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Abstract

:

Garlic (Allium Sativum L.) is a vegetable with known medicinal value. It is not only rich in nutrients, but also has the ability to combat different microbial infections. This is, however, the first study to investigate the effect of soil incorporation of the raw garlic stalk (RGS) on the growth and antioxidative defense system of eggplant. The experiments were conducted in pots using soil amendments of RGS in different ratios (RGS1 1:100; RGS2 3:100; RGS3 5:100 and control (CK) 0:100 of RGS: Soil w/w) and repeated in two consecutive years (2016 and 2017). A dose-dependent response of RGS amendment was observed in the growth and physiology of the eggplant. RGS1 and RGS2 significantly enhanced the plant height, root/shoot weight, stem diameter, leaf area, root length, root activity, pigment contents (chlorophyll a, chlorophyll b, and total chlorophyll), and photosynthetic parameters, but reduced intracellular CO2 (Ci) and enhanced fruit yield as compared with the respective controls. Consistently, RGS also enhanced activities of antioxidative enzymes of eggplant reported as a defense against stress indicators. RGS in its higher ratios (RGS3), however, caused a reduction in all of the growth and physiological parameters and increased stress indicators such as hydrogen peroxide (H2O2) and malondialdehyde (MDA). Overall, RGS2 was found to be the most efficient for regulation of plant defense systems, reducing H2O2 and MDA and enhancing superoxide dismutase (SOD), peroxidase (POD), and phenylalanine ammonia–lyase (PAL) activity. It can be concluded that the appropriate ratio of RGS could efficiently promote plant growth and regulate the reactive oxygen-based plant defense system.
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1. Introduction


The incorporation of crop residue (CR) is an important component of a sustainable agricultural system. CR incorporation may be considered a potent source of available soil nutrients and organic matter for an intensive cultivation system [1]. Such organic inputs are useful in less fertile conditions, concomitantly inducing soil bio-recovery, promoting nutrient cycling, facilitating pest and disease management, and thereby affecting plant growth and productivity [2]. The soil biological properties, including plant growth, may be enhanced by CR incorporation [3]. CR also enhanced the availability of inorganic nitrogen in an intensive cultivation system [4,5].



Intensive protected cultivation is the prevalent type of vegetable production system in China, where continuous monocropping is a widespread agronomic practice, particularly under plastic tunnels [6]. Currently, China is the leading producer of eggplant, which is frequently grown under plastic greenhouses. However, such practices have led to decreased productivity due to monocropping and threaten the regional soil sustainability. The major issues faced in such systems include selective disease pressures and nutrient deficiencies [7]. Crops planted under a mono-cropping system are additionally prone to pests and pathogen attack [8].



F. oxysporum (Schlechtend) sp. Melongenae causes Fusarium wilt (Schlechtend) one of the serious diseases of eggplant. This soil-borne fungus blocks the xylem transport system, leading to the abrupt wilting and death of plants [9]. Moreover, the spores of F. oxysporum can withstand unfavorable conditions for an extended period and, therefore, alternative ecofriendly control strategies are required against this pathogen.



On the other hand, cumulative stresses may cause disturbance in the natural equilibrium of reactive oxygen species (ROS) and other stress indicators, leading to stunted plant growth [10]. Hydrogen peroxide (H2O2) is an important non-radical ROS considered to be an indicator of biotic and abiotic stresses [11]. Furthermore, this molecule plays an important role in regulating different physiological processes including photorespiration, photosynthesis [12], growth, development, cell cycle [13], stomatal movement [14], and senescence [15]. Moreover, ROS serve dual functions in early signaling of plant defense, acting as a secondary messenger for modulating plant defense responses [16]. Extensive ROS production may cause serious consequences for plants, including membrane disability and damage to proteins and DNA as well as lipid peroxidation [17]. Peroxidases (POD) and catalases (CAT) have been reported to play a significant role in detoxifying H2O2 in peroxisomes in stress conditions due to salt, chilling, and Fusarium oxysporum (Schl.) infection [18].



The allelopathic crops and their components may offer potential ways to overcome the stresses related to monocropping of vegetables. Allium species (A. sativum L., A. cepa L., and A. fistulosum L.) have been reported to form isothiocyanates upon hydrolysis, possessing a broad spectrum of phytotoxic, antibiotic, nematicidal, insecticidal, and fungicidal effects [19]. For instance, garlic intercropping or rotation caused a significant increase in productivity and land use efficiency, leading to maximum economic return in different vegetables [6]. Similarly, it improved the soil biological and nutritional status and thereby improved the subsequent crop production [20]. In addition, garlic possesses antimicrobial activity, which enables it to protect nearby crops from soil-borne pathogens and pest attacks [21]. In this context, garlic may be considered a putative allelopathic crop with its different tissues including bulb, straw, roots, and their extracts having differential plant growth responses, as reported elsewhere [6].



