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Increased public awareness of healthy foods and healthy living, coupled with escalating medicinal costs and recent advances in research and technology, has sparked a paradigm shift to nutraceuticals, which guarantee human health and disease prevention. Spider plant (Gynandropsis gynandra) contains dietary phytochemicals with high nutritional and medicinal properties that can contribute to healthy living. A study was conducted to identify spider plant (Gynandropsis gynandra (L.) Briq.) accessions with superior levels of dietary phytochemicals and anti-oxidative activity for use in nutraceutical breeding. Thirty-three accessions of spider plant, representing a wide genetic diversity based on geographic areas of origin (Asia, East Africa, Southern Africa, and West Africa), were used. Total phenolic acids, tannins, and anthocyanins were extracted and quantified using the Folin-Ciocalteau colorimetric, spectrophotometric, and pH differential methods, respectively. Antioxidant activity was determined using phosphomolybdenum method. Results showed significant variation in levels of total phenolic compounds, tannins, anthocyanins, and antioxidant activity (P < 0.05) amongst the spider plant accessions and regions of origin; ODS-15-037 (464 mg TAE/g DW), ODS-15-053 (270 mg GAE/g DW), and BC-02A (127 mg cyanidin-3-glucoside/g DW) had the highest levels of total tannins, phenolic compounds, and anthocyanins, respectively. Antioxidant activity was high in ODS-15-053 (492.2 mg AAE/100 g DW), NAM 2232 (445.3 mg AAE/100 g DW), and NAM-6 (432.5 mg AAE/100 g DW). On average, West African accessions had significantly high tannin concentrations (239 mg TAE/g DW), while Southern Africa accessions contained significantly high anthocyanin content (58.9 mg cyanidin-3-glucoside/g DW). The superior accessions are potential candidates for use in nutraceutical breeding, while the regions of origin could be used as gene pools for specific phytochemicals for improving dietary supplements of nutraceuticals. The strong antioxidant activity exhibited by spider plant accessions suggests the presence of compounds responsible for scavenging free oxygen or nitrogen radicals. Further studies are recommended to identify the chromosomal regions that contain genes controlling the dietary nutraceuticals in the genetic materials and to determine their association with foliage yield and other phenotypes, which can be utilized in spider plant improvement.

Keywords: dietary phytochemicals, nutraceutical breeding, indirect selection, free radicals, accessions, spider plant, antioxidant


INTRODUCTION

Global economic development continues to influence the changes in disposable incomes, spending levels, and quality of lifestyle associated with major diseases related to nutritional deficiencies (Pandey et al., 2010). Increased public awareness regarding healthy eating and living, escalating medical costs, and recent advances in research and technology have ignited a paradigm shift to nutraceuticals (Das et al., 2012), promising good health and disease prevention.

The nutraceuticals, such as vitamins, minerals, and phenolics, reduce the risk of chronic diseases by scavenging reactive oxygen and nitrogen species in the human body (Zhang et al., 2015; Sarker and Oba, 2018d) and are thus referred to as antioxidants (Sarker et al., 2018b). Over a couple of decades, there has been an interest in utilizing natural antioxidants from leaves of plant species, particularly for different types of pigments (Sarker and Oba, 2019a), phenolic acids (Sarker et al., 2018a), flavonoids (Sarker and Oba, 2018a), and vitamins C, E, and A (Sarker and Oba, 2020e). The leaves are also the essential sources of minerals, such as microelements (Sarker et al., 2017) and macroelements (Chakrabarty et al., 2018), protein (Sarker and Oba, 2019d), dietary fiber (Keleş et al., 2016), vitamins (Sarker et al., 2015a) and carbohydrates (Sarker et al., 2015b) for human food supplements. The indigenous vegetables, commonly consumed by the local population, are reported to contain higher levels of dietary phytochemicals and antioxidant activity than commercial and exotic vegetables (Moyo et al., 2013; Chepkwony et al., 2020), suggesting their importance and inclusion in healthy diets. Among different orphan crops, the spider plant (Gynandropsis gynandra (L.) Briq.; family—Cleomaceae), a semi-wild indigenous vegetable species in sub-Saharan Africa (Shilla et al., 2019), has gained recent attention due to the presence of high levels of secondary metabolites which contribute to strong antioxidant properties (Sowinmi and Afolayan, 2015), and therefore, chosen for this investigation.

