have generally been attributed to the presence of substances with phytohormonal activity and humic and fulvic acids [10]. In addition, the mineralization of carbon during the vermicomposting process results in increases in nitrogen, phosphorus, and other macro and micronutrients compared to the original substrates, and can enhance bioavailability of these nutrients when vermicompost is applied as a supplement to plants [11] Hussain and Abbasi (2018) recently published an extensive review on the efficacy of vermicompost on seed germination and plant growth. The paper reviewed over 250 investigations and discussed several methods used to apply both animal and plant based vermicompost to enhance plant growth; however, there were no reports on the application of vermicompost as a seed coating [11]. Therefore, vermicompost and vermicompost products warrants research to investigate their biostimulant properties applied as seed treatments, so it became the focus of this study.



Seed coating technology is focused on the development of the accurate and uniform application of specific, and often novel, materials onto seeds. The application of active ingredients as a seed coating is more precise and eliminates the need for spraying products over entire fields. A seed coating facilitates uniform seeding and can include many types of materials, such as pesticides, and other amendments required at planting [12]. Modern seed coating technology allows the delivery of many types of materials that can enhance plant growth and improve seedling stand establishment at reduced application rates compared to the foliar or soil applied methods [13,14]. Commercial requirements for a new seed coating formula as a competitive seed treatment product in the market demand that the products meet high safety standards. The technology needs to be safe and convenient for growers, have minimal impact on the environment, and active ingredients should be applied at the lowest possible dose rate. These safety requirements are driving the development of improved formulations in seed enhancement technologies [15,16].



The objective of this study was to develop a new and efficient seed coating delivery method to investigate the potential biostimulant effect of vermicompost, a nutrient rich medium, in combination with soy flour (SF), a plant-derived protein, when applied as a novel seed-coating blend, without using a liquid binder. Laboratory and greenhouse experiments were conducted to evaluate the seed coating formulations with different binders and fillers and assess the influence of vermicompost and soy flour, alone or in combination, on broccoli seeds.




2. Materials and Methods


2.1. The Development of Biostimulant Seed Coating Delivery System Formulations


A series of experiments were designed to test and develop the seed coating formulation combinations in order to evaluate the biostimulant materials. Three micronized vermicompost products (MVC1 and 2, Worm Power, Avon, NY, USA and MVC3 Terra Vesco, Sonoma Valley Worm Farm, Sonoma, CA, USA) and a concentrated vermicompost extract (CVE) (from Worm Power and concentrated by Caloris Engineering, Easton, MD, USA) were evaluated as biostimulant materials, along with defatted soy flour 7B (SF), a plant-derived protein provided by Archer Daniels Midland Co., Decatur, IL (Table 1). All seed coating solid materials used in this study were sieved to a fine particle size < 75 µ by passing through a #200 mesh sieve. An analysis of seed coating biostimulant materials was conducted by Cornell Soil Health Nutrient Analysis Laboratories [17]. Other solid particulate materials, including diatomaceous earth (DE) obtained from Perma-Guard, Inc, Albuquerque, NM, and xanthan gum (XG) (Bob’s Red Mill Natural Foods, Milwaukie, OR, USA), were used to develop the seed coating formulations. SF and XG also served as solid particulate, dry binders in seed coating blends. Based on our previous seed coating research [5], different proportions by weight of SF and DE or MVC were tested (Table 2, Table 3, Table 4 and Table 5).



A laboratory-scale rotary pan coater, R-6 (Universal Coating Systems, Independence, OR, USA) was used to coat the seeds for all four experiments in this study (Appendix A, Figure A1A). Twenty grams of seeds were used for each seed coating treatment and all seed coatings were applied as dry powder to seeds with a 30% build-up of seed weight. The first experiment was designed to determine the best seed coating ratio formulations. In this experiment SF, DE, and MVC2 were applied in different ratios (Table 2 and Table 3). Based on germination and seedling growth measurements, the optimal proportion of SF and DE was found to be 30:70. The second experiment was designed to evaluate the influence of the different biostimulant substrates listed in Table 1 on plant growth enhancement in the laboratory (Table 4). In all experiments using the R-6 seed coater, the filler powder to be coated was dusted onto seeds followed by alternate applications of water (10 mL) as a wetting agent; however, in experiment 2, water was replaced by liquid concentrated vermicompost extract (CVE). As mentioned earlier, SF and XG were used as dry binders. Coated seeds were then air dried on a lab bench at ambient temperature (~20 °C).