Despite the above reports, there are very few scientific studies on the evaluation of the effects of raw garlic stalk (RGS) on the plant growth and resistance-related enzymes. Therefore, the present study was based on the use of RGS for alleviating continuous cropping obstacles and promoting crop growth in eggplant, which has never been considered before. This is the first report of the use of RGS amendment on eggplant cultivation under plastic tunnels and the impact of the amendment on plant growth, H2O2 concentration, MDA contents, and activities of resistance-related enzymes (SOD, POD, PPO, PAL) was evaluated. Different plant growth parameters measured in this study included the plant height, stem diameter, leaf area, root length, and root activity. In addition, the impact of RGS on the sporadic Fusarium disease incidence was also investigated.




2. Materials and Methods


2.1. Experimental Site Description


The experiments were conducted in pots at the Horticultural Experimental Station (34°17′ N, 108°4′ E) of Northwest A&F University, Yangling, Shaanxi Province, China under a plastic tunnel. The highest and lowest temperatures recorded under plastic tunnel were approximately 50 °C in summer, and −10 °C in winter.



Sandy loam soil, classified as anthrosol according to the Food and Agriculture Organization (FAO), was collected from the field where eggplants had been planted continuously for the last four years. Eight kilograms of soil in the pots (30 cm diameter and 24 cm height) were used for the assays. The soil physicochemical properties measured before the experiment were 1.14 g kg−1, 15.3 g kg−1, 26.87 g kg−1, 0.91 g kg−1, and 6.87g kg−1 of total nitrogen, organic carbon, organic matter, total phosphorus, and total potassium, respectively. The pH (7.75), EC (383 µs cm−1), C/N ratio (13.42), and available N, P, and K (60.3 mg kg−1, 55.01 mg kg−1, and 189.5 mg kg−1 of dry soil, respectively) were also measured.




2.2. Preparation of Raw Garlic Stalk (RGS)


RGS was collected from a garlic production field (cv. G064). The garlic stalks were harvested, dried under natural field conditions, homogenized into a powder (<2 mm sieves), and then stored in darkness at room temperature until use. The physicochemical properties of RGS were estimated, including pH (7.45), EC (620 µs cm−1), total nitrogen (2.07 g/kg), organic carbon (370.08 g/kg), organic matter (639.25 g/kg), C/N ratio (179.13), total phosphorus (12.87 g/kg), and total potassium (0.19 g/kg).




2.3. Plant Bioassays


The seedlings of the eggplant (cv. Tai Kong Qie Wang) were raised in 35 × 21-cm plastic trays filled with commercial potting media. Three-week-old seedlings at the three-leaf stage were transplanted to the above prepared plastic pots containing soil material amended with RGS per 100 g of soil as follows: CK (without amendment), RGS1 (1 g of RGS), RGS2 (3 g of RGS), and RGS3 (5 g of RGS). All the treatments were replicated thrice and arranged according to completely randomized design (CRD), while each replication had 10 pots. Each pot was further amended with 10 g of organic fertilizer “Peng-Di-Xin” containing 30% organic matter, 4% N + P2O + K2O, 20% humic acid, 2% trace elements, 5% organic sylvite, and 10 g of compound fertilizer (N–P2O5–K2O at 18:18:18). The experiments were repeated for two consecutive years from April 2016 to October 2017. Different morphological and physiological parameters of the plants were measured at four different developmental stages: i.e., 1st flowering (appearance of flowers on 1st branch), 1st fruiting (appearance of fruits on 1st branch), 2nd flowering (appearance of flowers on 2nd branch), and 2nd fruiting (appearance of fruits on 2nd branch) during both experimental years.




2.4. Measurement of Growth Parameters Based on Morphology


The plant height, stem diameter, leaf area, and root length were measured at 1st flowering, 1st fruiting, 2nd flowering, and 2nd fruiting. Measuring tape was used to take plant height and stem diameter was recorded by electronic Vernier calipers (Guanglu, Guilin, China). Leaf area was assessed according to the method described earlier [22]. For root length, plants were uprooted carefully to avoid any damage to roots, followed by washing with tap water and the root length being recorded by measuring tape. Fresh weights of root and shoot were also measured. For dry root and shoot weights, the tissues were oven-dried at 75 °C until the weight was constant.




2.5. Measurement of Root Activity


The triphenyltetrazolium chloride (TTC) method was used to determine root activity following a protocol reported elsewhere with slight modifications [23]. Fresh roots (0.2 g) were immersed in 5 mL of 4% TTC and 5 mL Na2HPO4 solution, and incubated at 37 °C for 2 h. Then, 10 min later, in order to stop the reaction, 2 mL of H2SO4 (1 moL/L H2SO4) was added. After the color became red, 6 mL of ethyl acetate were added in a volumetric flask to reach 10 mL, the roots were ground, and Whatman filter paper was used to filter the mixture. The absorbance of extract was recorded using a wavelength (485 nm).


TTC reduction strength=TTC reductionFresh root weight×hours of incubation ×10 (dilution factor)



(1)








2.6. Determination of Physiological Indices


2.6.1. Chlorophyll and Carotenoid Contents


Chlorophyll and carotenoid contents were analyzed with little modification from the method described elsewhere [24]. The fresh leaf sample (0.5 g) was homogenized and extracted with 10 mL of 80% acetone for 24 h until the leaves turned completely white. Afterwards, the concentrations of chlorophyll a and b were determined using a spectrophotometer (UV-3802, UNICO, MDN, WI, USA) at 663 nm and 645 nm wavelengths, respectively.