Studies on nutritional value and medicinal use of G. gynandra have suggested the high potential of the vegetable in the nutraceutical industry (van der Walt et al., 2009). The important nutraceutical phytochemicals in spider plant include phenolic compounds (Adhikari and Paul, 2018), tannins (Kutsututsa et al., 2014), and anthocyanins. These phytochemicals are reported to have antioxidant and therapeutic characteristics, including anti-inflammatory (Narendhirakannan et al., 2005), anticancerous (Bala et al., 2010), anti-diabetic (Trilochana et al., 2017), immunomodulator, and free radical scavenging (Adhikari and Paul, 2018) properties and other age-related disorders (Anbazhagi et al., 2009).

Although the above studies report the medicinal and nutraceutical role of G. gynandra, the levels of the important phytochemicals in spider plant accessions have not been conclusively investigated. For example, Chweya and Mnzava (1997) observed that phytochemical research in G. gynandra mainly focused on individual compounds, with very little done on quantification and assessment of genetic variability. From the available literature, it is evident that studies have concentrated on quantifying the nutritional levels while ignoring the nutraceutical potential. Some phytochemicals are believed to be associated with the species' phenotype that can allow selection if the relationships are adequately investigated. For example, the purple color is believed to be linked to bitter taste due to high anthocyanin content, which also affects the nutraceutical potential of the plant and influences the willingness of consumers to utilize the plant as food (Mueller-Harvey, 2001) or medicine (Sogbohossou et al., 2020).

Tannins produce pronounced astringent properties associated with binding and gelatin precipitation from solution, consequently affecting the nutritive value of foods and feedstuffs eaten by humans and animals, respectively (Mueller-Harvey, 2001). In addition, researchers in Zimbabwe (Kutsututsa et al., 2014) observed the need for variability in tannin levels to employ crop improvement techniques to reduce the bitterness in G. gynandra genotypes without compromising the nutraceutical properties. Their observation pointed toward the need for adequate genetic characterization of spider plant accessions to quantify tannin levels. Although they screened and identified a superior genotype, their research was only limited to five genotypes. Thus, determining genetic diversity from a wider gene pool remains key to identifying superior candidates for use in demand-driven crop improvement programs.

Phenolic compounds and tannins are amongst the most important phytochemicals responsible for antioxidant and therapeutic properties in spider plant. The antioxidant activity of phenolic compounds is attributed to their ability to break the strong chains and scavenge the free radicals to provide protection against reactive oxygen species (Uusiku et al., 2010). These compounds account for the spider plant's potential to treat a number of non-communicable diseases, including hypertension, diabetes, cancer, and other cardiovascular diseases (Kumari and Jain, 2012; Kutsututsa et al., 2014). In addition, tannins are reported to enhance glucose uptake, insulin functions and regeneration of beta cells (Anderson and Polansky, 2002), protection of kidneys, and the relief of sore throats and diarrhea (Tuli et al., 2016).

The null hypothesis was that no difference exists in the dietary phytochemical content (total phenolic compounds, anthocyanins, and tannins) and in antioxidant activity amongst 33 accessions of spider plant (G. gynandra), representing a wide genetic diversity based on geographic areas of origin (Asia, East Africa, Southern Africa, and West Africa). The study's objectives were to screen and identify spider plant accessions, with high levels of dietary phytochemicals and antioxidant activity, for use in nutraceutical breeding.



MATERIALS AND METHODS


Analytical Chemicals

The analytical chemicals used in the study were Folin—Ciocalteu phenol reagent, gallic acid (3,4,5-trihydroxy benzoic acid), sodium hydrogen carbonate (NaHCO3), methanolic solution, Folin-Denis solution, Na2CO3, gallic acid solution, sulphuric acid, sodium phosphate, ammonium molybdate, ascorbic acid, hydrochloric acid, potassium chloride, and Natrium/sodium acetate. All the chemicals used were of analytical grade and were obtained from SAAR Chem-Trade Pvt. Ltd, Mumbai, India.