In the third experiment, MVC2 and SF, selected from experiment 2, were applied to the seeds alone and in combination, in an effort to investigate their additive interactions on seed germination and seedling growth). Seed coating treatments for each experiment consisted of selected blends of two components, soy flour and diatomaceous earth (SF+DE), soy flour and vermicompost (SF+MVC), xanthan gum and diatomaceous earth (XG+DE), or xanthan gum and vermicompost (XG+MVC), in ratios of 30:70 on a weight basis (Table 5). The two best treatments (SF+DE and 30:70 SF+MVC2) were selected to be tested in a greenhouse in experiment 4 (Table 6). The total amount of SF and vermicompost was calculated for each coating treatment on a single seed basis [5], and then expressed as mg of nitrogen applied per seed (Figure 5).




2.2. The Mechanical and Hydration Properties of the Seed Coatings


Physical properties of coated seeds measured from experiments 1, 2, and 3 were evaluated using two methods. A Ro-Tap sieve shaker (The W.S. Tyler Co., Cleveland, OH, USA, 2009) was used to measure the weight loss [5] after mechanical shaking and a texture analyzer (TA-XTplusC, Texture Technologies Corp., S. Hamilton, MA, USA, 2018) (Figure 1) was used to measure compressive strength of coated seeds. A total of 10 replications of a single coated seed was used to obtain the peak load force (N) and time to decay (TD, s) required to fracture each seed coating treatment. Texture analyzer software (Exponent Connect, version 7.0.2.0, S. Hamilton, MA, USA, 2018) was used to record force and time to decay data [18]. Seed coating integrity (hydration test) from the three experiments was evaluated by soaking coated seeds in water while measuring the seed coat disintegration time (DT min) [5].




2.3. Plant Material, Germination, and Plant Growth Measurements in the Laboratory and Greenhouse


A seed lot of broccoli var. ‘Italica’ (Brassica oleracea L.) (‘Durapak’), provided by Syngenta Seeds, Boise, ID, was used for all experiments in this study. Germination tests were conducted in the laboratory by placing four replicates of 50 seeds between germination paper towels (30.5 × 45.7 cm, Anchor Paper Company, St. Paul, MN, USA) moistened with water, with two layers beneath and one placed above the seeds. The paper towels were then rolled up and positioned upright in a germinator (Percival germinator, Model I-36LL, Perry, IA, USA, 2016) maintained at 20/30 °C with a 16/8 hour dark/light photoperiod, respectively [19]. Seed germination (radical emergence >2 mm) was recorded every 24 h for one week. Total germination percentage (Gmax, the number of germinated seeds after 7 days), germination uniformity (GU = T90 − T10) (T90 is the time in hours for 90% of total germination and T10 is the time in hours for 10% of total germination) [20] were recorded, and germination rate (T50, the time in hours for 50% total germination) was calculated according to Equation (1) [21] shown below, where N is the final number of germinated seeds, and ni and nj are total number of seeds germinated at time ti and tj, where ni < (N + 1)/2 < nj. Shoot and root lengths, and dry weight, were measured ten days after placing seeds in the paper roll towels. Four replicates of 50 seeds of each treatment were recorded for each treatment. Seedling vigor index (SVI) was calculated as per Abdul-Baki and Anderson [22].


  T 50 =   t i +  [     (  N + 1  )  / 2 − n i   n j − n i    ]     (  t j − t i  )   



(1)







Plant growth and development characteristics in experiment 4 were conducted in a controlled greenhouse located at Cornell AgriTech, Geneva, NY, maintained at 24/21 °C with a 14/10 h light/dark photoperiod. Two seeds of each treatment were sown in a 10 × 10 cm plastic pot that contained Sunshine Mix #8/LC8 (Sun Gro Horticulture, Agawam, MA, USA), a commercial greenhouse substrate. One week after planting, each pot was thinned to one plant. There were 25 plants for each treatment (3 treatments × 5 replicates × 5 samples per replicate = 75 plants) placed in a completely randomized design.