2.6.2. Estimation of Plant Gas Exchange Parameters


Photosynthetic parameters including photosynthetic rate (Pn), CO2 assimilation (Ci), transpiration rate (E), and stomatal conductance (Gs) were measured in the fully expanded third leaf from top using a portable photosynthetic system (LI-COR 6800XT, Lincoln, NE, USA). Measurements were taken on a sunny day before 11:00 a.m.





2.7. Preparation of Leaf Extract for Malondialdehyde (MDA) and Antioxidative Enzymes Activity Assays


Leaves were collected early in the morning (8:00 to 9:00 am) from the six random plants of each treatment from the upper parts at the four different developmental stages (1st flowering, 1st fruiting, 2nd flowering, and 2nd fruiting). Samples were packed in plastic bags and placed immediately in icebox. The samples were first washed with tap water and rinsed with distilled water. Leaves were then packed in aluminum foil and stored at −80 °C until use. Leaf samples (0.5 g) were crushed with a mortar and pestle in 2 mL of extraction buffer (0.05 M phosphate buffer, pH 7.8), with 6 mL of the same buffer. The entire mixture was centrifuged at 10,000× g for 20 min at 4 °C. MDA contents and enzymes activities were measured using this supernatant.



2.7.1. Quantification of H2O2 and MDA Contents


The quantities of H2O2 were estimated [25]. The leaves were frozen in liquid nitrogen, squeezed, and stored at −80 °C. The squeezed sample (150 mg) was ground with 1 mL of solution containing (0.25 mL TCA, 0.5 mL KI (1M), and 10 mM (0.25 mL) potassium phosphate buffer at 4 °C for 10 min. In the meantime, a control was prepared with distilled H2O2 without potassium iodide. The prepared solution was kept in the dark and centrifuged at 12,000× g for 15 min at 4 °C. The supernatant (200 μL) was put in UV-microplate wells and incubation was done (20 min) at room temperature. A calibration curve obtained with H2O2, the standard solution prepared in 0.1% TCA, was used for quantification. A Power Wave HT microplate spectrophotometer (BioTek, Winooski, VT, USA) with a built-in temperature incubator and shaker was used. To analyze the reaction, KC4 software (PowerWaveX™ Select and KC4™; Biotek) was used.



The MDA content was determined using the thiobarbituric acid (TBA) reaction [26]. Two milliliters of extracted supernatant were mixed with 2 mL of 0.6% (w/v) TBA solution dissolved in 5% TCA (v/v) and incubated in a water bath for 10 min. The reaction mixture was then cooled to allow the flocculate to sediment. Spectrophotometric determination of MDA contents was done at wavelengths of 450 and 532 nm, subtracted from the absorbance at 600 nm. The MDA content was defined as the amount of the substance per gram fresh leaves (nmol g−1 FW).




2.7.2. Antioxidative Enzyme Assays


Total superoxide dismutase (SOD) activity was estimated using a previously described method with slight modifications [27]. The reaction mixture contained 1.5 mL of 0.05 M phosphate buffer (pH 7.8), 0.3 mL of 0.1 mmol·L−1 EDTA-Na2, 0.3 mL of 0.13 mol·L−1 methionine, 0.3 mL of 0.75 mmol·L−1 nitro blue tetrazolium (NBT), 0.3 mL of 0.02 mmol·L−1 riboflavin, 0.05 mL enzymatic extract, and 0.25 mL distilled water in a total volume of 3 mL. After exposing the solution to fluorescent light (86.86 μmol·m−2 s−1) for 10‒20 min (endpoint determined by the color of the reaction solution), the absorbance was recorded at the wavelength of 560 nm. SOD activity was defined as 50% inhibition of the NBT reduction, caused by superoxidase generated from the reaction of photoreduction of riboflavin and oxygen. The total SOD activity was expressed in units per gram of fresh leaves (µ g−1 FW).



Peroxidase (POD) activity was determined by the Guaiacol method [28]. For this purpose, 50 mL of 0.05 M phosphate buffer (pH 7.8), 28 μL guaiacol, and 19 μL of 30% H2O2 (v/v) were used to prepare the reaction mixture. The reaction mixture solution (3.5 mL) was then placed in a cuvette with a 1 cm path length. After adding 0.5 mL of the enzyme extract, an increase in absorbance was recorded at 470 nm wavelength over 3 min at 30-s intervals. The results were presented as OD 470 per min per gram of fresh leaves (U g−1 min−1).