Trial Establishment and Collection of Phenotypic Data

The trial was established in Lilongwe, Malawi (1138 m asl; 13° 50′ 58″ S & 33°46′ 07″ E) in June 2020 under irrigation. The area comprises of fertile dark loam soils belonging to the class of luvisols. It is characterized by a medium amount of rainfall of around 900 mm per annum, and temperatures range from 17 to 27°C. The 33 accessions of spider plant (Table 1), which originated from Asia, East Africa, Southern Africa, and West Africa, were grown in an 11 × 3 alpha lattice design, replicated three times. Accessions were planted in single rows of three meters long, 0.3 m inter-row spacing. Seeds were soaked in warm water (40°C) for 30 min before planting to enhance germination. The field was kept weed-free by manual weeding and moist through regular watering. Watering was done every day during the first 14 days and then reduced to once every three days. Basal NPK fertilizer (23:21:0 + 4S) was applied at planting at the rate of 40 kg N ha−1.


Table 1. List of spider plant accessions used in the study.
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Phenotypic data, including quantitative and qualitative traits, were collected when the accessions reached 50% flowering, which was six weeks after planting. The quantitative phenotypic data was the number of leaves per plant. Qualitative data collected included stem trichome density, stem color, petiole trichome density, petiole color, growth tip trichome density, leaf color, leaf trichome density, and flower color. All the qualitative data were collected as described by Sogbohossou et al. (2018, 2019).



Sample Preparation and Extraction

Mature leaf samples were harvested six weeks after planting when the plants were at the 50% flowering stage. Leaf samples were cleaned with distilled water and freeze-dried using liquid nitrogen before being transported to the Lilongwe University of Agriculture and Natural Resources (LUANAR) nutrition laboratory for analysis of dietary phytochemicals. The phytochemical extraction from the leaf samples was done following the method described by Chaves et al. (2020) with minor modifications. Freeze-dried leaf samples were ground in a mechanical grinder to obtain a homogenous powder. The phytochemicals were extracted using 80% methanol in a 1:4 w/v ratio for 24 h with continuous shaking. The extracts were filtered using a Whatman no. 1 filter paper (Whatman International Ltd., Maidstone, England), and the filtrate/extracts were concentrated by evaporating excess solvent using a Buchi Rotavapor-R-205, at 40°C. The extracts were diluted in a 1:4 w/v ratio in 80% methanolic solution to obtain absorbance readings that were within the standard curve concentration range of 0.0–200.0 mg gallic acid equivalent (GAE)/mL for total phenolic content determination.



Determination of Total Phenolic Content (TPC)

The TPC was determined by using the Folin-Ciocalteau colorimetric method presented by Singletone and Rossi (1965). One milliliter (1 mL) of the sample extracts was mixed with 2.5 mL of Folin-Ciocalteau reagent (1:10 v/v) and left to stand for 5 min followed by the addition of 2.5 mL of 7.5% NaHCO3 in test tubes. Standard gallic acid samples of 0, 1, 2, 3, 4, 5, 6 mg were prepared from a stock solution of 1 mg/mL by pipetting 0–6 mL into six different test tubes. Similarly, 2.5 mL of Folin-Ciocalteau reagent and 2.5 mL of NaHCO3 were added in the six standard test tubes. The samples were incubated for 20 min at room temperature for color development. The absorbance was measured at 765 nm using a spectrophotometer (Thomas-Willy Laboratory mill model 4). TPC expressed as mg of GAE per g of DW sample was calculated from the standard gallic acid curve using linear equation Y = 0.739x (Figure 1A). TPC was finally calculated as follows:

[image: image]

Where C = concentration of the standard solution of gallic acid; V = total dilution volume, and m = mass of sample in grams.


[image: Figure 1]
FIGURE 1. Standard calibration curves of total phenolic compounds (A), total tannins (B), and total antioxidant activity (C) of leaves of spider plant.




Determination of Total Tannins Composition

Total tannin content was determined by the spectrophotometric method described by Shrin and Prakash (2010) with minor modifications. One milliliter (1 mL) of the 80% methanolic extracts was mixed with 0.5 mL of Folin-Denis solution (1:10 v/v) and concentrated Na2CO3, and the solution was diluted to 10 mL. A stock solution of 1 mg/mL tannic acid was prepared, and standard solutions of 0–8 mg were prepared. The standard solutions were similarly treated as the samples, and absorbance was measured at 760 nm after 30 min of color development using a UV spectrophotometer (model: UVA 094615, England, UK). The total tannic acid content, as mg TAE g−1, was calculated from the standard tannic acid curve using the linear equation Y = 0.1780x (Figure 1B).



