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Abstract

:

Vermicompost is the product of composting or breaking down organic matter through the use of earthworms. It is rich in essential plant nutrients, and has the ability to enhance the condition and increase the quality of the soil. In the present study, a field trial was conducted from January 2015 until March 2016 to elucidate the effects of vermicompost application (compared to supplementation with chemical fertilizer and no fertilizer) on the sandy loam soil and plant nutrients of pineapple (Ananas comosus var. MD2). The morphophysiology and yield performance of MD2 pineapple grown with vermicompost in the field were also evaluated. In this study, vermicompost was applied onto the sandy loam soils during transplanting, followed by a second application at seven MAP (months after planting) at the rate of 10 t ha−1. On the other hand, the chemical fertilizer was applied based on the normal conventional cultivation practice. The soil and D-leaf samples at six MAP (S1) and during the red bud stage (S2; 10 MAP) were used to determine the soil and plant nutrient contents. The morphology of the plants was evaluated every month, and the fruits that were produced were subjected to quality analysis. Data analysis revealed that soil pH was increased after a second supplementation of vermicompost and contained significantly higher total N (0.15%) in the soils compared to the control (0.07%). There was no significant difference between plants supplied with chemical fertilizer and vermicompost in terms of plant height, number of leaves, or the length and width of D-leaves. However, different fertilization treatments were found to affect the yield and physical characteristics of the resulting fruits. Plants supplied with chemical fertilizer produced the highest fruit yield (136.97 t ha−1) with the largest fruit size, followed by vermicompost (121.39 t ha−1) and the control (94.93 t ha−1). However, fruits supplied with vermicompost were observed to have the smallest crowns. Taken together, these results indicated that the use of vermicompost produced pineapple plants with excellent growth performance, comparable to that obtained when chemical fertilizer was used. Also, based on the cost analysis conducted, it was shown that the total cost (fertilizer and labor) for plants grown with vermicompost was lower than plants grown with chemical fertilizer. However, the usage of vermicompost as the single source of nutrients is not suggested for this type of soil and field conditions, but can be used as a supplement to maintain the soil quality and ensure agricultural sustainability.
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1. Introduction


Agrochemicals have been widely used in the agronomic industry since its introduction in the 1960s during the ‘Green Revolution’, and have since been proven to boost food productivity [1]. However, the usage of these agrochemicals has been reported to produce harmful consequences to the environment and society [2]. Thus, efforts have been made by various scientific communities to look for alternative strategies to improve food production while ensuring environmental sustainability. Organic farming systems with the aid of various nutrients of biological origin such as compost or vermicompost are thought to be the answer for ‘food safety and security’ in the future [3].



Vermicompost is the excreta of earthworms, which are rich in humus, macronutrients, and micronutrients. It can improve soil health status, enhance crop production, and improve the physical properties of the soil [1,4]. Soil physical properties such as soil structure, texture, and tilth are the key factors that determine the agronomical potential of a land. These properties will largely influence the root penetrability, potential rooting volume, nutrient uptake and mobility, soil aeration, and water availability [5]. Soil texture is also key in affecting soil moisture content as well as the chemical properties of the soil, such as its cation exchange capacity (CEC) or the ability of the soil to hold positively charged ions [6]. For example, an area that contains a large proportion of sand is easier to be cultivated, but has poor moisture retention ability and low CEC, thus causing plant nutrients and water to leach out of the rooting zone very easily [5]. Therefore, the addition of composts such as vermicompost to the soil (particularly to sandy soil) is very beneficial, as they help increase the soil organic matter (SOM) composition, which in turn aids in improving soil aeration, maintaining good soil aggregation, protecting against soil erosion, and increasing nutrient availability [5,7]. Other than that, vermicompost also contains various plant nutrients such as N, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, and B, which improve the nutrient content of different plant components such as the roots, shoots, and fruits [2]. Vermicompost can retain nutrients for a long time, and has a high water-holding capacity and high porosity compared to conventional compost due to its humus content [3]. At present, vermicompost has been widely used in the cultivation field, and its ability to produce good crop yields is well-known, as reported for maize [8], wheat [9], peppermint [10], and tomatoes [11]. The application of vermicompost yielded the same effect as in the case of inorganic fertilizers administration [12,13], therefore rendering vermicompost as a good alternative to replace the application of chemical fertilizer.



Pineapple (Ananas comosus var. MD2) is one of the tropical fruits that is highly demanded in the international market. This is due to its various quality characteristics whereby it was reported to have sweeter taste, blemish-free flesh, a cylinder shape with golden yellow pulp, a very pleasant aroma when ripe, low acidity, and a longer shelf life compared to other varieties [14,15]. However, a fruit’s weight is directly dependent on plant vigor at the time of floral differentiation with a minimum D-leaf length of 1.0 m to gain fruits of more than 1.5 kg [16]. Therefore, fertilization plays an important role in crop management to increase the growth potential and crop yield. Pineapple plants have a large nutrient uptake demand, especially for potassium, followed by nitrogen, calcium, magnesium, sulfur, and phosphorus [16].



There have been many studies on the applications of various organic fertilizer onto pineapple plants, such as using composted poultry manure [17], composted pineapple residue return [18], and other composted materials [19,20,21,22]. According to Darnaudery, et al. [23], ‘Queen Victoria’ pineapple fruits produced via organic fertilization produced the highest total soluble solids content (TSS) and lowest titratable acidity (TA) compared to inorganic fertilization. However, there was no published report available on the supplementation of vermicompost to MD2 pineapple plants under field conditions. Thus, this study aimed to evaluate the morphophysiology and yield performance of MD2 pineapple grown with vermicompost in the field and its effect on the soil and plant nutrients.




2. Materials and Methods


2.1. Field Preparation


In this project, a field study using a randomized complete block design (RCBD) with three treatment groups was conducted at Glami Lemi Biotechnology Research Centre (PPBGL), Jelebu, Malaysia (3°3′ N latitude, 102°3′ E longitude) from January 2015 until March 2016. The treatment groups included control plants, plants supplied with NPK fertilizer, and plants supplied with vermicompost. The experiment area was well-known as the warmest area in Malaysia with a mean monthly precipitation of 215 mm, which mostly occurs from October to December, and less precipitation (70 mm) in January to February. The monthly average temperature ranges from 23 °C (December–February) to 33 °C (March–April).