Polyphenol oxidase (PPO) activity was measured by the increase in colored oxidation products during the first 3 min of the reaction [29]. After heating at 37 °C for 10 min, a mixture of 1.5 mL 0.05 M phosphate buffer (pH 7.8) and 1.0 mL 0.1 mol L−1 catechol was placed in a cuvette with a 1 cm length of path. Soon after the addition of 0.5 mL enzyme extract to initiate the reaction, the activity was measured at 410 nm every 30 s for 3 min. One unit of PPO was defined as the amount of enzyme that produced a change in absorbance of 0.001 min−1. PAL activity was assayed using the previously describe procedure [27]. A 4-mL mixture containing 2.7 mL of 0.05 M phosphate buffer (pH 7.8), 1 mL of 0.02 mol L−1 L-phenylalanine, and 0.3 mL enzyme extract was incubated at 30 °C for 60 min; the reaction was then terminated by the addition of 0.2 mL−1 of 6 mol L−1 HCl. The spectrophotometer was used to take measurements at 290 nm wavelength. One unit of PAL was defined as the amount needed to produce a change in absorbance of 0.01 per hour at 290 nm, which was equivalent to 1 mL of reaction solution forming 1 µg transcinnamic acid.





2.8. Estimation of the Fusarium wilt Disease Control Index and Eggplant Yield


The disease was evaluated daily according to a method proposed earlier [30]. The disease severity index was ranked on a 0–4 scale (1: <25% wilted leaves, 2: 25–50% wilted leaves, 3: 50–75% wilted leaves and 4: 75–100%) wilted leaves. For the disease index measurement, the following formula was used:


Disease index=∑Disease grade × Number of plants in each gradeTotal number of plants × highest disease grade×100



(2)







The disease incidence was calculated by the following formula:


Disease incidence=Number of infected plantsTotal number of plants×100



(3)







Eggplant yield was recorded as the total edible fruits harvested (gram per plant) during the years 2016 and 2017.




2.9. Statistical Analysis


The significant variance among treatments were tested by two-way analysis of variance (ANOVA) as a 4 × 2 (treatment × year) factorial arrangement for the trial, and mean separations among treatments were examined using Fisher’s least significant difference (LSD) test at p < 0.05. Statistical analyses were performed by SPSS 19.0 (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Effect of RGS on Morphological Growth Parameters and Root Activity


Different ratios of RGS had a significant effect on the plant height (Figure 1A,D). The height increased rapidly from 1st to 2nd flowering during both experimental years, but slow growth was observed at later stages. RGS1 and RGS2 showed a significant promoting effect and the maximum plant height observed was at the 2nd fruiting stage, which was 31% and 46% higher than the control treatments (CK) in 2016 and 2017, respectively. The application of the higher ratio (RGS3) showed an inhibitory effect on the plant height and a 15% and 9% reduction as compared to control treatment was observed in 2016 and 2017, respectively (Figure 1A,D).



The stem diameter steadily increased in both experimental years. A trend of rapid increase was observed from 1st fruiting to 2nd fruiting stage and after that no significant increase was observed (Figure 1E,H). The stem was the thickest in RGS2 at the 2nd fruiting stage, being 21% (2016) and 23% (2017) higher than the control CK. The treatment RGS3 showed an inhibitory effect and caused a 6% (2016) and 3% (2017) reduction in stem diameter at the same growth stage (Figure 1E,H).



The leaf area increased with the age of the plant. Plants showing a similar trend were compared to those observed for stem diameter. Maximum leaf area was observed in the treatment of RGS2 and minimum in the case of RGS3 (Figure 1I,J).



The impact of RGS on root length is given in Figure 2. RGS1 and RGS2 treatments significantly increased the root length, whereas RGS3 significantly decreased the root length as compared to the respective controls (Figure 2).



The effect of tested RGS treatments on shoot and root, fresh and dry weights is shown in Figure 3. The RGS1 and RGS2 treatments significantly enhanced the shoot fresh and dry weights in eggplant as compared to the control CK. While RGS1 had no significant effect on shoot fresh weight compared with CK, a prominent effect of RGS2 was observed on shoot dry weight, which was 30% and 57% higher than the control CK during 2016 and 2017, respectively. An inhibitory effect was noticed in the case of RGS3, with a 1% and 2% reduction in fresh and 4% and 7% reduction in dry weights in 2016 and 2017, respectively (Figure 3A,B).



The root fresh and dry weights increased after treatment with RGS1 and RGS2 in both year trials, but the effect was more obvious in 2017 (Figure 3C,D). Highest root fresh and dry weight was obtained upon treatment with RGS2, which was 57% and 36% higher in 2016, and 59% and 62% higher in 2017 as compared with CK, respectively (Figure 3C,D).



The root activity of the eggplant in two different years is presented in Figure 4. A significant increase in root activity was observed in the case of RGS1 and RGS2, i.e., 34% and 35%, respectively, in 2016 and 48% and 50%, respectively, in 2017, whereas the higher concentration of RGS3 significantly decreased the root activity by 3% and 4% in 2016 and 2017, respectively (Figure 4).




