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Abstract

:

Leafy vegetables like lettuce and spinach are prone to significant post-harvest losses during handling and storage. The pre-harvest treatment of crops with biostimulants offers a sustainable strategy for reducing post-harvest losses. Earlier studies focused on the effect of plant biostimulants applied individually. In this study, we studied the efficacy of a combined application of two commonly used plant biostimulants: Ascophyllum nodosum extract (ANE) and humic acid (HA). Interestingly, the combination of both biostimulants improved early growth of lettuce and spinach compared to ANE and HA alone. Among the combinations used in this study, 0.25% ANE + 0.2% HA produced significantly higher fresh and dry biomass in lettuce and spinach compared to the other treatments and the control. Pre-harvest treatment of combination of 0.25% ANE and 0.2% HA significantly reduced the loss of fresh biomass during post-harvest storage. The combination of 0.25% ANE and 0.2% HA reduced lipid peroxidation during storage with an increase in total ascorbate, phenolic, and antioxidant capacity of spinach and lettuce. These results suggest that a combination of ANE and HA reduces post-harvest losses of spinach and lettuce more effectively than when applied individually.
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1. Introduction


Plant biostimulants are defined as substances that, when applied to plants, have positive effects on growth and productivity [1]. Biostimulants regulate different physiological processes and improve plant’s tolerance to abiotic stresses [2]. Currently accepted plant biostimulants include seaweed extracts, humic substances, chitin and chitosan derivatives, amino acids, protein hydrolysates, and microbes. Seaweed extracts and humic acids are widely used in agriculture and the horticulture industry for improving plant growth and stress tolerance [1,3,4,5].



Seaweeds have been used as fertilizers and soil conditioning agents since ancient times [1,6,7]. The most widely researched seaweed as a plant biostimulant is Ascophyllum nodosum, a marine brown alga, found along the Atlantic coast of North America and Northern Europe [6,8,9]. Ascophyllum nodosum extract (ANE) contains bioactive compounds such as polysaccharides, alginates, vitamins, organic osmolytes, and hormone-stimulating substances that aid in plant growth and establishment [9,10,11]. ANE application enhances plant growth and development by increasing seed germination, root and shoot growth, and nutrient uptake [6]. ANE also improves plant growth by regulating phytohormone biosynthesis [12].



Humic acids (HAs) are naturally occurring complex macromolecules of decomposed organic matter that improves plant growth by chelating nutrients and buffering pH [13]. HAs are rich in mineral nutrients like sodium (Na), potassium (K), magnesium (Mg), zinc (Zn), calcium (Ca), iron (Fe), and copper (Cu) and organic acid [13,14]. Humic acids improve plant growth and development [14]. Humic acids promote seed germination, root growth, enhanced nutrient uptake, improved stress tolerance, soil aggregation, water-holding capacity, and soil aeriation [15]. They also stimulate biosynthesis of growth-promoting hormones like auxins, gibberellins, and cytokinins during plant growth [16].



Few studies have reported synergistic effects of the combination of biostimulants on the growth and physiology of plants. In previous reports, the application of ANE, HA, and propiconazole on Festuca arundinacea have shown to reduce heat injury and enhance post-transplant rooting and quality of sod [17]. Humic acid and plant growth-promoting rhizobacteria (PGPR) Bacillus subtilis, when applied in combination, resulted in increased biomass, total nitrogen, and chlorophyll content in lettuce [18]. The application of algal extract and HA promotes root growth and nutrient uptake in Brassica napus, modulating the expression of the genes involved in nutrient uptake and translocation [19]. The addition of ANE and HA to creeping bent grass (Agrostis stolonifera L.) improved the overall physiological health of the bent grass that minimized the application of mineral fertilizers [20]. These reports suggest that the combination of different biostimulants are more effective in improving plant growth than the application of an individual one. In general, HAs improve soil fertility by transforming physical, chemical, and biological properties of soil, while ANE regulates physiological, biochemical, and molecular processes involved in plant growth regulation.



Post-harvest loss is a major issue in fruit and vegetable crops that cause significant economic loss to growers. Pre-harvest factors, such as light, temperature, nutrient availability, growth, soil conditions, and post-harvest factors, such as harvesting, handling, storage, and biotic stress, seriously affect post-harvest quality and result in reduced market value of produce [21,22,23]. Pre-harvest treatment of spinach with ANE improved the shelf life and reduced the fresh weight loss during storage, and also enhanced the phenolic content of spinach [24,25]. The application of commercial ANE enhanced the nutritional quality, such as total phenolics, flavonoids, and antioxidants, in spinach leaves [26]. Similarly, humic acid decreased the post-harvest weight loss of gerbera flowers [27]. Considering the properties and specific mechanisms of action of ANE and HA on plant growth, we hypothesized that the combination of ANE and HA will result in higher plant biostimulant activities and reduce post-harvest losses in lettuce and spinach, than when applied individually.