Four weeks after sowing, plant biometric data, including shoot height and width, root length, stage of leaf development (the percentage of plants with six true leaves, L6D), leaf surface area, and shoot and root dry weight, were recorded (Table 6). Leaf surface area was measured using a CI-202 Leaf Area Meter (CID Bio-Science, Camas, WA, USA, 2011). Roots were separated from shoots and gently washed to remove growing media. Plant materials were oven dried at 105 °C for 3 days to obtain the dry weight. Plant growth and vigor indices were calculated with the following equations [22,23].


   Growth   Index    =     P l a n t   h e i g h t  2  +    (  P l a n t   W i d t h   1   +   P l a n t   W i d t h   2  )   4   



(2)






   Plant   Vigor   Index    =     T o t a l   e m e r g e n c e   ×   P l a n t   l e n g t h   100    



(3)








2.4. Leaf Chlorophyll Measurement


For the plant growth evaluations conducted in the greenhouse (experiment 4), plant chlorophyll concentrations were measured using a hand-held optical Konica Minolta, model SPAD-502 (Spectrum Technologies, Plainfield, IL, USA, 2006). The SPAD-502 chlorophyll concentration meter measures the transmission of two wavelengths of radiation through plant leaves: red at approximately 650 nm, and near infrared (NIR) at approximately 900 nm. Four weeks after planting, three SPAD-502 meter measurements were recorded per plant on the most recently expanded leaf of 25 plants for each treatment.




2.5. Plant Nitrogen Content Analysis


Dry leaf tissue samples from the greenhouse (experiment 4) were collected and ground to a particle size of 2 mm (with Wiley Mill, Arthur H. Thomas Co. Scientific Apparatus, Philadelphia, PA, USA) and total nitrogen content was measured. Five subsamples (100 mg) of ground leaf tissue of each treatment were sent to the Stable Isotope Laboratory (Cornell University, Ithaca, NY, USA) for nitrogen analysis. The total nitrogen content of leaf tissue was calculated by multiplying dry leaf weight by leaf nitrogen content, and the enhanced nitrogen per plant was calculated by the difference between the control and each coating treatment [5,24].




2.6. Statistical Analysis


Experimental data were subjected to a one-way analysis of variance (ANOVA) to analyze the effect of treatments and means were separated by a least significant difference (LSD) test at a significance level of p < 0.05. Coefficients of determination (r) were computed to show linear relationships of mechanical properties and the physical integrity of seed coats with germination characteristics; and plant vigor index with the growth index from experiment 4 and with the seedling vigor index from experiment 1. Statistical analyses were performed with JMP Pro 14 (SAS Institute, Cary, NC, USA, 2018).





3. Results and Discussion


3.1. Analysis of Seed Coating Materials


Results of nitrogen composition of the potential biostimulant seed coating materials analyzed by the Cornell Soil Health and Nutrient Analysis Laboratories are shown in Table 1. Data from the nutrient analysis show that MVC1 and MVC2 had almost twice the amount of NO3 + NO2 (6560 and 6812 µg/g) that MVC3 had (3442 µg/g). Additionally, MVC1 had much higher available NH4 than MVC2 and MVC3, 199, 93 and 20 µg/g of NH4, respectively. The total nitrogen percentages were 3.6% for MVC2, 3.2% for MVC1, 2.6% for MVC3, and 8.0% for SF. As the compost extract (CVE) was a liquid it is difficult to make any direct comparisons of total or available N from the nutrient analysis, but all values were less than the solid substrates. The SF used in these experiments was analyzed by Archer Daniels Midland (Decatur, IL, USA), so data were not directly comparable to the Cornell Health Analysis; however, SF had higher percentage of protein and total N compared to the vermicompost materials. In addition to the N nutrient analysis, the Cornell Soil Health laboratory evaluated the microbial respiration of the three vermicompost (MVC) products used in this study. Respiration was determined by measuring the CO2 evolved from individual vermicompost samples (all values are >2.9 mg CO2/g soil) and results showed very high (100) levels of respiration from all samples (Figure A3). These data indicate high microbial activity in these nutrient rich materials.