3.2. Effect of RGS on Chlorophyll Contents and Carotenoids in Leaves


The chlorophyll pigments showed variable responses towards the different amount of RGS applied. For instance, chlorophyll pigments significantly increased under RGS1 and RGS2 treatments, whereas they decreased under RGS3 (Table 1). With respect to the growing stages, higher chlorophyll a content was observed in RGS1 and RGS2 at 1st flowering and 1st fruiting stage than that of 2nd flowering and 2nd fruiting stages of both years, respectively. At the 1st flowering stage, chlorophyll a in RGS1 and RGS2 was 30 and 40% higher as compared to the control in 2016 and it showed a 32% and 35% increase in chlorophyll a in 2017. At the 1st fruiting stage, it was 20% and 31% higher in 2016. A similar trend was observed in 2017, while RGS3 showed a decreasing trend in all sampling stages compared to the CK. In chlorophyll a, the interaction between treatment and year showed a significant difference at the 1st and 2nd flowering stages, whereas the 1st and 2nd fruiting stages showed non-significant differences (Table 1). A significant difference was observed in chlorophyll b at all stages except the 2nd fruiting stage. Higher chlorophyll b content was observed in RGS1 and RGS2 at the 1st flowering stage, 9% and 39% higher as compared to the control in 2016, whereas in 2017 it was 22% and 57% higher as compared to control. The interaction between treatment and year was non-significant at all stages (Table 2).



Moreover, total chlorophyll contents were higher at the 1st flowering and 1st fruiting stages, being 24% and 41% higher in RGS1 and RGS2 in 2016, at 1st flowering and a similar trend was found in 2017. Overall, the total chlorophyll increased in RGS1 and RGS2 at all sampling stages respective to the control. In contrast, RGS3 showed inhibitory effect in all sampling stages. Interaction between treatment and year showed significant difference in the 1st flowering and 2nd flowering stages, whereas non-significant differences were observed during the 1st and 2nd fruiting (Table 3). Carotenoids were significantly higher during the 1st flowering stage in RGS1 and RGS2, by 10% and 20% in 2016 and 36% and 26% in 2017 respective to the control. In contrast, RGS3 showed an inhibitory effect in all the sampling stages. We observed a significant difference among treatments at all stages in carotenoids, while year and treatment interaction have significant differences at all stages except the 2nd fruiting stage (Table 4).




3.3. Effect of RGS on Gas Exchange Parameters


The RGS treatments significantly stimulated the net photosynthetic rate in the eggplant at its lower two ratios (RGS1 and RGS2) compared with the control (Figure 5A,D), while RGS3 significantly lowered the net photosynthesis rate. Overall, a higher photosynthesis rate was observed at fruiting stages compared with flowering stages during both trials. In 2016, RGS2 showed an increase of 15%, 14%, 24% and 25% in the net photosynthesis at 1st flowering, 1st fruiting, 2nd flowering, and 2nd fruiting, respectively, compared with the control CK. Similar trends in results were observed during 2017 (Figure 5A,D). Furthermore, RGS1 and RGS2 treatments enhanced the stomatal conductance, which was highest at the flowering stages (Figure 5E‒H). RGS1 and RGS2 inhibited the accumulation of internal CO2 at all stages. The transpiration rates did not vary significantly in RGS1 and RGS2 but decreased in the case of RGS3. Overall, higher transpiration was observed at flowering stages than at fruiting stages (Figure 5M,P).




3.4. Effect of RGS on H2O2 and MDA Contents


The RGS treatment resulted in an overall decrease in H2O2 and MDA during both experimental periods (Figure 6A,H). During both years the H2O2 and MDA contents were significantly lower in RGS1 and RGS2 than in the control CK (Figure 6C,D). Within all growth stages under study, a higher MDA production was observed at the first fruiting (12% in 2016 and 23% in 2017) and second fruiting stages (23% in 2016 and 27% at 2nd fruiting in 2017). Higher H2O2 was also observed in RGS3 in both years at the 2nd fruiting stages by 39% in 2016 and 10% in 2017. The ratio of RGS1 and RGS2 showed a decreasing trend in all sampling stages in both years (Figure 6E,H).




3.5. Antioxidants and Plant Enzyme Activities


Application of RGS at various doses significantly affected the SOD activity at various growth stages in both years (Figure 7A,D). In 2016 and 2017, SOD activity in RGS1, RGS2 showed an increasing trend from the flowering to fruiting stages. It was highest at the 2nd fruiting stage, being 31% and 34% higher in 2016 and 27% and 32% in 2017 as compared to the control. However, at a higher ratio (RGS3) it was lowered (Figure 7A,D).



In 2016 and 2017 at different flowering and fruiting stages, the POD activity in all treatments was higher at RGS1 and RGS2 (Figure 7E,H). In 2016, during 1st flowering, the highest POD activity in RGS2 was 5.36%. Similar trends were also observed in 2017, where at the 1st fruiting the highest POD activity in RGS2 was 6%. Similar trends were observed in both years at the 2nd flowering stages. The POD activities were also increased in the 2nd fruiting stages in RGS1 and RGS2, being 6% and 7% higher as compared to the control in 2016; a similar trend was observed in 2017. In the case of the higher ratio (RGS3), the POD activity was lowered (Figure 7E,H).



Figure 7I,L shows the effect of RGS application on PPO activity in the eggplant leaves during 2016 and 2017. The PPO activity had an inverse relationship with POD. The PPO enzyme activity was higher in CK and higher ratio RGS3 as compared to RGS1 and RGS3 but there is no significant difference in most of the growth stages between the control and RGS treatments, except in 2016 at the 2nd fruiting stage, when PPO activity was 12% higher in RGS3 as compared to the control (Figure 7I,L).