In this study, we evaluated the potential of HA and ANE, alone as well as in different combinations, for improving early growth of lettuce and spinach. The different combinations of HA and ANE were also evaluated for their effect in reducing post-harvest losses in these two crops.




2. Materials and Methods


2.1. Seed Material


Seeds of lettuce (Lactuca sativa L. cv. Paris Island Cos) and spinach (Spinacia oleracea L. cv. Sardinia) were purchased from Vessey Seeds (PEI, Canada) and were stored in the dark at 4 °C.




2.2. Preparation of Humic Acid and Seaweed Extract


A commercial humic acid (HA) was purchased from Halifax Seed Company (Halifax, NS, Canada) and the extract of Ascophyllum nodosum (ANE) was a commercial formulation from Acadian Seaplants Limited (Dartmouth, NS, Canada). Two-percent stock solutions of HA and ANE were prepared in distilled water and stored at 4 °C. Treatment solutions were prepared by mixing the stock solutions with distilled water. Treatments were used alone and in different combinations, as listed in Table S1.




2.3. Early Growth Assay


Seeds of lettuce and spinach were planted 1.5 cm deep in plastic pots (size: 8.5 × 5 cm diameter) containing PRO-MIX® (Premier Tech, QC, Canada). Each treatment had six replications and were arranged in a randomized complete block design on a glasshouse bench. Five days after germination, pots were irrigated once a week with 50 mL of different concentrations of ANE and HA alone and in combination for three weeks. Plants were irrigated with fertilizer solution (1 g/L of 20-20-20 nitrogen, phosphorous, and potassium (NPK)) at 50 mL/plant on the tenth and twentieth days post-germination. Pots were irrigated with water on alternate days or as required. Control plants were grown under identical conditions and irrigated with water and fertilizer throughout the experiment. The greenhouse conditions were maintained at 21 ± 2 °C with a photoperiod of 12/12 h (day/night). After three weeks of treatment, growth parameters (fresh weight (FW), and dry weight (DW)) were recorded after drying plant biomass in an oven at 72 °C for 48 h.). Percentage change in water content was calculated as ((FW – DW)/FW) × 100 [28].




2.4. Treatments


Seeds of lettuce and spinach were planted 1.5 cm deep in large pots (size: 15.0 × 10.5 cm) containing PRO-MIX® (Premier Tech, QC, Canada). Each experiment was repeated three times. All treatments were arranged in a randomized complete block design in a greenhouse. Plants were treated once a week with combinations of ANE and HA at the rate of 100 mL per plant, for 4 weeks after germination. On the tenth and twentieth days post-germination, plants were irrigated with fertilizer containing 1 g/L of 20-20-20 NPK. In order to maintain uniform moisture required for optimum growth, plants were irrigated with distilled water on alternate days of treatments. For this study, control plants were grown under the same conditions but treated with only distilled water. Similar to treatments, on the tenth and twentieth days post-germination, control plants were also irrigated with solution containing 1 g/L of 20-20-20 NPK. The greenhouse was maintained at 21 °C with a photoperiod of 12/12 h (day/night). After four weeks of treatment, plants were harvested to evaluate post-harvest shelf life under storage conditions.




2.5. Sample Preparation and Post-Harvest Storage


To study the effect of treatment of different combinations of ANE and HA on post-harvest storage, lettuce was harvested at 30 days while spinach was harvested at 35 days after planting. Plants were harvested with sharp scissors; fresh weight was recorded, and samples were then soaked in cold water to stabilize temperature. Then, the samples were placed in perforated plastic bags and stored in the dark in a controlled-environment storage room maintained at 0–4 °C and 95% relative humidity. For lettuce, samples were removed from storage on days 10 and 21 of storage. For spinach, leaves were removed on days 10, 21, and 28 of storage. At each time point, samples were assessed for color and turgor. Plant samples were cut into pieces, thoroughly mixed, and sub-samples were harvested immediately for analysis of chlorophyll and MDA (malondialdehyde) content. Remaining samples were flash-frozen in liquid nitrogen and stored at −80 °C for biochemical parameters.




2.6. Weight Loss


To determine the effect of different combinations of ANE and HA on weight loss during storage, plants were weighed on day 0 (i.e., day of harvesting) and were subsequently weighed at different time-points. The fresh weight recorded on the day of harvesting represent the yield of lettuce and spinach. Fresh weight loss was expressed as a percentage of the initial fresh weight, as described by Fan et al. [25]. Dry weight loss (DWL) during storage was recorded for each time point by drying plants in an oven maintained at 65 °C for 48 h and expressed as g/100 g fresh weight (FW).