Determination of Total Anthocyanins Content by the pH Differential Method
 
Anthocyanins Extraction

Anthocyanins in the samples were extracted by using 80% methanol acidified with 1.5 M hydrochloric acid (85:15 HCl, v/v) as described by Tonutare et al. (2014) with slight modification. One gram (1 g) of dry samples was placed in 100 mL beakers, and 10 mL of the solvent was added. The mixture was macerated and stirred overnight at room temperature before filtering through a Whatman no. 1 filter paper. The residues were filtered three times; then, the filtrates were combined and made up to 20 mL volume.



Determination of Total Anthocyanins

Total anthocyanins were determined by the pH differential method as outlined by Giusti and Wroltad (2001) with minor modifications. Four milliliters (4 mL) of the extracts were pipetted into test tubes, and solutions of pH 1.0 (prepared from potassium chloride, 0.025 M) and pH 4.5 (0.4 M Natrium/sodium acetate) were added into the different test tubes. The test tubes were let to stand for 30 min for color development, and absorbance was measured at 520 and 700 nm, respectively, using a Helios spectrophotometer (Thomas-Willy Laboratory). The total anthocyanins composition was presented as cyanidin-3-glucoside per gram using the following equation:

[image: image]

where A = (A520-A700) pH 1.0 − (A520-A700) pH 4.5, M = molar mass of cyanidin-3-glucosides (449.2 g/mole), DF = dilution factor, 1,000 = converting grams to mg, ε = molar extinction coefficient /absorptivity of cyanidin-3-glucosides (26 900 l/mol.cm), l = width of cuvette (1 cm), and m = mass of sample in grams.




Determination of Total Antioxidant Activity

Total antioxidant capacity in the plant extracts is believed to depict the combined effects of phenolics, flavonoids, and other reducing compounds and is expressed in terms of ascorbic acid equivalent (AAE) (Kumar et al., 2014). The total antioxidant activity was determined by using the phosphomolybdenum method with minor modifications (Prieto et al., 1999). The basic principle of the assay was based on the reduction of Mo (VI) to Mo (V) by the sample extracts with a subsequent formation of a green phosphate complex in an acidic condition. One milliliter (1 mL) of the extract was added to test tubes, with 1 mL of the reagents (0.6 M sulphuric acid, 28 mM sodium phosphate, four mM ammonium molybdate), and the tubes were incubated while capped in a water bath at 95°C for 90 min. Standard ascorbic acid samples of 0–6 mg concentrations, prepared from a 1 mg/mL stock solution, were similarly treated. After cooling, the absorbance of the samples and standards was measured at 695 nm using a UV spectrophotometer against the blank. A standard calibration curve of ascorbic acid was plotted (Figure 1C), and total antioxidant activity was calculated as ascorbic acid equivalent (AAE) in mg AAE/g dry weight (DW).



Data Analysis

All the statistical analyses were performed using R software version 4.0.5 (R Core Team, 2021). Descriptive statistics (minimum, maximum, range, mean, standard deviation, and coefficient of variation) were used to describe the quantitative traits, including the number of leaves and the phytochemical compounds (total phenolic acids, total tannins, total anthocyanins, and antioxidant activity). Shapiro Wilk test was used to verify the normality of the data, and none of the quantitative data was normally distributed. Consequently, Kruskal–Wallis test was used to test the significant difference amongst the accessions and the geographical origins of the accessions. Due to the non-normality of the quantitative traits, the Spearman Rho's coefficient of correlation and their significance were performed using the function rcorr of the R package Hmisc (Harrell, 2021). Factorial analysis of mixed data (FAMD) was run on combined quantitative and qualitative traits to identify the most important components using the function FAMD() of the R package FactoMineR (Lê et al., 2008). A hierarchical clustering on principal components (HCPC) based on the selected principal components was performed to cluster the accessions according to their similarities using the function HCPC() from the R package FactoMineR (Lê et al., 2008). Factormap of both quantitative and qualitative variables and the dendrogram were represented using the function fviz() of the factoextra package (Kassambara and Mundt, 2021).




RESULTS


Dietary Phytochemical Content in Different Accessions of Spider Plant

The dietary phytochemical content in leaves of vegetables is an indicator of its potential to provide nutritional and health benefits when utilized. The total phenolic content (TPC), expressed as gallic acid equivalent per gram of dry weight (GAE/g DW) in spider plant extracts, ranged from 64.7 mg GAE/g DW in TOT8926 to 270.7 mg GAE/g DW in ODS-15-053 (Table 2; Figure 2A). The total tannin content ranged from 41.1 to 466.3 mg TAE/g DW, while the total anthocyanin contents were in the ranges between 10.8 and 126.9 mg cyanidin-3-glucoside/g DW. The spider plant extracts exhibited the mean antioxidant activity of 315.3 mg AAE/100 g DW and were within the range of 189.9 to 492.3 mg AAE/g DW.