The soil chemical properties of the field site are as described in Table 1. The site was ploughed and furrowed to acquire a good tilth. Three raised beds were made and divided into four blocks, with each containing four beds. The individual plot size was 3 m × 2 m, and each was planted with 15 plants per plot. The beds and blocks were separated with a spacing of 1 m to ensure uninterrupted flow of irrigation for each individual plot. All of the beds were covered with silver shines (plastic mulch) with 0.03 mm of thickness. Plants were planted in double rows for each plot with plant-to-plant spacing of 60 cm × 30 cm.



Suckers (MD2) of 40-cm average height were obtained from Malaysian Pineapple Industrial Board (MPIB), Negeri Sembilan, Malaysia as the planting material. The nutrient availability in vermicompost was total N 1.54%, total phosphorus (P) 0.64%, total potassium (K) 6.31%, total magnesium (Mg) 0.58%, total calcium (Ca) 1.39% Ca, total sulfur (S) 0.34%, total zinc (Zn) 0.01%, total boron (B) 0%, total iron (Fe) 0.76%, and total aluminum (Al) 1.04%. The vermicompost was incorporated into the top 10 cm of the soil at the recommended rate (10 t ha−1) twice along planting, during transplanting and at seven months after planting (MAP) (one month before flowering was induced).



Chemical fertilizer was applied to the soil based on the rate recommended by the Malaysian Pineapple Industry Board [24], with minor modifications. NPK (15:15:15) fertilizer granules were applied at the rate of 20 g per plant at one month, three months, and seven months after planting (MAP). A foliar fertilizer mix was sprayed twice at 1.5 months (640 g of hydrated lime, 42 g of copper sulfate, 42 g of zinc sulfate, 21 g of ferrous sulfate in 18 L of water) and 4.5 months (added 640-gm urea in 18 L of water, as before) after planting. Fifty to 100 milliliters (50–100 mL) of fertilizer was sprayed onto the leaves of each plant. Then, 50 mL of Ethrel (2-chloroethyl phosphonic acid) solution (15 mL of Ethrel and 90 g of urea in 9 L of water) was sprayed at the center of the pineapple plants at nine months after planting (MAP) to induce flowering. The plants were watered when necessary using a sprinkler water system, while weeds on the plots were manually controlled (through pulling and cutting) intermittently.




2.2. Soil and Plant Chemical Analysis


Before sampling, three core soil samples were randomly collected from 0 to 15 cm of topsoil by using a Dutch Auger and bulk to form a composite [25,26]. Samples were air-dried, crushed using a mortar and pestle, and allowed to pass through a 2.0-mm sieve for soil pH analysis, and then 0.25-mm sieves for total elements analysis. The nutrients in the plants were determined using the D-leaves as the samples. The D-leaves were identified by gathering all of the leaves in the hands to form a vertical “bundle” in the center of the plant where the D-leaves are the longest ones [27]. Twelve samples per treatment were collected at random and washed with distilled water, then blot-dried before being dried in an oven at 60 ± 5 °C. The dried D-leaf samples were finely ground and kept in airtight containers until further analysis. The sampling of both soil and D-leaves were conducted on the same day at six months after planting (S1; 6 MAP) and during the red bud stage (S2; 10 MAP).



The soil pH was measured at a soil/distilled water ratio of 1:2.5 [28]. The mixture was shaken using an orbital shaker (ZP-200, Meditry Instrument, China) for 1 h at 2.5 × 100 rpm, and then the pH was determined using a pH electrode (PB-10, Sartorius, Germany). The total nitrogen (N) of the D-leaf samples was determined via dry combustion using a Nitrogen Determinator (FP-528, LECO, UK) [29], while the total nitrogen (N) in the soil was determined by the Kjeldahl method [30]. The content of other total elements, Phosphorus (P), Potassium (K), Sulfur (S), Calcium (Ca), Magnesium (Mg), Zinc (Zn), Iron (Fe), Boron (B), and Aluminum (Al) were determined by the aqua regia digestion method [31]. The filtrated solution was analyzed by using an inductive couple plasma optical emission spectrometer (725-ES ICP-OES, Varian, Australia). On the other hand, elements in the D-leaves were determined by dry ashing method [32,33]. A blank digest was carried out in the same way, as the control.




2.3. Morphophysiology of Pineapple Plants


Twelve plants from each treatment were tagged for data collection. For vegetative data collection, the number of leaves, plant height, and length and width of the D-leaf were measured every month, starting from 2 MAP, until the fruits were harvested. The height of the plants was measured with a meter ruler, and the number of leaves was determined by manual counting. The length and width of the D-leaves were also measured with a meter ruler from three leaves per plant. The chlorophyll content was measured with a Minolta chlorophyll meter (SPAD-502, Konica Minolta, Tokyo, Japan) every two months by averaging the SPAD readings from the basal, middle, and tip of the D-leaves [34]. The SPAD readings were taken before 09:00 or after 17:30 under the shade.




2.4. Physical Characteristics of Fruit Analysis


For the physical properties of the fruits, fruit weight, fruit weight without the crown, the diameter of the fruit, and the weight and length of the crown were determined. The weight of fruits with the crown, without the crown, and crown weight was determined using a digital balance (EK-6000i, A&D, Tokyo, Japan). The length of the fruit and the crown was measured with a meter ruler, and the diameter of fruit was measured using digital calipers. The pineapple fruit was cut into two parts. At the bottom, middle, and top of the fruits, the pulp firmness was measured using a fruit hardness tester (Nippon Optical Works, Tokyo, Japan) and defined as in the kilogram force (kg f) required to penetrate the tissue. The core diameter was measured using a ruler at three different places: the bottom, middle, and top of the fruits.