2.7. Determination of Lipid Peroxidation


The malondialdehyde (MDA) content was analyzed following a method described in Shukla et al. [29]. Fresh leaf samples (1 g of lettuce or 0.3 g of spinach) was homogenized in 15 mL of 80% (v/v) ethanol (EtOH), followed by centrifugation at 3000× g at 4 °C for 10 min. The supernatant (100 μL) and 900 μL of distilled water were added to a test tube with 1 mL of either (i) –TBA (thiobarbituric acid) solution included with 20% (w/v) trichloroacetic acid (TCA) and 0.01% (w/v) butylated hydroxytoluene (BHT), or (ii) +TBA solution containing 0.65% (w/v) TBA. The mixture was vortexed, heated at 95 °C in a dry bath for 25 min, cooled, and centrifuged at 3000× g for 10 min. Absorbance was measured at 440, 532, and 600 nm. MDA equivalents were calculated using the following formula:


[(Abs 532+TBA) − (Abs 600+TBA) − (Abs 532-TBA-Abs600-TBA)] = A,



(1)






[(Abs 440+TBA−Abs 600-TBA) 0.0571] = B,



(2)






MDA equivalents (nmol/mL) = 106 [(A-B)/157,000].



(3)








2.8. Determination of Pigments


The effect of combinations of ANE and HA on pigments during post-harvest storage was evaluated as described by Ritchie [30]. Chlorophyll content was analyzed on days 10 and 21 post-harvest for lettuce and on days 10, 21, and 28 post-harvest for spinach in all treatments. Fresh tissue (1 g of lettuce and 0.3 g of spinach individually) was instantaneously ground using a mortar and pestle in 15 mL of cold methanol. Following extraction, the ground mixture was centrifuged at 10,000× g at 4 °C for 10 min, and the pellet was re-extracted with 10 mL of cold methanol until all the color was removed. Extracts were combined, and total volume was made up to 25 mL. Absorbance was measured at 652.4 and 665.2 nm using a spectrophotometer. The chlorophyll contents were calculated according to Lichtenthaler and Buschmann [31].


Ca = 16.72 A665.2 − 9.16 A652.4.










Cb = 34.09 A652.4 − 15.28 A665.2.












2.9. Determination of Total Ascorbic Acid


Ascorbic acid was analyzed following the protocol developed by Fan et al. [24], with minor modifications whereby L-ascorbic acid was used as a standard. One gram of lettuce and 0.3 g of spinach were ground with 15 mL of ice-cold freshly-prepared 5% (w/v) m-phosphoric acid. Following the maceration, the mixture was centrifuged at 8000× g for 15 min at 4 °C. Then 100 µL of the supernatant was mixed with 500 µL of 150 mM KH2PO4 buffer (pH 7.4), containing 5 mM ethylene diamine tetra acetic acid (EDTA), and 100 μL 10 mM dithiothreitol (DTT) and incubated at room temperature for 50 min. One hundred microliters of 0.5% (w/v) N-ethylmaleimide (NEM) was added to remove excess DTT. Reaction mixtures of 400 μL of 10% (w/v) trichloroacetic acid (TCA), 400 μL of 44% (v/v) o-phosphoric acid, 400 μL of 4% (w/v) α-α1-dipyridyl, and 200 μL of 30 g/L FeCl3 reagent were added in succession to obtain color. The reaction mixture was incubated at 40 °C for 60 min in a shaking incubator and absorbance was recorded at 525 nm using a spectrophotometer. Total ascorbic acid content was expressed as μmol/g FW.




2.10. Determination of Total Phenolic Content


The total phenolic content was measured according to the method of Fan et al. [24]. One gram of lettuce and 0.3 g of spinach were macerated individually with 15 mL of 70% v/v methanol and centrifuged at 10,000× g for 10 min. Extracts (100 µL each) were mixed with 2 mL of water and 100 μL of 2N Folin–Ciocalteu reagent and incubated for 10 min. Following incubation, 300 µL of 20% (w/v) sodium carbonate was added and the mixture was vortexed for a few seconds. The mixture was kept at room temperature in the dark for 2 h and the absorbance was measured at 765 nm using a spectrophotometer. A standard calibration curve (0–9 µg/mL) was plotted using gallic acid. Total phenolics was expressed as mg gallic acid equivalent (GAE)/g FW.




2.11. Determination of Total Antioxidants


The total antioxidant capacity of spinach leaves was determined by using the DPPH (2,2-diphenyl-1-picrylhydrazyl hydrate) assay following a method described by Brand-Williams et al. [32] with minor modifications. The antioxidants react with DPPH and it converts to 1,1-diphenyl-2-picryl hydrazine, forming discoloration (from deep violet to light yellow). One gram of lettuce and 0.3 g of spinach were flash-frozen individually in liquid nitrogen (N) and stored at −80 ℃. Each frozen sample was homogenized in 15 mL methanol (MeOH) separately using a mortar and pestle. The supernatant was extracted by centrifuging at 10,000× g for 10 min. The pellet was re-extracted with 10 mL MeOH, supernatants were combined, and the total volume was made up to 25 mL. Fresh DPPH solution (2850 µL, 0.11 mM) was added to 100 µL of each extract and incubated for 6 h at 22 °C. Absorbance was read at 517 nm against MeOH as a blank. The scavenging activity was calculated using the following equation: Inhibition % = [(Ab − As)/Ab] 100, where Ab is the absorption of the blank sample and As is the absorption in the presence of the test sample. The results were expressed in µg Trolox equivalents (TE)/g FW through comparison against a Trolox standard calibration curve (0–20 ug/mL).