Table 2. Descriptive statistics for dietary phytochemicals and morphological traits of the 33 accessions of Gynandropsis gynandra.
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FIGURE 2. Dietary phytochemical content of a collection of 33 Gynandropsis gynandra accessions and based on the regions of origin. (A) Total phenolic content among 33 accessions of spider plant. (B) Total phenolic content among accessions of spider plant based on their regions of origin. (C) Tannin content among 33 accessions of spider plant. (D) Tannin content among accessions of spider plant based on their regions of origin. (E) Anthocyanin content among 33 accessions of spider plant. (F) Anthocyanin content among accessions of spider plant based on their regions of origin.


There were significant differences in TPC, total tannins, and total anthocyanins amongst spider plant accessions (p < 0.001) (Figures 2A,C,E). ODS-15-053 had the highest TPC (270.7 mg GAE/g DW), while TOT8926 had the least TPC (64.7 mg GAE/g DW). Fourteen spider plant accessions, representing 42.4%, had TPC below the overall mean of 190.1 mg GAE/g DW. The other accessions which contained high quantities of TPC were TOT4976 (225 mg GAE/g DW) and ODS-15-037 (187 mg GAE/g DW). The differences were not significant across the regions. However, the results showed wide variation in East Africa and West Africa, while southern Africa had low levels with narrow variability (Figure 2B).

Total tannin content was the highest in ODS-15-037 (464 mg TAE/g) and the lowest in TOT6439 (41 mg TAE/g DW) (Figure 2C). In addition to ODS-15-037, the other superior spider plant accessions (ODS-15-053, ODS-15-121, and TOT4976) showed high amounts of total tannins. Although a comparison of total tannin content across regions did not show significant differences, accessions from Asia had a higher median while those from West Africa contained some individuals with the highest content of total tannins (Figure 2D).

Total anthocyanin content significantly differed across the accessions (p < 0.001) (Figure 2E). Total anthocyanin content was the highest in BC-02A, followed by ODS-15-044, while ODS-15-045 had the lowest level. Accessions originating from southern Africa were characterized by significantly high levels of anthocyanins (p < 0.05), while the rest of the regions did not show statistical differences (Figure 2F). East African accessions had the lowest variation of anthocyanin content seconded by accessions from Asia.



Antioxidant Activity of Spider Plant Accessions

The antioxidant activity in vegetable plants indicates the availability of specific elements that scavenge free oxygen and nitrogen radicals. Figure 3A depicts the antioxidant activity, expressed as ascorbic acid equivalent (AAE) per 100 g dry weight (DW) of the spider plant accessions used in this study and the antioxidant activity across the regions of origin (Figure 3B). ODS015-053 (492.2 mg AAE/100 g DW), NAM2232 (445.3 mg AAE/100 g DW) and NAM6 (432.5 mg AAE/100 g DW) exhibited the highest levels of antioxidant activity, while ODS-15-013 had the lowest antioxidant activity (p < 0.001). Regional comparisons suggested accessions originating from southern Africa had high antioxidant activity (177.5 mg AAE/100 g DW) seconded by accessions from east Africa. In contrast, accessions originating from Asia had the lowest antioxidant activity (Figure 3B).


[image: Figure 3]
FIGURE 3. Antioxidant activity of individual accessions (A) and based on their regions of origin (B) of a collection of 33 Gynandropsis gynandra accessions.




Relationships Amongst Dietary Phytochemicals and Morphological Attributes of Spider Plant Accessions

The number of leaves significantly varied amongst spider plant accessions and across regions of origin (p < 0.001) (Figures 4A,B). ODS-15-045 produced the highest number of leaves, while TOT7197 had the least. Comparison based on regions showed that accessions from West Africa produced the highest mean number of leaves while the Asian accessions had the least.


[image: Figure 4]
FIGURE 4. Variation in the number of leaves among 33 accessions (A) and based on their regions of origin (B) of a collection of Gynandropsis gynandra.


There was no relationship, however, between the level of the dietary phytochemicals and the number of leaves (Table 3). A significant and positive association was observed between TPC and total tannins (r = 0.73) and between TPC and antioxidant activity (r = 0.44) (Table 3).