2.5. Total Soluble Solids (TSS)


The total soluble solids were measured using a digital refractometer (PR-1, Atago, Tokyo, Japan). First, 30 g of the pulp tissue was blended in 90 mL of distilled water using a laboratory blender for two min, and then it was filtered. A single drop of the filtrate was placed on the prism of the refractometer. The recorded value was multiplied by three, since the initial pulp sample was diluted three times with distilled water [35]. The refractometer was standardized with distilled water.




2.6. Total Titratable Acidity (TTA)


Thirty grams (30 g) of the pulp was weighed and transferred into a blender with 90 mL of distilled water; then, it was blended for two minutes and filtered. Then, 25 mL of the filtrate was transferred into a 125-mL conical flask. Another 25 mL of distilled water and four to five drops of phenolphthalein indicator was added. The solution was titrated against 0.1 N of sodium hydroxide (NaOH) until there was a sharp color change from light yellow to pink. The titre volume of NaOH added was recorded and multiplied by the citric acid factor (0.07) to obtain the total titratable acidity [35]. The sugar-to-acid ratio of the samples was also calculated by determining the ratio of TSS/TTA.




2.7. Cost Estimation


The cost of labor and fertilizer used throughout the study was also analyzed. Total profit (per kg fruit and per plant per year) was then estimated by calculating the difference between the total value of the fruits produced (in Ringgit Malaysia; RM) and the total cost. In this study, the cost of labor was fixed at RM50/day per person, while the market price of the fruits was fixed at RM8 per kg [36]. The cost of the starting material (seedling), irrigation, and flower-inducing hormone were not included in the cost analysis.




2.8. Data Analysis


Results are expressed as mean ± standard error of mean. Soil and plant nutrient contents and fruits attributes data were analyzed by one-way analysis of variance (ANOVA). Data of the growth performance of plants (plant height, number of leaves, length and width of D-leaves, and SPAD reading of D-leaves) were analyzed by repeated measures ANOVA (rANOVA). The differences between treatment means were separated using Duncan’s multiple range test (DMRT) at 5% significance level. Correlations among all of the data were calculated using Pearson’s correlation coefficient in bivariate correlations. All of the statistical analysis was done by using SPSS software version 24.





3. Results


3.1. Soil and Plant Nutrients Analysis


Based on Table 2, it was observed that the soil pH at six MAP (S1; during the vegetative stage of the pineapple plants) was maintained within the range of the recommended pH, which is between 4.5–6.5 [22]. However, at the red bud stage (S2), the soil pH had greatly reduced when supplemented with chemical fertilizer to be much lower than the recommended range of soil pH for pineapple plants (pH 4.30). In contrast, a significant increase in soil pH (5.77) was obtained after a second application of vermicompost to the plants, whereby the pH was slightly higher than the control (S1 and S2).



Data on the soil nutrients content (N, P, K, Mg, S, Ca, Fe, Zn, B, and Al) taken at six months after planting (S1) and during the red bud stage (S2) from plots grown with MD2 pineapple plants are presented in Table 3. Total N in the soils supplemented with vermicompost (0.10% at S1 and 0.15% at S2) was higher than in soils supplied with chemical fertilizer (0.09% at both S1 and S2). The N concentration was observed to increase from S1 to S2, when the soils were supplied with vermicompost twice along the cycle. However, no increase in N concentration was observed when chemical fertilizer was supplied periodically. Therefore, in contrast to the application of vermicompost, the chemical fertilizer has to be continuously supplied to the soil to increase the nutrients concentration required for plant growth.



On the other hand, Table 4 shows the macronutrients content in the D-leaves of MD2 pineapple plants. Data analysis showed that the mean of total N ranged from 0.69% to 1.44% in the D-leaves. At the red bud stage (S2), all of the treatments showed a reduction of N content in the leaf samples; however, these values were still adequate for the growth of pineapple plants (N > 0.66%) [37]. Based on Pearson’s correlation analysis, a strong significant correlation was observed between N content in the soil and in the plants, when supplied with chemical fertilizer (p < 0.05, r2 = −0.970), indicating sufficient N uptake from the soils. Although higher N content was observed in the soil supplied with vermicompost, the correlation between the N content in the soil and plants was weak (r2 = 0.236). In this study, Ca concentrations in the soil supplied with chemical fertilizer at S2 showed the lowest concentration compared to other treatments, with only 0.04% Ca. The low availability of Ca in the soils has also affected the Ca uptake by the pineapple plants (Table 4).



The Fe, Zn, B, and Al content in the MD2 pineapple D-leaves are detailed in Table 5. The Fe levels in the leaves ranged from 46.93 mg kg−1 to 73.32 mg kg−1, which was below the recommended range (100–200 mg kg−1) for crop growth [15]. The Zn content was twofold above the level that is considered ideal for the growth of pineapple plants, with Zn content ranging from 21.00 mg kg−1 to 29.76 mg kg−1 at S2. In addition, the application of vermicompost onto the soils also increased the B content in MD2 pineapple D-leaves at S1 (11.36 mg kg−1). At S2, the plants treated with vermicompost had low B content, although it was still above the level that was considered insufficient to support plant growth. This is in direct contrast to the plants supplemented with chemical fertilizer and control (unfertilized) plants, where the B content during S2 was found to be too low, and thus was not sufficient for plant growth.




3.2. Morphophysiology Analysis


Figure 1a shows the height of MD2 pineapple plants measured from two MAP until 13 MAP increased from 41.2 cm to 106.5 cm. Data analysis revealed that MD2 pineapple plants supplemented with chemical fertilizer grew taller than plants supplemented with vermicompost and control plants, with mean plant heights of 83.0 cm, 79.6 cm, and 76.3 cm, respectively. However, the difference in the height of plants supplemented with chemical fertilizer and vermicompost was not statistically significant (Table 6). Furthermore, a similar trend was observed on the number of leaves of the pineapple plants (Figure 1b). After flowering (10 MAP), the number of leaves remained unchanged with time (Figure 1c). Moreover, the length of the D-leaves possessed by plants supplemented with chemical fertilizer and vermicompost was also not statistically significantly different at p ≤ 0.05 (Table 6).