2.12. Statistical Analysis


Each experiment was setup in a randomized complete block design and results were expressed as mean ± standard error (SE). The ANOVA (analysis of variance) with two blocks was carried out using SAS v. 9.4 statistical software (SAS Institute Inc., Cary, NC, USA), with general linear model at a 95% confidence interval and 5% level of significance. When the p-value was less than 0.05, multiple means comparison was completed using the LSD (least significant difference) method to find means that were significantly different from others. The LSD was used due to uncontrollable sources (for example, temperature, humidity in the green house). The significantly different mean values were represented by different letters. Each experiment was performed in triplicate and each experimental unit had six plants, and for each response variable, the average of the eighteen values was used for ANOVA.





3. Results


3.1. Ascophyllum nodosum Extract (ANE) and Humic Acid (HA) Improves Early Growth of Lettuce and Spinach


3.1.1. Lettuce


ANE and HA treatments, either alone or in combination, showed significantly higher (p ≤ 0.0001) fresh weight of lettuce (Figure 1a). Treatment T2, 0.25% ANE, showed higher fresh and dry weight, while 0.2% HA (T3) showed a marginal increase in fresh and dry weights (Figure 1a,b). The combination of 0.25% ANE and 0.2% HA (T8) had a significant growth-promoting effect in terms of fresh and dry weight, as compared to the control (Figure 1a,b). There was no significant difference in the percentage water content of the plants treated with other treatments, suggesting that ANE and HA significantly (p ≤ 0.0001) increases plant biomass (Figure 1c). The results presented here showed that the combination of 0.25% ANE and 0.2% HA was the most effective in improving the biomass of lettuce, as compared to the control, 0.25% (T2), and 0.2% HA (T3) alone (Figure 1a–c).




3.1.2. Spinach


Twenty-one days’ post-treatment, 0.25% ANE (T2), 0.1% ANE + 0.4% HA (T6), and 0.25% ANE + 0.2% HA (T8) determined a significant increase in plant fresh and dry weights (Figure 1a,b). The application of 0.25% ANE and 0.2% HA (T8) had an additive effect on the growth-promotion of spinach in terms of both fresh and dry weights as compared to the control (Figure 1a,b). Percentage water content in ANE and HA treated plants was significantly reduced as compared to the control in all treatments (Figure 1c).





3.2. Effect of Pre-Harvest Treatment of Ascophyllum nodosum Extract (ANE) and Humic Acid (HA) on Yield and Post-Harvest Weight-Loss


3.2.1. Lettuce


Based on the early growth experiment, 0.1% ANE (T1), 0.25% ANE (T2), 0.2% HA (T3), 0.4% HA (T4), 0.1% ANE + 0.4% HA (T6), and 0.25% ANE + 0.2% HA (T8) were evaluated for their efficacy in reducing post-harvest losses. The effect of ANE, HA, and ANE + HA on yield of lettuce was evaluated after 30 days of plant growth (Figure S1). All of the treatments showed an increase in fresh weight of lettuce. The combination of ANE and HA (T6, 0.1% ANE + 0.2% HA) showed the maximum increase in fresh weight of lettuce plants, as compared to the other treatments and control (Figure S1).



The effect of ANE, HA, and ANE + HA on post-harvest loss of fresh weight of lettuce plants was studied after 10 and 21 days of storage (Figure 2). All treatments, including the control, showed a decrease in post-harvest weight with the increase in storage time. A significant reduction in weight loss (59.5% on day 10 and 50.5% on day 21) was observed in lettuce plants treated with T8 (0.25% ANE + 0.2% HA) during the storage period (Figure 2a,b). Similarly, T3 (0.2% HA) and T2 (0.25% ANE) showed significant reductions in weight loss after 21 days of post-harvest storage of lettuce, as compared to the controls (Figure 2a,b). ANE + HA significantly reduced the fresh weight loss of stored produce when compared with the control. In the control lettuce plants, the 24.3% reduction in DMC was observed after 21 days of storage (Figure 2c). The most effective treatment, T8 (0.25% ANE + 0.2% HA), reduced the lettuce DMC by 0.3%, which is significantly less than the control after 21 days of storage (Figure 2c). These results suggest that pre-harvest treatment of lettuce leaves with combination ANE and HA had a more profound effect on the post-harvest storage of lettuce, as compared to the individual concentration as well as the control (Figure 2).




3.2.2. Spinach


Spinach plants treated with ANE, HA, and ANE + HA showed an increase in the fresh weight after 35 days. T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T6 (0.1% ANE + 0.2% HA), and T8 (0.25% ANE + 0.2% HA) significantly improved the fresh weight of spinach (Figure S2).