Vermicompost products can carry diverse microbial populations, particularly fungi and bacteria. Aremu et al. [10] and Krishnamoorthy et al. [25] suggested that microbial activity could result in the production of significant quantities of mixtures of plant hormones, such as indole acetic acid, gibberellins, cytokinins, and auxins. Those, and other microbial activity, increase enzymatic activities in plants.




3.2. Physical Integrity of Coated Seeds


The mechanical and hydration properties, and physical integrity of the coated seeds were tested using three different methods. Increasing the proportion of SF in the filler of both SF+DE and SF+MVC2 treatments from 30% to 50%, resulted in a decrease in weight loss during mechanical shaking with Ro-tap, and a significant increase in the time required in water to disintegrate the seed coatings (60 versus 126 min for SF+DE and 78 versus 152 for SF+MVC2, respectively; Table 2). The peak load force required to fracture the seed coat also increased significantly with an increase in the SF proportion in the filler (Figure 2 and Table 2). For example, the peak force and time to decay (TD) for the SF+DE 30:70 seed coating was 16.6 Newton (N) and 0.39 seconds versus 19.1 N and 0.80 seconds for the SF+DE 50:50 combinations, respectively. This is due to the good adhesive characteristic of SF; the latter contains several polar amino acids [26,27].



Significant negative correlations were calculated between seed coating weight loss percentage and peak load force (r = −0.98 ***) and there was a significant positive correlation between disintegration time and peak load force (r = +0.98 ***) and time to decay (r = +0.99 ***) from seed coating formulations evaluated in experiment 1 (Appendix A, Table A2). The physical integrity of coated and pelleted seeds is important in any packaging, shipping, and sowing operation. When coated, treated seed are handled, a substantial amount of mechanical breakage and dust can be produced. These released dust particles can be potential health and safety hazard. As a result, determining the mechanical integrity of treated seeds is important when evaluating the characteristics of the seed amendment. In spite of this, very few studies on evaluating the physical quality of seed coatings have been published. There is no single test that is sufficient to assess all the features that contribute to the quality of a coated seed lot. Several physical and mechanical properties need to be evaluated. The Heubach dust-meter for quantifying the abrasion potential of seed coatings has been identified as the standard method to determine dust-off, especially that of pesticide-treated seeds; however, it only measures the very fine dust fraction [28,29]. Foque et al. [28] tested the mechanical integrity of several different corn and wheat seed treatments with a mechanical shaker (SM-30, Edmund Bühler GmbH, Germany). The total dust loads after mechanical shaking for wheat seeds from the Foque study, were three times more than was observed in this study for the SF+DE 30:70 (Table 2) seed coating treatment. Foque et al. [28] determined that the Heubach value (HV) for the wheat seed lot in their research met the standards of quality for treated seed used in Italy and France [28]. Although the wheat and broccoli seeds are very different in shape, size, and morphology, and these differences do affect the dust-off percentage, the quality of all coated seeds in this study indicated that the adhesiveness of dry binders used in all treatments were sufficient to avoid producing an overabundance of dust.




3.3. Germination and Plant Growth Measurements in the Laboratory and Greenhouse


The seed germination and plant growth data from the first experiment designed to determine the most appropriate ratios of binder and filler, for the application of the biostimulant materials as a seed coating, are shown in Table 3. Both disintegration time and time to decay (Table 2) had a positive correlation with germination uniformity (r = +0.99 ***) and germination rate (r = +0.93 **) (GU and T50 in Table 3) (Appendix A, Table A1). These data indicate that a higher proportion of SF in the seed coating formulation resulted in harder coatings, but slower and more non-uniform germination.