Based on Figure 1d, there was no significant difference between the width of the D-leaves from plants supplemented with chemical fertilizer and vermicompost from two MAP until 13 MAP. However, at six MAP, plants supplemented with chemical fertilizer showed significantly wider D-leaves compared to control plants, with D-leaf widths of 6.5 cm and 4.6 cm, respectively. The width of the D-leaves nearly plateaued after flowering was induced, resulting in the maximum width of 7.0 cm. Therefore, taking together all of the results of the following data analysis, it was evident that the growth performance (in terms of plant height, number of leaves, and length and width of D-leaves) of pineapple plants supplied with vermicompost was comparable to the plants supplemented with chemical fertilizer.



Moreover, as depicted in Figure 1e, the SPAD readings ranged from 56.19 SPAD to 81.73 SPAD from two MAP until 12 MAP. The SPAD readings drastically increased in plants supplemented with chemical fertilizer from six months after planting (Figure 1e), whereby the plants were already at their maturation stage. During flowering, the range of SPAD readings of the pineapple leaves from all of the treatments was comparable (65.11 SPAD to 68.58 SPAD). Nevertheless, the SPAD reading of pineapple leaves supplied with chemical fertilizer was observed to be greatly reduced after 12 MAP.




3.3. Physical Characteristics of Fruits


Based on Table 7, pineapple plants supplied with chemical fertilizer were shown to produce the highest fruit yield, with 136.97 t ha−1 of pineapple fruits, while plants supplied with vermicompost and control plants produced 121.39 t ha−1 and 94.93 t ha−1 respectively. Overall, pineapple plants supplied with chemical fertilizer produced the largest fruit size, followed by plants supplied with vermicompost and control.



Figure 2 illustrates the different sizes of MD2 pineapple fruits harvested from plants treated with different types of fertilizer. Based on the weight of the resulting fruits, the fruits can be graded to A grade (>1.7 kg), B grade (1.3 to 1.6 kg), and C grade (<1.3 kg) [38]. In this experiment, based on the fruit weight without the crown, it was observed that both treatments with vermicompost and chemical fertilizer produced grade-A fruits, while control plants produced only grade-B fruits. Moreover, data analysis also showed that the weight and length of the crown was significantly smallest when plants were supplied with vermicompost or chemical fertilizer, compared to control (unfertilized) plants. However, the fruit’s core size showed that fruits harvested from plants treated with chemical fertilizer were significantly wider compared to the control. A similar trend was observed for pulp firmness, where the fruits produced from plants supplied with chemical fertilizer had less pulp firmness (0.67 kg f) than the fruits produced from plants supplied with vermicompost (0.74 kg f) and control plants (0.77 kg f).




3.4. Physicochemical Analysis of Fruits


In comparison to the control, the TSS of the fruit juice from fruits harvested from pineapple plants treated with chemical fertilizer was lower (9.93 °Brix), followed by vermicompost (9.32 °Brix) (Table 8). The titratable acidity of the fruit juices ranged from 0.40 g kg−1 to 0.43 g kg−1, and was found to be not significantly different among all of the treatments.




3.5. Cost Analysis of Vermicompost Usage versus Chemical Fertilizer


A cost analysis was also conducted to determine the effectiveness of using vermicompost as a replacement of chemical fertilizer in the field. Based on the results depicted in Table 9, the cost of organic supplement per plant per year (vermicompost) was 1.86 times higher than the cost of chemical fertilizer. However, due to vermicompost’s characteristic as a slow release fertilizer, the labor cost (per plant per year) for the field maintenance for plants supplemented with vermicompost was 2.5 times lower (RM3.13) than that needed for plants supplemented with chemical fertilizer (RM7.81). In this study, the profit obtained from fruits produced by plants supplemented with vermicompost was slightly higher than that obtained using chemical fertilizer. However, the profit is estimated to significantly increase if the planting density of the seedlings is increased and if the field size is bigger.





4. Discussion


4.1. Soil pH


The current study found that the soil pH showed significant variation when different types of fertilizers were applied (Table 2). Surprisingly, the soil pH was found to increase when vermicompost was applied twice in one season. Similar results have been previously reported [26], where a significant increase of soil pH was observed after two consecutive applications of vermicompost (two years of transition) onto wheat plants grown on mildly acidic soils, compared to the application of NPK fertilizers. The pH of vermicompost-treated soils (at S1) fell below the control at the beginning due to the formation of organic acids through the degradation of organic compounds, which are easily mineralized later under aerobic conditions. This produces ammonium, which can subsequently increase the soil pH [39] and also reduce the potential of aluminum (Al) and manganese (Mn) toxicity [40].



In contrast, this study also found that the continuous application of chemical fertilizer decreased the soil pH over time. These results were in agreement with the findings from other studies that showed that the supplementation of NPK fertilizer also decreased the soil pH [41,42,43]. This might be due to the usage of chemical fertilizer that contained 9% ammonium (NH4+) and 6% nitrate (NO3−) as the source of nitrogen to the soils. The acidifying effect of nitrification and leaching of NO3− decreased the soil pH due to increasing the H+ accumulation in the soils, caused by their release from NH4+ [44].



In addition, these will also adversely affect the pH of poorly buffered soils, when a high rate of N is applied to sandy soils that are low in Ca. These were in agreement with the results obtained in this study, where the Ca content in the soils supplied with chemical fertilizer was found to be reduced by 56% during S2 (red bud stage), which in turn had resulted in a low soil pH (Table 3). This also justifies the increase of the pH of the soil added with vermicompost, as it contained twice the amount of Ca compared to soils supplied with chemical fertilizer (Table 3). These results are in accordance with the earlier reported findings Angelova, et al. [45], which showed that amendment with 10 g kg−1 of vermicompost resulted in an increase in soil pH, with a high correlation coefficient between exchangeable Ca and soil pH (r = 0.90).