The pre-harvest root drench of spinach with ANE, HA, and their combinations showed a significant reduction in fresh weight loss of spinach during the 28-day storage period compared to the control (p ≤ 0.05) (Figure 3a,b). As expected there was a gradual loss of the fresh weight of spinach over the period of storage. The treatments 0.25% ANE (T2) and 0.2% HA (T3) showed significant reductions in fresh weight loss during post-harvest storage. However, treatment consisting of ANE (0.25%) + HA (0.2%) (T8) showed 49.2%, 45.7%, and 39.3% reduction in fresh weight loss on days 14, 21, and 28 of the storage period, respectively, which was statistically significant (Figure 3b). Similarly, T6 (0.1% ANE + 0.2% HA) reduced the fresh weight loss on the same days by 47.6%, 39.5%, and 37.4%, respectively, compared to the control (Figure 3b). The higher dry matter content (DMC) of spinach was observed in all treatments, as compared to the controls, but the DMC decreased as the duration of the storage period increased. The highest reduction in DMC was observed by 32% and 38.34% in the spinach plants treated with water (C) and 0.1% ANE (T1), respectively, after 28 days of storage. However, the lowest reduction in DMC of spinach plants during storage of 28 days was observed in T4 (0.4% HA), T6 (0.1% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA) (Figure 3c). These results suggest that combination of ANE and HA effectively reduced the loss of spinach during post-harvest storage, as compared to the control or ANE and HA alone (Figure 3).





3.3. Ascophyllum nodosum Extract (ANE) and Humic Acid (HA) Retains Pigmentation during Post-Harvest Storage of Lettuce and Spinach


3.3.1. Lettuce


ANE, HA, and ANE + HA treatments showed no significant effect on chlorophyll a content of lettuce on day 10 of the storage period (Figure 4). Lettuce plants treated with T8 (0.25% ANE + 0.2 % HA) showed significantly higher chlorophyll a content of lettuce leaves stored for 21 days post-harvest, as compared to the control, 0.25% ANE (T2), and 0.2 % HA (T3) alone (Figure 4a). The treatments showed no significant effect on the chlorophyll b content of lettuce throughout the storage period (Figure 4b).




3.3.2. Spinach


The pre-harvest root drench treatment of spinach plants with ANE, HA, and ANE + HA showed significantly higher chlorophyll a content of spinach on day 14 of the storage period (Figure 5a). However, no significant effect was observed on days 21 and 28. Chlorophyll b was numerically higher in all treatments on days 21 and 28 of post-harvest storage (Figure 5b). Overall, there was no significant effect of treatments on chlorophyll a or chlorophyll b in spinach on days 21 or 28 of post-harvest storage.





3.4. Ascophyllum nodosum Extract (ANE) and Humic Acid (HA) Reduces Lipid Peroxidation during Post-Harvest Storage of Lettuce and Spinach


3.4.1. Lettuce


MDA (malondialdehyde) is a biomarker and a secondary product formed during lipid peroxidation and can also be an indicator of oxidative stress. Lipid peroxidation increased in lettuce plants during post-harvest storage (Figure 6a). MDA content was reduced significantly in plants treated with T8 (0.25% ANE + 0.2% HA) and T6 (0.1% ANE + 0.4% HA) on day 10 compared with the control (72.6% and 78.7%, respectively). Increased MDA content in all treatments was shown on day 21 compared to day 10, but a significant reduction in MDA content was observed in plants treated with T1 (0.1% ANE), T6 (0.1% ANE + 0.4% HA) and T8 (0.25% ANE + 0.2% HA), compared with the control (Figure 6a). The maximum reduction in lipid peroxidation (39%) was observed in plants treated with 0.25% ANE + 0.2% HA, as compared to the plants treated with 0.25% ANE (T2) and 0.2% HA (T3) alone (Figure 6a).




3.4.2. Spinach


In spinach, ANE, HA, and ANE + HA treatments moderately reduced peroxidation on days 14, 21, and 28 compared with the control. The gradual increase in lipid peroxidation was observed in all the treated and untreated plants, but T6 (0.1% ANE + 0.4% HA) and T8 (0.25% ANE + 0.2% HA) showed a significant reduction was observed in lipid peroxidation during the whole storage period, according to Figure 6b.