Results presented in Table 2 and Table 3 clearly show the superiority of the treatments with a 30% proportion of SF mix with either DE or MVC2, as the dry binder provided an appropriate strength in the formula to hold the materials around the seed without impacting the total germination, germination uniformity, and rate (T50) compared to the non-treated control seeds. In addition, both treatments (regardless of the SF proportion) showed significant increases in shoot length when compared to the non-treated control (Table 3). The highest root length was measured for treatments with a 30% proportion of SF mix with either DE or MVC2 (11.3 and 11.4 cm, respectively) compared to the 40% (10.6 and 11.1 cm, respectively), 50% (8.7 and 11.0 cm, respectively), and non-treated control (8.8 cm root length; Table 3). The seedling vigor index (SVI) for both formulas of 30:70 SF+DE and SF+MVC2 was higher than the other treatments and non-treated control. The highest SF application rate resulted in the greatest seed coating strength, which had a negative effect on germination parameters (Gmax%, T50, and GU) and also resulted in decreased SVI. Further research is needed to quantify the seed treatment, biostimulant application rate on plant growth and development.



The second set of experiments were designed to evaluate the vermicompost products from different sources (dairy manure and rice straw) to apply as a seed coating blend with SF and compare the germination variables and seedling growth parameters with SF and DE combination (SF+DE 30:70) with non-treated control seeds. Results (Table 4) in the germination roll towel test showed that the percent total germinated seeds, germination uniformity, and rate (T50) were not significantly different than non-treated control seeds. Shoot and root length, seedling dry weight (DWt g), and seedling vigor index, determined as indicators of plant performance, were measured 10 days after planting. Root length increased significantly (17.2% to 23.6%) in response to all coating applications in comparison with the non-treated control seeds (Table 4). However, there were no significant differences between different coating formulas for the root length. The highest root length was observed in the SF+MVC2 treatment. Compared with the control, SF+DE significantly enhanced the shoot growth by 48.1%, and the application of liquid concentrated vermicompost extract (CVE) in SF+DE+CVE significantly promoted the shoot growth by 66.6% (2.7 cm and 4.5 cm respectively). The application of each source of micronized vermicompost (MVC1, 2, and 3) products increased the shoot length from 100% to 114% compared to the non-treated control seeds (Table 4). Additionally, the highest seedling vigor index value was recorded for SF+MVC2, which was approximately 40% higher than the SVI of non-treated control.



Although there were no significant differences in root growth, all vermicompost seed coating blends (SF+MVC) enhanced seedling growth compared to the SF+DE and control (Table 4). These results indicate that both sources of compost (dairy manure and rice straw) enhanced the plant growth in combination with the SF, compared to the application of SF alone. Overall seedling performance was higher using the powdered MVC combined with SF than the liquid CVE. This was attributed to greater amount and percentage of N from MVC applied per seed than CVE. MVC1 and 2 had higher N% than the MVC3 (Table 1); however, there were no significant differences measured from the different MVC products used in seed coating treatments for germination and seedling growth variables (Table 4, and Appendix A, Figure A2).



Previous research has reported significant differences in plant-growth enhancement after the application of vermicompost from diverse sources when used as an additive in soil amendment experiments. Brace [30] determined that manure-based vermicompost generally produced larger tomato and pepper plants compared to a rice-straw based vermicompost evaluated. In that study, the application of manure-based vermicompost to the soil increased tomato plant height, width, fresh weight, and Soil-Plant Analyses Development (SPAD) values when compared to the same amount of rice-straw based vermicompost mixed with the growing media. In our study, the dairy-manure based vermicompost (MVC2) had the highest value of seedling vigor index (Table 4), and was, therefore, used in the experiments 3 and 4.