Application of RGS at all concentrations significantly affected PAL activity (Figure 7G, H). At the 1st flowering, maximum PAL activity was recorded in RGS2 (7% and 25%), followed by RGS1 (0.9% and 23%), while in RGS3 the activity reduced (21% and 2%) compared with the control in 2016 and 2017, respectively. A significant increase in PAL activity was observed in RGS2 at first fruiting, 2nd flowering, and 2nd fruiting in 2016 and 2017. The minimum PAL activities were observed in RGS3 in all growth stages in both 2016 and 2017 (Figure 7M,P).




3.6. Effect of Different RGS Rates on Fusarium wilt and Yield of Eggplant


The RGS treatments in different concentrations had significant effects on the control of Fusarium wilt disease in eggplant in both the years (Table 5). The disease incidence was reduced in treatments RGS1, RGS2 and RGS3 by 12%, 37% and 62% in 2016, and 50%, 66% and 83% in 2017 respectively, as compared to CK, whereas treatment and year interaction have significant difference. The eggplant fruit yield under the influence of the different ratios of RGS in 2016 and 2017 were enhanced by RGS1 (22% in 2016 and 22% in 2017; Figure 8). But the maximum yield was obtained with RGS2 treatment being 58% and 64% higher than the control in 2016 and 2017, respectively. The RGS3 treatment had an inhibitory effect and reduced the fruit yield as compared with CK treatment (Figure 8).





4. Discussion


4.1. Effect of RGS on Plant Growth


Plants exhibit a plethora of phenotypic and physiological changes in response to signals triggered by environmental conditions. These changes are meant to regulate the plant response according to the influence of external signals. In the present study, RGS showed a dose-dependent effect on the physiological and morphological responses of the eggplant. Three different doses, i.e., RGS1, RGS2, and RGS3, were applied to eggplant production in pots, where RGS1 is the lowest concentration.



The growth-promoting effect of RGS1 and RGS2 on eggplant in the present study was an indication of the biological stimulatory effect at lower RGS ratios. The application of RGS1 and RGS2 resulted in an increase of different plant growth attributes including plant height, stem diameter, root and shoot weights, leaf area, and root activity (Figure 1, Figure 2, Figure 3 and Figure 4). The root length was significantly increased by application of RGS1 and RGS2, in addition to enhanced root activity (Figure 4). There are a few studies linking root growth with increased root activity [23]. Garlic is a rich source of enzymes, vitamins (B and C), minerals (P, K, Fe, Mn, Ca, Na, Mg, and Zn), carbohydrates, saponins, alkaloids, flavonoids, free sugars (sucrose, fructose, and glucose), essential amino acids, and traces of iodine [31,32,33]. This nutritional complex might have promoted the plant growth in the present study; a similar observation was also reported by Wang et al. [20].



The RGS1 and RGS2 in the present study promoted the aboveground biomass, which may be attributed to increased assimilation rates in leaves [6]. Moreover, the RGS during decomposition might have released different kinds of chemicals regulating the indigenous hormonal system affecting plant growth [34,35]. Han et al. [36] also showed that the decomposed garlic stalk, when applied at lower ratios, increased the plant growth and affected the related plant physiological indicators. This positive impact might also be due to improvement in soil nutrient status and soil ecology [36]. Chlorophyll a and b are generally regarded as the most vital photosynthetic parameters. An increase in these parameters in plants results in higher photosynthetic rates, as observed in our study of RGS1 and RGS2 (Table 1, Table 2 and Table 3), similar to previous reports [37]. Maintaining higher chlorophyll contents is important to alleviate abiotic stresses during adverse soil conditions. However, higher doses of RGS inhibited eggplant growth, chlorophyll contents, and most photosynthesis attributes in both years. Garlic reportedly contains organosulfur compounds such as DADS (diallyl disulfides), diallyl trisulfide (DATS), and allicin (strong antioxidants), which at higher concentrations inhibit plant growth and photosynthesis by decreasing chlorophyll contents and root length [38,39]. Similar results were observed in our study in the case of RGS3. Moreover, our findings were also supported by Yu et al. [40].



Carotenoids are very important components that protect the photosynthetic system of plants, particularly in stressed environments, by regulating the chlorophyll contents and reacting with products of lipid peroxidation to stop chain reactions and the generation of free radicals in plants [41].



The maintenance of an optimum photosynthetic rate is an important attribute for plants to survive under stressed environments [42]. The photosynthesis rate also depends on the nitrate assimilation and CO2 fixation [43]. The results of this study also showed significantly higher leaf E, Gs, and Pn but lower Ci at RGS1 and RGS2 as compared with the control (Figure 5). The results showing that carbon dioxide assimilation is inhibited under stress conditions are also in agreement with previous results from Yu et al. [40]. The present results asserted the presence of a threshold RGS concentration to get favorable allelochemical influences. Moreover, the increase in E, Gs, and Pn in RGS improved the gas exchange capacity of eggplant by increasing transpiration fluxes, sustaining stomata, and reducing stomatal resistance.