4.2. Macro and Micronutrients Content in the Soil and Pineapple Plant


In this study, vermicompost was applied to the soil at the recommended dose of 10 t ha−1 [46]. In a study conducted on German chamomile (Matricaria chamomilla L.) grown under drought stress, M. chamomilla plants treated with 10 t ha−1 vermicompost were observed to exhibit normal nitrogen metabolism and photosynthesis, and produced less stressed-induced accumulation of proline than other plants [46]. Moreover, Zaman, et al. [47] reported that the application of vermicompost at 10 t ha−1 increased the fertility of acidic soil and non-calcareous soil grown with stevia, whereby both soil types showed significantly higher organic matter, total N, available P, exchangeable K, Ca, Mg, available S, Zn, and B compared to when lower dosages of vermicompost were applied.



In this study, the application of vermicompost to the soils resulted in higher total N concentration in the soil and plant, compared to the control. However, the N concentration in the D-leaves was significantly lower compared to in the plants supplied with chemical fertilizer. This might be due to the humus content of the vermicompost, which resulted in a longer decomposing time and their characteristic as a slow-release fertilizer compared to chemical fertilizer, where N is in the form that is immediately available for plant uptake [3]. Other than that, the P, K, and Zn concentrations in the D-leaves of plants supplied with both vermicompost and chemical fertilizer were considered adequate for the crop.



On the other hand, the Ca and Mg concentrations in the D-leaves were reduced, possibly due to competition with K for nutrient uptake. There was a significant negative correlation between the K and Ca content in the D-leaves with a coefficient of r2 = −0.682 at p < 0.05 (S1) and r2 = −0.561 (S2). Similar results were reported in the D-leaves of ‘Smooth cayenne’ pineapple, where the supplementation of a high amount of K correlated with the decrease of nutrient uptake of Ca and Mg [20]. In addition, unlike Ca2+, Mg2+ ions are more susceptible to leaching, since they are not as strongly adsorbed to clay minerals or organic matter due to their large hydrated radius [48].



At S2, the S, Fe, and B content in all of the samples were considered inadequate for plant growth, except the B concentration in the D-leaves of plants supplied with vermicompost [16,37]. In general, soils that are well provided with organic matter and with pH less than 7 will not usually face B deficiency [19,49]. However, the supplementation of higher doses of K-fertilizers may also affect B availability in the soils [48]. In this study, a positive significant correlation was found between the K and B content in the soils with a coefficient of r2 = 0.595 at p < 0.05. Moreover, the application of S fertilizers onto clay minerals at optimum doses does not have any residual effect, since clay minerals do not bind sulfate and thus, it is leached out of the soil [48].




4.3. Morphophysiological Analysis of Pineapple Plants


In pineapple plants, nitrogen (N) is required second after potassium, especially during the vegetative stage to support plant growth and development [16]. In this study, the growth of pineapple plants supplemented with vermicompost was observed to be comparable to plants supplied with chemical fertilizer. The differences observed in the plant growth might be due to low N uptake by the plants. It has been previously reported that pineapple plants treated with 200 kg of N ha−1 were 45% taller, showed increased D-leaf length, had 26% more leaves and possessed a larger leaf area (242.36 cm2) than untreated (control) plants [25]. Moreover, the deficiency of N, K, Ca, and S concentrations in the leaves may lead to a reduction of the width of the D-leaves [15,16,50]. At S1, the concentration of N, K, and Ca in the control plants was lower than in plants supplemented with chemical fertilizer, as well as lower than the ideal concentration of nutrients required by the plants. As a result, the width of the D-leaves at six MAP and seven MAP were significantly different.



In order to avoid a deficiency or excess of N content in the leaves, a chlorophyll meter (SPAD-502), which is a non-destructive and rapid method, can be used to estimate the leaf chlorophyll and N content in situ. SPAD values lower than 40 indicated an impairment in the photosynthetic process [34]. Majic, et al. [51] reported that the SPAD values and the leaf N concentration showed a strong significant correlation (r values ranged from 0.51 ** to 0.81 **) during the major physiological growth stages in a potato crop. Similar observation was found in this study, whereby data analysis revealed that there was a strong significant correlation between the SPAD values (10 MAP) and N levels in the leaves (r2 = 0.877 **, p < 0.01) at S2. However, at S1 (six MAP), a weak correlation (r2 = 0.428) was obtained. Based on Figure 2, the SPAD values of D-leaves from plants supplied with chemical fertilizer showed a steady increase from four MAP until the emergence of flowering (10 MAP). This might be because at the vegetative stage, chemical fertilizer and foliar sprays were periodically supplied to the soils and plants. For plants supplemented with vermicompost, the SPAD values were maintained from two MAP until six MAP. This could be due to the accumulated ‘humus’ in the compost, resulting in a constant release of ‘organic nitrogen’ and other nutrients [3].




4.4. Physical Characteristics of Fruits


With regard to the quality of the resulting fruits, the results of this study showed that the fruits produced from plants grown with chemical fertilizer were larger in size, followed by vermicompost and control, but fruits from plants supplemented with vermicompost had the smallest crown. Plants that are deficient in N will exhibit various physical symptoms such as producing smaller fruits with a small crown and the absence of plantlets [16]. Similar results were reported in a previous study on Jupi pineapple, where N deficiency had resulted in a 57.59% reduction of fruit weight (with crown); fruit length reduced by 38.7%, and the fruit diameter reduced by 22% [52].



An important indicator of fruit freshness is their firmness, especially after storage. In this study, fruits produced from plants supplied with vermicompost were significantly firmer than fruits grown with chemical fertilizer. These results are in agreement with that reported in previous studies, where strawberries harvested from plants receiving vermicompost (7 t ha−1) were significantly firmer than those harvested from plants receiving only inorganic fertilizer [12]. A possible explanation for this might be because of the excess of N, which can contribute to a reduction in fruit pulp firmness [53]. In this study, the amount of nitrogen (N) in plants treated with chemical fertilizer was found to be higher than in plants treated with vermicompost and control (unfertilized) during the red bud stages. Moreover, several reports have shown that calcium (Ca) is also responsible for the firmness of fruits such as in apple [54], peach [55], and blueberry [56]. Ca ions play a role in linking adjacent acidic pectin polymers in the cell walls, whereby during fruit ripening, major changes will occur in the pectin-rich middle lamella region of cells [57]. Reduced Ca levels in the cell walls would result in the structural failure of the tissues. However, in this study, no correlation was found between Ca content in the D-leaves and pulp firmness.