Table 3. Spearman rank phenotypic correlation between phytochemicals and number of leaves of 33 accessions of Gynandropsis gynandra.

[image: Table 3]

A two-dimensional factor map of both qualitative and quantitative traits positioned tannins and TPC close to stem color, anthocyanins close to leaf color, while antioxidant activity was associated with leaf trichomes and number of leaves (Figure 5).


[image: Figure 5]
FIGURE 5. Factor map positioning qualitative (in red) and quantitative (in black) variables on first and second components.


On the other hand, the hierarchical clustering on the results of the factorial analysis of mixed data (both quantitative and qualitative traits) grouped the 33 accessions of spider plant into five groups (Figure 6) with their characteristics presented in Table 4.


[image: Figure 6]
FIGURE 6. Dendrogram showing the grouping of the 33 accessions of Gynandropsis gynandra into clusters.



Table 4. Dietary phytochemicals and number of leaves differentiation among spider plant accession clusters.
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Cluster C1 was characterized by low TPC and tannin content and high antioxidant activity. The cluster C2 had only one accession from West Africa with a low antioxidant activity and a high number of leaves. Clusters C3 and C4 had moderate TPC, tannins, antioxidant activity, and number of leaves, but they were distinct for anthocyanin content (cluster C3 and C4 had high and low anthocyanin content, respectively). Lastly, cluster C5 was characterized by high TPC, tannin content, and antioxidant activity with low number of leaves.




DISCUSSION


Phytochemical Content in Different Accessions of Spider Plant

Dietary phytochemicals are bioactive nutrient plant chemicals that play a role in providing desirable health benefits beyond basic nutrition, thereby reducing the risk of major chronic diseases (Liu, 2004). Vitamins, such as vitamins A, C, and E (Sarker and Oba, 2020b), some enzymes (Sarker and Oba, 2018b,c), and phytochemicals, such as pigments, phenolic, and flavonoid compounds, act as antioxidants (Sarker et al., 2018b, 2020a,b; Sarker and Oba, 2020a,d). These antioxidants neutralize/scavenge free oxygen and nitrogen radicals and prevent many diseases in the human body (Sarker and Oba, 2018e). Dietary phytochemicals of leafy vegetables, i.e., phenolics, are versatile compounds, such as phenol, coumarins, different groups of phenolic acids, and different groups of flavonoids, including flavonols, flavones, flavanols, flavanones, anthocyanins, chalcones, and different groups of non-flavonoids, including tannins, lignans and stilbenes that have been reported to have important antioxidant properties (Meda et al., 2013; Sarker and Oba, 2020e,f). The phytochemicals are distributed widely and occur in different concentrations within and across plant species. This study identified accessions of spider plant that contain high levels of TPC, total tannins, and anthocyanins. Based on our findings, as evidenced by the high levels obtained, these accessions are potential candidates for use in breeding programs aimed at enhancing the nutraceutical value of spider plant. For example, ODS-15-053, which had high levels of TPC, can be used as a parent in breeding programs that are aimed at enhancing the potential of spider plant in treating non-communicable diseases, including hypertension, diabetes, cancer, and other cardiovascular diseases, as previously reported by different researchers (Kumari and Jain, 2012; Kutsututsa et al., 2014). In addition, phenolic compounds are reported to play essential roles in defense mechanisms against pathogens, parasites, and predators of plants, suggesting that the accessions that have a high content of phenolic compounds could be possible sources of genes for insect pests resistance. In this study, the mean of TPC of the spider plant accessions (123.3 mg GAE/g) was higher than the values reported by Jiménez-Aguilar and Grusak (2017), but lower than the findings of Meda et al. (2013), who reported 133.0 mg GAE/g. In addition, other authors found lower levels of TPC (Somers et al., 2020), which were comparable to some African vegetables (Jiménez-Aguilar and Grusak, 2015). These authors used a small sample size and different extraction methodologies, which might account for the differences.