In the third set of experiments MVC2 and SF were applied to the seeds alone and in combination, to investigate their additive interaction effects compared to applications of either treatment alone, on seed germination and plant growth. Data presented in Table 5 show that percentage of total germination, the germination rate, and the uniformity were not significantly different than the non-treated seeds when SF was applied alone or in combination with MVC2. However, a significant delay was measured in germination, germination uniformity, and T50 (Table 5) when XG was used in the seed coating blend in combination with DE or MVC2. This was probably due to an increase in the hardness of the seed coat (Table A2) resulting from XG. All seed coating formulations enhanced plant growth compared to the non-treated control. Additionally, higher shoot and root lengths were measured in seed treatments of MVC2 and SF combined compared to applications of either treatment with DE or XG. The SVI calculated from the MVC and SF blended seed treatment was also significantly higher (17.5) compared to all other treatments. The combination of vermicompost with SF, application of SF alone, and vermicompost alone, increased the seedling vigor index by 40.0%, 29.6% and 24.8% compared to the non-treated control, respectively. Similarly, the combination of SF and MVC, and the applications of SF alone and MVC alone resulted in an increase of seedling dry matter by 37.5%, 21.8% and 19.0% respectively, compared to the non-treated control (Table 5).



Based on SVI data in Table 5, SF had a greater biostimulant response than XG, and MVC had a greater biostimulant effect than DE, while the combination of SF and MVC had the greatest SVI. Rouphael et al. [31] assessed the synergistic action of a commercial, microbial-based biostimulant (tablet) and a plant-derived protein hydrolysate (PH-liquid) on the growth enhancement of lettuce. A combination of microbial biostimulant with the foliar application of PH synergistically increased the shoot fresh weight by 22.0% and 43.3% compared to the tablet treated and non-treated plants, respectively. Their results showed that combined application of a microbial-based treatment and a plant-derived protein hydrolysate could represent an effective strategy to minimize abiotic stresses in a sustainable system [31].



In experiment set 4, the two best seed treatments were selected to test in the greenhouse. Both treatments enhanced plant growth and development compared to the non-coated seed control plants. The highest values of plant biomass, including shoot height, dry weight, and the root length and dry weight, were observed with the vermicompost + SF followed by SF + DE application (Table 6). Seeds treated with SF+MVC2 and SF+DE produced seedlings with higher shoot and root length—21.0% and 19.0% shoot height, and 24.0% and 20.0% root length—compared to the non-treated seeds, respectively. Both treatments significantly increased shoot dry weight by greater than 42.0% when compared to the non-treated control. The root dry weight of broccoli seedlings treated with SF+MVC2 at 30 days after planting increased growth by 51.5% when compared to the non-treated control. The same effects were observed on root dry weight for the SF+DE treatment with a 32.3% increase in growth, compared to the non-treated control plants. However, there were no significant differences between the two treatments, but SF+MVC2 always had a highest average value (Table 6).



The combination of vermicompost with SF, and application of SF alone, increased the total leaf area by 22.0% and 17.0% respectively, compared to the non-treated control. Both treatments also had higher total leaf numbers (Table 6) and percentages of plants with six developed leaves (Figure 3) in 30 days. Eighty-four percent of seedlings produced from SF+MVC2 coated seeds, had six developed leaves, while only 68% of SF+DE had six leaves, and both had better overall growth compared to the non-treated plants. Only 4% of seedlings had six developed leaves in the control plants (Figure 3).



The growth index—an indicator of above ground growth, and the plant vigor index—a product of seed germination, and above and below ground growth, had a strong positive linear relationship (R2 = 0.76 **) (Figure 4B) indicating that the biostimulant seed coating applications enhanced total plant growth.



The biostimulant application enhancement on plant biometric and morphological parameters was also reflected in plant physiological measurements. In addition to enhanced plant growth, the SF+MVC2 treated plants had the highest SPAD values (58.0) at 30 days, followed by the SF+DE (55.4) treatment, and the lowest numbers (50.0) were recorded in the non-coated seed control plants (Table 6). Several earlier studies have shown that seed treatments, and soil and foliar applications of biostimulants, have beneficial effects on photosynthesis on broccoli, tomato, and oilseed rape crops [5,32,33]. Higher SPAD readings recorded in both treatments in this study compared to the non-treated control plants could be in the result of enhanced nitrogen uptake. Research on different sources of biostimulants in wide varieties of crops, concluded that the SPAD unit is an important indicator of chlorophyll and nitrogen content, which have both been correlated with crop quality and performance [34,35].