4.5. Physicochemical Analysis of Pineapple Fruits


The sugar-to-acid ratio is usually used as a measure of consumer taste preference. To obtain high-quality pineapple fruits, a sugar-to-acid ratio from 20 to 40 were recommended [58]. In this study, the sugar-to-acid ratio fell within the recommended range (21.67 to 27.80). The range of the TSS of fruits produced in this study was from 9.32 to 11.12° Brix. The highest level in TSS content was obtained from fruits harvested from control (unfertilized) plants, which might be due to the low N content in the D-leaves. The total N in D-leaves showed a strong negative correlation with the TSS of fruit juice with a coefficient of r2 = −0.507, indicating that the low N content resulted in the increase of the TSS of fruit juice. These results are in accordance with that reported by Darnaudery, Fournier and Lechaudel [23], whereby the highest level of TSS was observed in ‘Queen Victoria’ pineapple fruits, and was found to be caused by the decrease in N content in the D-leaves. Previous studies have also reported that fruit acidity tends to increase with increasing K content [59]. This is in agreement with the results of this study, where a significant increase in acidity was observed when the K content in the D-leaves was increased (r2 = 0.712, p < 0.05). In terms of fruit acidity, the application of vermicompost at 10 t ha−1 had been reported to result in lower fruit acidity in ‘Chandler’ strawberry compared to addition of inorganic nutrients [12]. However, pineapple fruits harvested from plants supplemented with vermicompost in this study were observed to have comparable fruit acidity levels with other treatments.




4.6. Cost Analysis


In this study, a rough cost analysis was conducted to determine the effectiveness of using vermicompost to replace chemical fertilizer in the field. It was observed that while the cost of vermicompost (per plant per year) was higher, the labor cost for field maintenance was significantly lower than that needed for plants supplemented with chemical fertilizer. This was due to its characteristic as a slow release fertilizer, which therefore does not require frequent incorporation into the soil. Based on these two criteria, the estimated profit obtained from fruits produced with vermicompost was observed to be slightly higher than that obtained using chemical fertilizer. However, the profit is estimated to significantly rise if the planting density of the seedlings and field size are increased. Also, other parameters of field maintenance such as the cost of irrigation and pest control could also play a major role in determining total profit (especially in big plantations). The cost of irrigation and pest control in vermicompost-treated areas are estimated to be significantly lower (data not shown) due to the excellent water-holding capacity of the vermicompost and its pest-repelling benefits [1,60]. Various studies have reported that vermicompost increases the ‘biological resistance’ in plants (due to Actinomycetes) and protect them against pest and diseases either by repelling or by suppressing them [61].





5. Conclusions


The preceding results showed that the utilization of vermicompost at the rate of 10 t ha−1 with two-split applications throughout the planting period produced comparable results (in terms of the growth of MD2 pineapple plants) with that obtained using conventional cultivation practices through regular supplementation with chemical fertilizer. In comparison to the control, the application of vermicompost produced fruits that were significantly larger in size with smaller crowns, but contained slightly lower TSS. The results of soil analysis showed that the application of vermicompost had significantly increased the soil pH and was able to retain the nutrients content in the soils. However, some of the nutrient uptake by the plants was lower than the concentration required for pineapple growth, similar to when chemical fertilizer was used. Thus, it could be deduced that both types of fertilizers (chemical fertilizer and vermicompost) could not supply the ideal concentration of nutrients required by pineapple plants, when they are used as the sole nutrient provider for plants grown on sandy soil. Therefore, further research needs to be carried out to identify the best ratio of the combination of vermicompost and chemical fertilizer to ensure agricultural sustainability and further reduce environmental pollution.
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Figure 1. Effect of supplementation of vermicompost and chemical fertilizer on (a) the height of the plant, (b) number of leaves, (c) length of D-leaves, (d) width of D-leaves, and (e) SPAD reading of D-leaves of MD2 pineapple plants in the field from two months after planting until harvesting. 
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Figure 2. MD2 pineapple fruits harvested from plant treated with (A) control plants; (B) chemical fertilizer; (C) vermicompost. 
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Table 1. Chemical properties and texture of soil in the study site prior to cropping.
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	Parameters
	Values





	Soil pH
	5.65



	Electrical Conductivity, EC (%)
	57.90



	Total N (%)
	0.06



	Total C (%)
	0.51



	Available P (ppm)
	92.28



	Exchangeable K (cmol/kg)
	0.21



	Exchangeable Ca (cmol/kg)
	0.85



	Exchangeable Mg (cmol/kg)
	0.18



	Texture
	Sandy Loam
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Table 2. Soil pH at six months of planting (S1) and during red bud stage (S2).
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	Time of Sampling
	Control
	Chemical Fertilizer
	Vermicompost





	S1
	5.44 ± 0.21 a
	4.79 ± 0.09 b
	4.99 ± 0.17 ab



	S2
	5.45 ± 0.15 a
	4.30 ± 0.11 b
	5.77 ± 0.13 a







Note: Mean ± standard error within each row followed by a different letter indicates significant differences at p ≤ 0.05 according to Duncan’s multiple range test (DMRT).
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Table 3. Concentration of soil nutrients six months after planting (S1) and on the emergence of inflorescence (S2) grown with MD2 pineapple plants.
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Total Elements

	
Control

	
Chemical Fertilizer

	
Vermicompost




	
S1

	
S2

	
S1

	
S2

	
S1

	
S2






	
N (%)