This study showed the diversity of TPC across accessions (66.0 to 270.0 mg GAE/g) and regions (108.9 to 140.8 mg GAE/g), suggesting both genetic and environmental effects on TPC. The gallic acid equivalent diversity in TPC across the genotypes of leaf vegetable amaranth species, such as Amaranthus blitum (Sarker and Oba, 2020c), weedy species (Sarker and Oba, 2019b), green morph amaranth (Sarker et al., 2020a,b), and red morph amaranth (Sarker and Oba, 2019c) were reported, which conform with the present findings. The differences in TPC and diversity in the functions of dietary phytochemicals both in human health and in plant defense offer opportunities for using the identified superior accessions as candidates for pyramiding genes of multiple traits in breeding programs. However, there is a need to identify specific phenolic compounds responsible for specific functions and the location and mode of inheritance of these potential genes to enable effective and efficient breeding.

Tannins are another category of dietary phytochemicals that are reported to accelerate blood clotting, reduce blood pressure, decrease the serum lipid level, produce liver necrosis, and modulate immune responses, amongst other functions (Chung et al., 1998). Negative health effects have also been reported and are dependent on the intake levels (Chung et al., 1998). This study identified spider plant accessions with high levels of tannins (ODS-15-037) as well as accessions with low levels of tannins such as TOT6439. This implies that accessions in both extremes could be useful in breeding programs with different objectives. For example, Chung et al. (1998) reported some incidences of esophageal cancer emanating from eating tannin-rich foods such as betel nuts and herbal teas. However, the same authors were quick to indicate that the carcinogenic activity observed might be related to components associated with the tannins rather than the tannins themselves. Further studies would, therefore, be required to determine the levels of tannins that could be used to satisfy or accomplish specific objectives. Tannins have the potential of being anticarcinogenic and antimutagenic due to their anti-oxidative properties, which protect against cellular oxidative damage (Chung et al., 1998). However, a weak relationship of tannin levels with antioxidant activity was detected in this study. This could be due to different levels of the different types of tannins that might have been present in the extracts. Tannins are classified as hydrolyzable (Ashok and Upadhyaya, 2012); however, condensation of phenolic compounds results in tannins (Ghosh, 2015). The strong and significant correlation between total phenolic compounds and total tannins observed in this study, therefore, might imply the presence of condensed tannins in the total tannin extracts. These findings agree with other researchers who reported that spider plant contain high levels of condensed tannins (Kutsututsa et al., 2014). Furthermore, condensed tannins are reported to have strong antioxidant activity with high therapeutic potential (Haslam, 1966; Ghosh, 2015). Nevertheless, this study detected a relatively weak correlation between total tannins and antioxidant activity, thus suggesting the need for further studies to determine the levels and antioxidant activities of the different types of tannins in spider plant. Additionally, the presence of tannins was reported to be responsible for the astringent taste (Kutsututsa et al., 2014) and influenced the palatability and utilization of the vegetable (Chataika et al., 2020). Identifying specific types of tannins and their antioxidant potential in different accessions of spider plant would therefore aid in targeted nutraceutical breeding for addressing specific human health and nutrition disorders and genetic improvements in the species.

Another dietary phytochemical that has been reported to affect palatability in spider plant is anthocyanin, which is believed to be responsible for the purple color of the different plants (Mueller-Harvey, 2001; Dasgupta and De, 2007; Gonzali and Perata, 2020). Furthermore, anthocyanins have been reported as having the capacity of lowering the risk of cardiovascular diseases, cancer, neurodegenerative disorders, and bone loss associated with aging (Chen et al., 2021; Hair et al., 2021), as well as lowering blood pressure, improving visual acuity, and preventing diabetes (Rozita et al., 2018). The accessions with the highest levels of anthocyanins were in cluster C3 and included BC-02A, ODS-15-044, BC-03B, and KSI-2407. This could be because of the diversity of the levels of these phytochemicals in different accession and across the regions of origin. The identification of superior accessions with high levels of both anthocyanins and tannins does not suggest any linkage of the genes controlling these traits, but another factor might be playing a role. One factor that could have been responsible for this observation is the agro-ecological factors associated with the regions of origin. This was evidenced by the significantly high anthocyanin content in Southern African accessions, while accessions from West Africa had high TPC and tannins. In addition, Adeka et al. (2019) reported significant changes in the levels of the bitterness of spider plant from different agro-ecologies, suggesting changes in anthocyanin levels due to agro-ecological factors. The observations suggest an opportunity for managing the levels of anthocyanin, including palatability, by changing specific environmental factors. This calls for further investigation to determine the specific environmental factors that affect the levels of anthocyanin and the extent of environmental influence.