3.5. Ascophyllum nodosum Extract (ANE) and Humic Acid (HA) Showed Higher Total Ascorbic Acid, Phenolics, and Antioxidant Content in Lettuce and Spinach during Post-Harvest Storage


3.5.1. Lettuce


Total ascorbate content in lettuce plants on day 10 of the storage period was significantly higher in T6 (0.1% ANE + 0.4% HA) and T8 (0.25% ANE + 0.2% HA) compared to the control (Figure 7a). A rapid decrease in ascorbates was observed on day 21 without any significant differences between treatments. Total ascorbates reduced from 30.7 to 9.2 µmol/g FW (Figure 7a). Overall, ANE-, HA-, and ANE + HA-treated plants showed significantly higher ascorbic content on day 21 compared with untreated plants. The pre-harvest treatment with ANE, HA, and ANE + HA resulted in significantly higher (p ≤ 0.01) phenolics content in T2 (0.25% ANE), T6 (0.1% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA) on day 10 of the storage compared to the control (Figure 7b). Phenolics content was less in all treatments on day 21 compared to day 10, though plants treated with T8 (0.25% ANE + 0.2% HA) and T2 (0.25% ANE) had 0.7- and 0.5-fold increase in phenolics content, respectively, on day 21 compared with the control (Figure 7b). Overall, lettuce plants treated with T8 (0.25% ANE + 0.2% HA) and T2 (0.25% ANE) had significantly higher phenolics content after the 21-day storage period compared with the control and other treatments. The pre-harvest treatment of lettuce with ANE, HA, and ANE + HA significantly (p ≤ 0.025) increased the total antioxidant capacity of lettuce during the 21-day storage period compared with the control (Figure 7c). All treated and untreated lettuce plants’ total antioxidant capacity reduced as the duration of the storage period increased. However, the treated plants showed increased antioxidants on days 10 and 21 of the storage period compared to the control (Figure 7c). These results suggest that the pre-harvest application of the combination of ANE and HA significantly increased the total antioxidant capacity of lettuce during 21 days in storage (Figure 7c)




3.5.2. Spinach


A 1.4- and 2.5-fold increase in ascorbates content was observed in spinach plants treated with T6 (0.1% ANE + 0.4% HA) and T8 (0.25% ANE + 0.2% HA), respectively, compared with the control, on day 14 of the storage period. The gradual decrease in total ascorbates was observed throughout the duration of the storage period; however, plants treated with T6 (0.1% ANE+0.4% HA) and T8 (0.25% ANE + 0.2% HA) showed significantly higher amounts of ascorbates compared with the control (Figure 8a). On day 14, a significantly higher phenolic content was recorded in plants treated with T6 (0.1% ANE + 0.4% HA) (74%) and T8 (0.25% ANE + 0.2% HA) (112.4%), compared with the control (p ≤ 0.001), whereas a rapid decline in phenolic content on day 21 was shown with no significant difference between treatments (Figure 8b). Prolonged storage of lettuce up to 28 days showed significantly higher phenolic content in plants treated with T6 (0.1% ANE + 0.4% HA) and T8 (0.25% ANE + 0.2% HA) (Figure 8b). The pre-harvest treatment with ANE, HA, and their combinations significantly increased the total antioxidant capacity in spinach throughout the duration of the 28-day storage period (p ≤ 0.0013). Treated and untreated spinach plants exhibited a reduction in total antioxidants as the duration of the storage period increased (Figure 8c). However, plants treated with T6 (ANE 0.1% + HA 0.4%) and T8 (ANE 0.25% + HA 0.2%) recorded significantly higher antioxidants on days 14, 21, and 28, compared to the other treatments and control. The results suggest that the pre-harvest application with 0.25% ANE + 0.2% HA increased the total antioxidant capacity of lettuce throughout the storage period (Figure 8c).






4. Discussion


In this study, we evaluated the effect of pre-harvest treatment of combinations of ANE and HA in reducing post-harvest losses during storage of lettuce and spinach. Root drench with a combination of ANE and HA stimulated early growth of lettuce and spinach, the stimulatory effect of the combination was higher than individual treatments. The fresh weight and dry weight was significantly higher in the spinach and lettuce treated with the combination of 0.25% ANE and 0.2% HA. The role of ANE in improving plant growth is well documented in scientific literature [9,12,33]. Humic acid has plant growth-promoting activities like nutrient uptake by chelating metal ions, protein synthesis, oxidative phosphorylation, and photosynthesis [34]. Therefore, the enhanced effect of the combination of ANE and HA might be due to the additive or synergistic effect of ANE and HA. Similarly, in an earlier study, Billard et al. [19] showed that application of Ascophyllum nodosum extract (AZAL5) and humic acid (HA7) improved plant biomass and nutrient uptake. Overall, the findings of this study suggest that the combined application of ANE and HA improves early growth of spinach and lettuce.