	
0.03 ± 0.02 c

	
0.07 ± 0.02 bc

	
0.09 ± 0.02 abc

	
0.09 ± 0.02 abc

	
0.10 ± 0.02 ab

	
0.15 ± 0.01 a




	
P (%)

	
0.02 ± 0.00 a

	
0.02 ± 0.00 a

	
0.04 ± 0.02 a

	
0.04 ± 0.01 a

	
0.03 ± 0.01 a

	
0.04 ± 0.00 a




	
K (%)

	
0.08 ± 0.02 ab

	
0.05 ± 0.00 b

	
0.10 ± 0.02 a

	
0.07 ± 0.01 ab

	
0.09 ± 0.01 ab

	
0.07 ± 0.01 ab




	
Mg (%)

	
0.04 ± 0.00 a

	
0.04 ± 0.00 a

	
0.05 ± 0.01 a

	
0.05 ± 0.01 a

	
0.05 ± 0.01 a

	
0.06 ± 0.01 a




	
S (%)

	
0.01 ± 0.00 a

	
0.01 ± 0.00 a

	
0.02 ± 0.01 a

	
0.02 ± 0.00 a

	
0.02 ± 0.01 a

	
0.02 ± 0.00 a




	
Ca (%)

	
0.06 ± 0.01 ab

	
0.06 ± 0.01 ab

	
0.09 ± 0.02 a

	
0.04 ± 0.01 b

	
0.08 ± 0.01 a

	
0.08 ± 0.01 ab




	
Fe (%)

	
0.64 ± 0.05 a

	
0.68 ± 0.04 a

	
0.71 ± 0.06 a

	
0.80 ± 0.13 a

	
0.73 ± 0.09 a

	
0.80 ± 0.10 a




	
Zn (mg kg−1)

	
34.76 ± 3.12 a

	
35.81 ± 8.49 a

	
38.26 ± 1.99 a

	
33.20 ± 5.00 a

	
40.05 ± 4.31 a

	
37.63 ± 2.94 a




	
B (mg kg−1)

	
2.81 ± 0.86 a

	
2.22 ± 0.73 a

	
3.02 ± 0.75 a

	
2.17 ± 0.70 a

	
2.10 ± 1.16 a

	
2.56 ± 1.61 a




	
Al (%)

	
2.74 ± 2.09 a

	
2.85 ± 0.29 a

	
3.46 ± 0.53 a

	
4.13 ± 0.88 a

	
3.11 ± 0.36 a

	
3.48 ± 0.70 a








Note: Mean ± standard error within each row followed by a different letter indicates significant differences at p ≤ 0.05 according to Duncan’s multiple range test (DMRT).
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Table 4. Concentration of macronutrients (%) in the D-leaf of MD2 pineapple plants six months after planting (S1) and during the red bud stage (S2) (n = 4).
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Time of Sampling

	
Treatments

	
N

	
P

	
K

	
Ca

	
Mg

	
S




	
%






	
S1

	
Control

	
1.20 ± 0.14 ab

	
0.16 ± 0.02 b

	
1.97 ± 0.25 b

	
0.36 ± 0.05 a

	
0.24 ± 0.01 ab

	
0.07 ± 0.01 bc




	
Chemical Fertilizer

	
1.44 ± 0.10 a

	
0.19 ± 0.04 ab

	
3.29 ± 0.08 a

	
0.27 ± 0.04 b

	
0.18 ± 0.01 c

	
0.08 ± 0.00 b




	
Vermicompost

	
1.16 ± 0.07 b

	
0.26 ± 0.04 a

	
3.43 ± 0.47 a

	
0.20 ± 0.02 bc

	
0.25 ± 0.03 a

	
0.10 ± 0.01 a




	
S2

	
Control

	
0.69 ± 0.05 c

	
0.15 ± 0.01 b

	
1.87 ± 0.25 b

	
0.26 ± 0.03 bc

	
0.19 ± 0.01 bc

	
0.04 ± 0.00 d




	
Chemical Fertilizer

	
1.04 ± 0.03 b

	
0.16 ± 0.02 b

	
2.30 ± 0.03 b

	
0.16 ± 0.02 c

	
0.11 ± 0.02 d

	
0.05 ± 0.00 cd




	
Vermicompost

	
0.75 ± 0.05 c

	
0.17 ± 0.02 b

	
2.14 ± 0.25 b

	
0.22 ± 0.02 bc

	
0.18 ± 0.02 c

	
0.05 ± 0.00 d




	
Malavolta (1)

	
1.5–1.7

	
0.23–0.25

	
3.9–5.7

	
0.5–0.7

	
0.18–0.20

	
-




	
Dalldorf and Langenegger (2)

	
1.5–1.7

	
±0.10

	
2.2–3.0

	
0.8–1.2

	
±0.30

	
-




	
Ramos et al. (3)

	
1.48/0.66

	
0.14/0.07

	
2.3/1.16

	
0.44/0.13

	
0.23/0.09

	
0.15/0.06








Note: Means ± standard error followed by a different letter in a column indicates significant differences according to Duncan’s multiple range test (DMRT) at p ≤ 0.05. (1) Ideal concentration at four months (whole leaf), source: Souza & Reinhardt [16]. (2) Ideal concentrations at the inflorescence emergence (whole leaf), source: Malezieux & Bartholomew, Souza & Reinhardt [15,16]. (3) Ideal concentrations/deficiency concentration at floral induction [37].
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Table 5. Concentration of micronutrients in the D-leaf of MD2 pineapple plants on six months after planting (S1) and during the red bud stage (S2).






Table 5. Concentration of micronutrients in the D-leaf of MD2 pineapple plants on six months after planting (S1) and during the red bud stage (S2).