Overall, our results showed that application of a plant-based biostimulant alone and in combination with a vermicompost directly onto the seeds, improved broccoli plant performance, produced more vigorous seedlings, and enhanced nitrogen uptake compared to the non-treated seeds. A combined application of these materials also (SF+MVC2) resulted in plants with higher numbers of leaves and chlorophyll synthesis (Figure 3 and Table 6). In addition, seedling vigor indices from the laboratory and plant vigor indices of the greenhouse experiments (Figure 4A) showed a strong positive linear relationship (R2 = 0.76 **), suggesting that the 10-day roll towel test in a laboratory germinator can predict growth enhancement of a 30-day old plant in the greenhouse.



The results of current study are in agreement with several studies that demonstrated the positive effects of plant-derived protein biostimulant alone [5,36], microbial-based biostimulant alone [6], or plant and microbial-based biostimulants in combination [31], on higher nutrient uptake, better shoot and root development and the enhancement of crop performance. Application of a commercial protein hydrolysate improved the dry weights of shoots and roots, and the total biomass of tomato plants due to enhanced nitrogen uptake and upregulation of primary enzymes involved in N metabolism [36]. Amirkhani et al. [5] reported earlier that coating broccoli (Brassica oleracea (var. Italica ‘Centura’)) seeds with SF and cellulose fibers increased plant biomass and nitrogen uptake efficiency. They concluded that N applied in the seed coating materials only accounted for 1–2% of the increased nitrogen in plants, while in the present study, the application of SF+DE and SF+MVC2 accounted for 3.3% and 5.1% of the enhanced nitrogen in plant tissues, respectively (Figure 5). This difference may be due to specific cultivar, or a difference in seed coating methods or greenhouse growing media. Moreover, both studies indicated that SF, which is quite inexpensive, acted as an excellent biostimulant with only a minor role as nitrogen fertilizer.





4. Conclusions


In summary, the development of a new and effective delivery system via the seed coating of biostimulant compounds for a high value, small seeded vegetable crop ‘broccoli’ was achieved. Plant biometric parameters and nitrogen uptake per plant were significantly greater for SF and SF+MVC coated seeds than the control, in the greenhouse. SF alone and in combination with MVC acted as an excellent biostimulant. Coating broccoli seeds with vermicompost and soy flour showed no negative effect on germination parameters, and did not reduce total germination or delay the germination rate of seeds when compared to non-treated seeds. However, the results of these studies clearly showed that the seed coating delivery system with 30% build up around the seed with the co-application of two biostimulants as a seed coating blend, with no liquid binder, resulted in a greater enhancement in early plant growth than when each component was applied separately. This approach can be used as an effective green management practice for sustainable crop production. The mechanical integrity characteristics of the seed coating formulations developed in this study would be important for the commercialization of biostimulant seed-coating materials. The seed coatings developed in this study can serve as a model for development of delivery systems, on seeds, for the application of bio-based biostimulants to enhance plant growth in diverse crops. Additional research, however, is needed to determine if these types of seed treatments can influence crop yield in field trials.
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Table A1. Correlation coefficients of disintegration time (DT, min), weight loss (WL, %), compressive strength (Force, N), and time to decay (TD, s) with germination uniformity (GU, h), and rate (T50, h) from seed coating applications in experiment 1.






Table A1. Correlation coefficients of disintegration time (DT, min), weight loss (WL, %), compressive strength (Force, N), and time to decay (TD, s) with germination uniformity (GU, h), and rate (T50, h) from seed coating applications in experiment 1.





	Treatment
	DT (min)
	WL (%)
	TD (s)
	Force (N)





	GU (h)
	+0.99 ***
	−0.97 ***
	+0.99 ***
	+0.98 ***



	T50 (h)
	+0.93**
	−0.97 ***
	+0.93 **
	+0.97 ***



	DT (min)
	-
	−0.97 ***
	+0.99 ***
	+0.98 ***



	WL (%)
	-
	-
	−0.97 ***
	−0.98 ***







**, *** Significant at p < 0.001, 0.0001, respectively.
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