The root drench application of different concentrations of ANE and HA, and their combinations, were tested for their effect on reducing post-harvest losses in lettuce and spinach. Fresh weight loss and dry matter content are important parameters of produce during storage, as these characteristics decide the market value of the commodity [35,36,37]. Pre-harvest root drench treatment with 0.25% ANE + 0.2% HA showed significantly reduced fresh weight loss of lettuce and spinach during the storage period. Dry matter loss of lettuce and spinach treated with 0.25% ANE + 0.2% HA during storage was significantly reduced as compared to the controls. This might be due to the enhanced nutrient uptake by application of ANE [9,38], and the addition of humic acid with ANE might further enhance the nutrient uptake of the plant through its chelation effects [15]. Fan et al. [25] also showed that pre-treatment application of 0.1% ANE reduced the weight loss of spinach during storage, but in the present study we showed the combination of both biostimulants were more effective in reducing the post-harvest losses, as compared to when they were used alone. The total chlorophyll content was reduced during post-harvest storage [39], but was higher in lettuce and spinach treated with ANE and HA and their combinations. Similarly, Fan et al. [25] also showed pre-harvest treatment of ANE increased total chlorophyll content in the spinach during post-harvest storage. Post-harvest-induced senescence lead to the degradation of chlorophyll and was reduced by the application of cytokinins [40]. Both ANE and HA possess cytokinin-like activities [9,41,42]. Thus, the cytokinin-like properties present in both the biostimulants prevents the degradation of chlorophyll during post-harvest storage. Taken together, these results suggest that the combination of both biostimulants effectively restores the visual marketable parameters of lettuce and spinach for a longer duration, as compared to the individual treatment as well as control.



Previous studies have shown that post-harvest storage causes biophysical changes in membrane lipids by enzymatic and non-enzymatic lipid peroxidation, and causes increased ion leakage and deterioration of plant tissue [25,43,44,45,46]. MDA, produced as a byproduct of lipid peroxidation, is used as a biomarker of oxidative damage [28]. The application of ANE reduces lipid peroxidation in spinach during post-harvest storage [25], which was in concurrence with the results reported in this study. Although the MDA content was reduced in all the treatments, the combination of ANE and HA more effectively reduced MDA content of lettuce and spinach during post-harvest storage, as compared to the individual treatments of ANE and HA. These results suggest that pre-harvest treatment with the combination of ANE and HA significantly reduces oxidative damage during post-harvest storage, through increased biosynthesis of antioxidative enzymes and compounds such as phenolics and flavonoids [24,25,47]. The pre-harvest treatment with A. nodosum extract showed higher antioxidant and ascorbate content in spinach [22,23]. Ascorbates are important antioxidants that rapidly degrade during storage in leafy vegetables [48]. During post-harvest storage, the ascorbate is oxidized to dehydroascorbic acid (DHA) by ascorbate oxidase [48]. The results presented in this study showed that treatment with the combination of ANE and HA significantly reduced the degradation of ascorbate in lettuce and spinach during storage. These results were further supported by the higher phenolics content and antioxidant capacity of plants treated with combination of ANE and HA. Thus, the plausible reason behind the synergistic effect of ANE and HA is that ANE induces biosynthesis of antioxidants during storage, while HA chelates the metal ions (Fe3+, Cu2+, Ag+) needed for the activity of ascorbate oxidase [42,49]. Overall, treatment with the combination of ANE and HA improves the antioxidant capacity of lettuce and spinach, which in turn reduces the lipid peroxidation caused by ROS and improves the quality of lettuce and spinach during post-harvest storage.



Although mechanisms of action of ANE and HA is not well understood, we speculate that plant hormone-like substances, osmolytes, and nutrients present in the biostimulants are promoting these physiological responses based on prior investigations.