	
Time of Sampling

	
Treatments

	
Fe

	
Zn

	
B

	
Al




	
mg kg−1






	
S1

	
Control

	
61.93 ± 6.18 a

	
39.82 ± 5.50 a

	
5.58 ± 0.89 bc

	
57.61 ± 11.34 a




	
Chemical Fertilizer

	
64.84 ± 16.54 a

	
44.14 ± 5.04 a

	
5.68 ± 0.55 bc

	
4447 ± 9.96 a




	
Vermicompost

	
73.32 ± 20.35 a

	
41.63 ± 9.83 a

	
11.36 ± 1.82 a

	
48.41 ± 11.99 a




	
S2

	
Control

	
65.26 ± 1497 a

	
29.76 ± 3.30 ab

	
4.33 ± 0.47 bc

	
19.43 ± 1.13 b




	
Chemical Fertilizer

	
46.93 ± 9.49 a

	
21.00 ± 1.63 b

	
2.98 ± 0.15 c

	
10.59 ± 1.29 b




	
Vermicompost

	
68.69 ± 17.60 a

	
22.13 ± 1.51 b

	
6.33 ± 0.83 b

	
11.73 ± 3.19 b




	
Malavolta (1)

	
600–1000

	
17–39

	
-

	
-




	
Dalldorf and Langenegger (2)

	
100–200

	
±10

	
30

	
-




	
Ramos et al. (2009) (3)

	
-

	
-

	
20/5.6

	
-








Note: Means ± standard error followed by a different letter in a column indicates significant differences according to Duncan’s multiple range test (DMRT) at p < 0.05. (1) Ideal concentration at four months (whole leaf), source: Souza & Reinhardt [16] (2) Ideal concentrations at the inflorescence emergence (whole leaf), source: Malezieux & Bartholomew, Souza & Reinhardt [15,16]. (3) Ideal concentrations/deficiency concentration at floral induction [37].
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Table 6. Morphophysiology of MD2 pineapple plants grown with different types of fertilizers.






Table 6. Morphophysiology of MD2 pineapple plants grown with different types of fertilizers.





	Morphology
	Control
	Chemical Fertilizer
	Vermicompost





	Plant height (cm)
	76.3 ± 1.3 b
	82.98 ± 1.3 a
	79.6 ± 1.3 ab



	Number of leaves
	42 ± 1 b
	47 ± 1 a
	44 ± 1 ab



	Length of D-leaves (cm)
	67.5 ± 1.3 a
	70.2 ± 1.3 a
	69.2 ± 1.3 a



	Width of D-leaves (cm)
	5.2 ± 0.1 b
	5.7 ± 0.1 a
	5.4 ± 0.1 ab



	SPAD readings
	65.1 ± 0.9 b
	71.7 ± 0.9 a
	64.6 ± 0.9 b







Note: Mean ± standard error of mean analyzed by repeated measures ANOVA. The different letter within each row indicates significant differences at p ≤ 0.05 according to Duncan’s multiple range test (DMRT).
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Table 7. Physical characteristics of MD2 pineapple fruits grown with different types of fertilizers.






Table 7. Physical characteristics of MD2 pineapple fruits grown with different types of fertilizers.





	Analysis
	Control
	Chemical Fertilizer
	Vermicompost





	Estimated yield (t ha−1)
	94.93 ± 6.31 c
	136.97 ± 0.89 a
	121.39 ± 4.71 b



	Fruit weight (g)
	1709 ± 114 c
	2466 ± 16 a
	2185 ± 255 b



	Fruit weight without crown (g)
	1421 ± 103 c
	2236 ± 23 a
	1953 ± 68 b



	Fruit diameter (cm)
	10.90 ± 0.2 b
	11.90 ± 0.3 a
	11.60 ± 0.2 a



	Fruit length (cm)
	16.90 ± 0.0 c
	24.50 ± 0.4 a
	20.30 ± 0.8 b



	Crown weight (g)
	330 ± 10 a
	247 ± 29 b
	232 ± 86 b



	Crown length (cm)
	22.40 ± 0.8 a
	18.50 ± 1.4 b
	16.70 ± 1.4 b



	Core diameter (cm)
	2.20 ± 0.0 b
	2.60 ± 0.3 a
	2.40 ± 0.4 ab



	Pulp firmness (kg f)
	0.77 ± 0.004 a
	0.67 ± 0.017 b
	0.74 ± 0.007 a







Note: Mean ± standard error of mean within each row followed by a different letter indicates significant differences at p ≤ 0.05 according to Duncan’s multiple range test (DMRT).
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Table 8. Physicochemical analysis of MD2 pineapple fruits grown with different types of fertilizers.






Table 8. Physicochemical analysis of MD2 pineapple fruits grown with different types of fertilizers.





	Analysis
	Control
	Chemical Fertilizer
	Vermicompost





	Total soluble solids (°Brix)
	11.13 ± 0.31 a
	9.93 ± 0.48 ab
	9.32 ± 0.56 b



	Titratable acidity (g kg−1)
	0.40 ± 0.04 a
	0.43 ± 0.04 a
	0.43 ± 0.02 a



	Sugar: acid ratio
	27.83
	23.09
	21.67







Note: Mean ± standard error of mean within each row followed by a different letter indicates significant differences at p ≤ 0.05 according to Duncan’s multiple range test (DMRT).
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Table 9. Cost analysis of MD2 pineapple fruits grown with vermicompost and chemical fertilizer.






Table 9. Cost analysis of MD2 pineapple fruits grown with vermicompost and chemical fertilizer.





	
Cost Analysis

	
Chemical Fertilizer

	
Vermicompost






	
Fertilizer

	
Cost per kg fruit

	
RM0.98

	
RM2.06




	
Cost per plant per year

	
RM2.42

	
RM4.50




	
Labor

	
Cost per kg fruit

	
RM3.17

	
RM1.43




	
Cost per plant per year

	
RM7.81

	
RM3.13




	
Total cost (labor + fertilizer)

	
Cost per kg fruit

	
RM4.15

	
RM3.49




	
Cost per plant per year

	
RM10.23

	
RM7.63




	
Market price of fruits

	
RM8.00 per kg




	
Profit

	
Profit per kg fruit

	
RM3.85

	
RM4.51




	
Profit per plant per year

	
RM9.50

	
RM9.86








Note: Labor cost = RM50/day per person. Excludes costs of starting material (seedling), irrigation, and flower-inducing hormone.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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