4.2. RGS as an Antioxidative Defense Regulator


During stress conditions, unconstrained ROS production results in oxidative protein and DNA damage [44]. Therefore, the plants scavenge the excessive ROS by activating enzymes such as SOD, POD, PAL, and PPO [45,46]. SOD is the first defensive enzyme that rapidly converts O2− into comparatively less toxic H2O2 [47]. Higher activities of SOD at RGS1 and RGS2 treatments compared to CK treatment, as shown in Figure 7, suggest that the RGS played an important role in stimulation of SOD activity, which prevented the plant from being injured by overproduction of ROS and pathogens. It was also demonstrated in Arabidopsis that SOD played a positive role in the regulation of cell wall biosynthesis and ROS generation, thus improving plant growth [9]. Incorporation of RGS at lower ratios (RGS1 and RGS2) also reduced the overproduction of H2O2 and hence protected the plant from oxidative damage [48]. Though H2O2 is comparatively less toxic, in excess it also causes severe damage to plants. The results were further confirmed by experiments in the two consecutive years. The growth promotion of eggplant in this study might be due to the regulated production of ROS and antioxidative enzymes, in addition to the spatiotemporal playoff between ROS and other signals [49].



MDA is another indicator of cellular damage resulting from oxidative stress based on the lipid peroxidation [50]. ROS cause decomposition of polyunsaturated fatty acid hydroperoxides and produce MDA [51]. MDA, being a highly reactive aldehyde, disrupts cell processes by making bonds with proteins and nucleic acid, forming insoluble compounds and hence influencing normal plant growth and development [52]. The lower MDA content (Figure 6) in our study revealed that RGS could improve the plant’s ability to survive stress conditions and hence improved the plant productivity. Additionally, higher ratios of RGS inhibited the growth and enhanced the MDA contents, indicating lipid peroxidation of the membrane. Due to the oxidative nature of RGS, the eggplant may undergo oxidative stress, resulting in higher MDA content due to cellular damage [53]. In addition, ROS also caused lipid peroxidation and cell damage, leading to an abundance of MDA [54].



The triggering of physiological metabolism and enhanced defense enzymes in eggplant upon treatment with RGS also indicates a priming phenomenon for yield production, as previously shown in cabbages [55]. Moreover, overproduction of SOD has been reported as a plant growth promoter under salt stress conditions [56]. These reports are strongly coherent with our present study.



PPO and POD play a very important role in plant defense systems by acting synergistically. PPO stimulates H2O2 generation from oxidation of phenolic compounds [57,58]. These enzymes produce quinones by oxidizing phenolic compounds, which are toxic to insect pests and pathogens. These quinones produce colored compounds by non-enzymatic covalent with proteins and carbohydrates, which act as a barrier against biotic and abiotic stresses [59]. PPO catalyzes the polymerization of phenolics and the formation of lignin and flavonoids by the phenylpropanoid biosynthetic pathway, thus enhancing the plant’s defense against invading pathogens by the formation of defense barriers [59,60].



POD could transform H2O2 into H2O by utilizing a variety of electron donors. Moreover, it plays an important role in plant defense systems during various kinds of biotic and abiotic stresses [61,62]. The negative correlation between POD activity and H2O2 concentration indicates its role in scavenging excess H2O2. A previous investigation [63] revealed that POD inhibits the activity of PPO, confirming the trends of our experiment (lower PPO activity means higher PDO activity and vice versa).



The PAL activity is of prime importance, contributing to plants’ potential to survive adverse conditions. PAL increases the lignification of plant cells. In this experiment, PAL activity in the RGS1 and RGS2 treatments was higher than in the CK treatment (Figure 7), which may cause higher lignification and stronger and more resistant plants in the RGS1 and RGS2 treatments, resulting in higher plant growth and yield. As in the previous study of Moller et al. [64], higher PAL activity was seen in lignified cells, while no activity was detected in non-lignified cells. The higher activity of PAL in both RGS1 and RGS2 showed that RGS, when used at appropriate levels, may protect the plant from invading pests and pathogens.




4.3. Effect of RGS on Fusarium wilt and Yield of Eggplant


Eggplant faces continuous cropping obstacles such as reductions in crop quality, aggravation of soil-borne disease, and yield decline under plastic tunnel cultivation. Fusarium wilt caused by Fusarium oxysporum (Schl.) f. sp. melongenae is a fungal soil-borne disease that causes a significant reduction in eggplant yield [65]. Use of fungicides may adversely affect the environment. Amendment of soil with organic residue is used not only to control soil-born nematodes but also other soil-borne diseases [66]. Decomposition of organic materials in the soil can create anaerobic conditions and produce metabolites that are capable of killing pathogens or immobilizing their activity [67]. In our study, application of RGS showed dual effects with different concentrations; it reduced the incidence of Fusarium wilt in all the treatments (Table 5), whereas it reduced yield at higher concentrations of the applied RGS (Figure 8). Earlier studies partially confirmed our results that a higher concentration of garlic straw (4%) reduced nematode incidence in tomatoes but caused a reduction in yield [68]. This might be due to the release of allelochemicals during garlic stalk decomposition. The higher dose of RGS in the soil might also have increased the microbial population, leading to a slow decomposition rate due to a higher C:N ratio after the amendment. Our results are in line with a previous study [69].