Antioxidant Activity of Different Accessions of Spider Plant

Antioxidant activity, expressed as ascorbic acid equivalent (AAE), is believed to be a better way of depicting the combined effect of free radical scavenging phytochemicals in the plant extracts. The antioxidant activity of the spider plant accessions (189.2 to 492.3 mg of AAE/100 g) was slightly lower than what other authors found (Stangeland et al., 2009; Jiménez-Aguilar and Grusak, 2015; Somers et al., 2020). The variations in antioxidant activity across different leafy vegetable amaranth species (Sarker et al., 2018b,c; Sarker and Oba, 2019a) were reported, which conform with the present findings. Stangeland et al. (2009) reported antioxidant activity of 390 mg TE/100 g in spider plant, which was higher than the 35 Ugandan fruits and vegetables that were included in their study. Although the average antioxidant activity was lower (315.3 mg AAE/100 g) than what was reported by other authors, individual accessions with higher antioxidant activities, such as ODS-15-053 (492.2 mg AAE/100 g) and NAM2232 (445.3 mg AAE/100 g), were identified as candidates for breeding programs aimed at improving antioxidant activity of spider plant. These findings suggest the potential use of the spider plant accessions as a vegetable to provide the health benefits associated with antioxidant activity as well as the use of the superior accessions as donor parents in improving antioxidant activity.

Antioxidants are reported to protect cells from oxidative damage caused by free radicals, which can accumulate in the body due to diseases and exposure to chemicals, amongst other causes. Several studies suggest a close link between oxidative stress and the development of diseases such as cancer, AIDS, cardiovascular disease, diabetes, hypertension, inflammatory conditions, and neurodegenerative disorders (Stangeland et al., 2009; Kamble and Gacche, 2019). Furthermore, the antioxidants are reported to reduce DNA damage (Sevgi et al., 2015) and are believed to have antiaging and vitality strengthening properties (Giri et al., 2017). The results from this study suggest that the spider plant is a source of antioxidants, and this supports its use in traditional medicine (Chataika et al., 2020). Sowinmi and Afolayan (2015) also observed that G. gynandra possessed high secondary metabolites, which accounted for its strong antioxidant ability, thus justifying its use as naturally occurring antioxidants in folkloric medicine. The identification of G. gynandra with strong antioxidant ability availed an opportunity for targeted seed multiplication for conservation and sustainable use as a relish, dietary supplements, and for commercial purposes. Commercial production of the identified G. gynandra species, including the development of nutraceutical products, would potentially pave the way for deriving monetary benefits and economic betterment of the involved communities.

Accessions in cluster C5 are good candidates for the breeding program and cultivar release. They combine high levels of total phenolic, tannins, and antioxidant activity. This was further illustrated by the significant positive correlation among total phenolic, tannins, and antioxidant activity. This finding might suggest the possible control of these phytochemicals by a group of genes. Further investigations should focus on determining environmental factors influencing these phytochemicals and genes controlling them through the development of mapping populations. The development of the mapping population should consider the individuals from clusters C2 and C3, as they are characterized by high anthocyanin content and the number of leaves, respectively.




CONCLUSION

Results from this study have revealed that G. gynandra accessions contain high levels of dietary phytochemicals, which account for their strong antioxidant ability. The key phytochemicals in spider plant were the TPC, tannins, and anthocyanins. These phytochemicals vary in amounts in different accessions and are associated with the geographical origin of the spider plant accessions. It might be possible to identify candidate accessions for use in breeding programs aimed at improving the nutraceutical quality of the species. Plant breeders implementing breeding initiatives for managing lifestyle diseases associated with oxidative stress, including cancer, cardiovascular diseases, diabetes, and neurodegenerative disorders, can use these superior spider plant accessions as parental genotypes for crosses and for large-scale cultivation. The findings from this study provide science-based solid evidence in advocating for regular consumption of spider plant in order to minimize oxidative stress-related diseases. However, more studies are strongly recommended to dissect the genetic and environmental components affecting the inheritance of the phytochemicals to be able to develop a robust breeding program that would optimize the transfer and fixing of specific nutraceutical traits.
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Total tannins (mg TAE/g DW) a1
Total anthocyanins (mg cyanidin-3-glucoside/g DW) 10.8
Antioxidant activity (mg AAE/100g DW) 1892
Number of leaves 12.3

GAE, gallic acid equivalent; TAE, tannic acid equivalent; AAE, ascorbic acid equivalent; DW, dry weight; SD, standard deviation; CV, coefficient of variation.
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