5. Conclusions


The optimization of the different concentrations of preharvest application of ANE and HA offers a sustainable strategy for reducing post-harvest losses of leafy vegetables. In this study, the pre-harvest application of the combination of ANE (0.25%) and HA (0.2%) showed reduced loss of lettuce and spinach during post-harvest storage. Overall, an additive effect of the combination of ANE and HA was observed on the early growth and reduced post-harvest loss of lettuce and spinach. The results presented in this study showed that ANE and HA, as biostimulants, exhibit high potential in regulating post-harvest losses in lettuce and spinach. This study provides new insights that can be used for the development of new biostimulants for the sustainable management of post-harvest losses. However, to implement them in post-harvest management, a detailed understanding of the molecular mechanisms of ANE and HA, and their combination, on post-harvest physiology is required.
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Figure 1. Effect of Ascophyllum nodosum extract (ANE) and Humic acid (HA) on fresh weight, dry weight, and percent water content of (a–c) lettuce and (d–f) spinach seedlings. Different combinations of ANE and HA were used as follows: C (control), T1 (0.1% ANE), T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T5 (0.1% ANE + 0.2% HA), T6 (0.1% ANE + 0.4% HA), T7 (0.25% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA). Each experiment was performed in triplicate, and each experimental unit had six plants. The average of the eighteen values were presented as mean ± SE and means represented by same letters were not significantly different at p ≤ 0.05. 
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Figure 2. Effect of pretreatment of ANE and HA on fresh weight loss and dry matter content during postharvest storage of lettuce. (a) This figure represents leaves of lettuce treated with different concentrations of ANE and HA alone, and their combinations held over 10 and 21 days of storage at 0–4 °C in the dark with relative humidity (RH) ≥ 95%. The post-harvest (b) fresh weight loss and (c) dry matter content (DMC) of lettuce leaves after 10 and 21 days of post-harvest storage at 0–4 °C in the dark with RH ≥ 95%. Different combinations of ANE and HA used for preharvest treatment were as follows: C (control), T1 (0.1% ANE), T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T6 (0.1% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA). Each experiment was performed in triplicate, and each experimental unit had six plants. The average of the eighteen values were presented as mean ±SE and means represented by same letters were not significantly different at p ≤ 0.05. 
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Figure 3. Effect of pretreatment of ANE and HA on fresh weight loss and dry matter content during postharvest storage of spinach. (a) This figure represents leaves of spinach treated with different concentrations of ANE and HA, alone and their combinations, over 14, 21, and 28 days of storage at 0–4 °C in the dark with RH ≥ 95%. The postharvest (b) fresh weight loss and (c) dry matter content (DMC) of spinach leaves after 14, 21, and 28 days of post-harvest storage at 0–4 °C in the dark with RH ≥ 95%. Different combinations of ANE and HA used for preharvest treatment were as follows: C (control), T1 (0.1% ANE), T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T6 (0.1% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA). Each experiment was performed in triplicate, and each experimental unit had six plants. The average of the eighteen values were presented as mean ± SE and means represented by same letters were not significantly different at p ≤ 0.05. 
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Figure 4. Effect of pretreatment of ANE and HA on the chlorophyll content of leaves of lettuce stored after harvest. The effect of different concentrations of ANE, HA, and ANE + HA on the (a) chlorophyll a and (b) chlorophyll b content of leaves of lettuce stored for 10 and 21 days at 0–4 °C in the dark with RH ≥ 95%. Different combinations of ANE and HA used for preharvest treatment were as follows: C (control), T1 (0.1% ANE), T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T6 (0.1% ANE + 0.4% HA), andT8 (0.25% ANE + 0.2% HA). Each experiment was performed in triplicate, and each experimental unit had six plants. The average of the eighteen values were presented as mean ± SE and means represented by same letters were not significantly different at p ≤ 0.05. 
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Figure 5. Effect of pretreatment of ANE and HA on the chlorophyll content of leaves of spinach stored after harvest. The effect of different concentrations of ANE, HA, and ANE + HA on the (a) chlorophyll a and (b) chlorophyll b contents of leaves of spinach stored for 14, 21, and 28 days at 0–4 °C in the dark with RH ≥ 95%. Different combinations of ANE and HA used for preharvest treatment were as follows: C (control), T1 (0.1% ANE), T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T6 (0.1% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA). Each experiment was performed in triplicate, and each experimental unit had six plants. The average of the eighteen values were presented as mean ± SE and means represented by same letters were not significantly different at p ≤ 0.05. 
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Figure 6. Effect of pretreatment of ANE and HA on the malondialdehyde (MDA) content in leaves of lettuce and spinach stored after harvest. (a) MDA content of leaves of lettuce stored at 0–4 °C in the dark with RH ≥ 95% for 10 and 21 days, treated with different concentrations of ANE, HA, and ANE + HA before harvest. (b) MDA content of leaves of spinach stored at 0–4 °C in the dark with RH ≥ 95% for 14, 21, and 28 days, treated with different concentrations of ANE, HA, and ANE + HA before harvest. Different combinations of ANE and HA used for preharvest treatment were as follows: C (control), T1 (0.1% ANE), T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T6 (0.1% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA). Each experiment was performed in triplicate, and each experimental unit had six plants. The average of the eighteen values were presented as mean ± SE and means represented by same letters were not significantly different at p ≤ 0.05. 
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Figure 7. Effect of the preharvest treatment of ANE, HA, and different combinations of ANE + HA on (a) total ascorbates content, (b) total phenolics content, and (c) total antioxidant capacity of leaves of lettuce stored at 0–4 °C in the dark with RH ≥ 95% for 10 and 21 days after harvest. Different combinations of ANE and HA used for preharvest treatment were as follows: C (control), T1 (0.1% ANE), T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T6 (0.1% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA). Each experiment was performed in triplicate, and each experimental unit had six plants. The average of the eighteen values were presented as mean ± SE and means represented by same letters were not significantly different at p ≤ 0.05. 
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Figure 8. Effect of the preharvest treatment of ANE, HA, and different combinations of ANE + HA on (a) total ascorbates content, (b) total phenolics content, and (c) total antioxidant capacity of leaves of spinach stored at 0–4 °C in the dark with RH ≥ 95% for 14, 21, and 28 days after harvest. Different combinations of ANE and HA used for preharvest treatment were as follows: C (control), T1 (0.1% ANE), T2 (0.25% ANE), T3 (0.2% HA), T4 (0.4% HA), T6 (0.1% ANE + 0.4% HA), and T8 (0.25% ANE + 0.2% HA). Each experiment was performed in triplicate, and each experimental unit had six plants. The average of the eighteen values were presented as mean ± SE and means represented by same letters were not significantly different at p ≤ 0.05. 
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