5. Conclusions


The present investigation reflected the dose-dependent activity of RGS as a plant growth and defense stimulator for eggplant cultivation. The application of RGS to soil at lower ratios promoted the growth and development of eggplant and, hence, increased the yield. Furthermore, it regulated the antioxidant plant defense system, which ensured better plant survival under stress. However, more efforts are needed in the future, before it can be used in environmental safety strategies, to verify the effect of RGS addition to soil in real agroecosystems (i.e., open field conditions, real crop rotation).
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Figure 1. Effect of amendment with raw garlic stalk on various growth and development parameters of eggplant recorded at different growth stage of eggplant. Plant height (A) 1st flowering, (B) 1st fruiting, (C) 2nd flowering and (D) 2nd fruiting, stem diameter (E) 1st flowering, (F) 1st fruiting, (G) 2nd flowering and (H) 2nd fruiting, leaf area (I) 1st flowering, (J) 1st fruiting, (K) 2nd flowering and (L) 2nd fruiting. The error bars represent standard error of the means (n = 3). Different letters between treatments at different sampling stages show significant difference at p < 0.05 level (ANOVA and LSD). 
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Figure 2. Effect of amendment with raw garlic stalk on root length of eggplant. The error bars represent standard error of the means (n = 3). The error bars represent standard of the means. Different letters between treatments at different sampling stages show significant difference at p < 0.05 level (ANOVA and LSD). 
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Figure 3. Effect of amendment with raw garlic stalk on shoot fresh and dry weight. Shoot fresh and dry weight (A,B). Root fresh and dry weight (C,D). The error bars represent standard error of the means (n = 3). Different letters between treatments at different sampling stages show significant difference at p < 0.05 level (ANOVA and LSD). 
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Figure 4. Effect of amendment with raw garlic stalk on root activity of eggplant. The error bars represent standard error of the means (n = 3). Different letters between treatments at different sampling stages show significant difference at p < 0.05 level (ANOVA and LSD). 
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Figure 5. Effect of amendment with raw garlic stalk on different gas exchange parameters of eggplant. Net photosynthesis rate (Pn) (A) 1st flowering, (B) 1st fruiting, (C) 2nd flowering and (D) 2nd fruiting, stomatal conductance (Gs) during (E) 1st flowering, (F) 1st fruiting, (G) 2nd flowering and (H) 2nd fruiting, internal CO2 (Ci) (I) 1st flowering, (J) 1st fruiting, (K) 2nd flowering and (L) 2nd fruiting, transpiration rate (E) (M) 1st flowering, (N) 1st fruiting, (O) 2nd flowering and (P) 2nd fruiting. The error bars represent standard error of the means (n = 3). Different letters between treatments at different sampling stages show significant difference at p < 0.05 level (ANOVA and LSD). 
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Figure 6. Effect of amendment with raw garlic stalk on plant stress indicators. Malondialdehyde (MDA) (A) 1st flowering, (B) 1st fruiting, (C) 2nd flowering and (D) 2nd fruiting, hydrogen peroxide (H2O2) contents (E) 1st flowering, (F) 1st fruiting, (G) 2nd flowering and (H) 2nd fruiting. The error bars represent standard error of the means (n = 3). Different letters between treatments at different sampling stages show significant difference at p < 0.05 level (ANOVA and LSD). 
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Figure 7. Effect of amendment with raw garlic stalk on superoxide dismutase (SOD) activity (A) 1st flowering, (B) 1st fruiting, (C) 2nd flowering and (D) 2nd fruiting. Peroxidase (POD) activity (E) 1st flowering, (F) 1st fruiting, (G) 2nd flowering and (H) 2nd fruiting. Phenylalanine ammonia–lyase (PAL) activity (I) 1st flowering, (J) 1st fruiting, (K) 2nd flowering and (L) 2nd fruiting. Polyphenol oxidase (PPO) activity (M) 1st flowering, (N) 1st fruiting, (O) 2nd flowering and (P) 2nd fruiting. The error bars represent standard error of the means (n = 3). Different letters between treatments at different sampling stages show significant difference at p < 0.05 level (ANOVA and LSD). 
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Figure 8. Effect of amendment with raw garlic stalk on fruit yield of eggplant. The error bars represent standard error of the means (n = 3). Different letters indicate different means for each treatment two year combination significant difference at p < 0.05 level (ANOVA and LSD). 
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Table 1. Effect of amendment with raw garlic stalk on Chlorophyll a content in eggplant leaves.






Table 1. Effect of amendment with raw garlic stalk on Chlorophyll a content in eggplant leaves.





	
Chlorophyll a (mg g−1 FW)




	
Treatment

	
1st Flowering

	
1st Fruiting

	
2nd Flowering

	
2nd Fruiting




	
2016

	
2017

	
Means

	
2016

	
2017

	
Means

	
2016

	
2017

	
Means

	
2016

	
2017

	
Means






	
CK

	
13.71 e

	
15.46 d

	
14.59 c

	
12.94

	
10.76

	
11.85 c

	
10.68 d

	
9.96 e

	
10.32 c

	
9.49

	
8.58

	
9.03




	
RGS1

	
17.87 c
