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A B S T R A C T   

Solanum anguivi Lam. fruits (SALF) possess bioactive compounds, such as phenolics, alkaloids, 
saponins, flavonoids, and vitamin C, that are beneficial for preventing oxidative stress-related 
diseases. It has been documented that ripeness stage influences the nutritional quality of fruits. 
However, there is limited information on the effect of the ripeness stages (unripe, yellow, orange 
and red) on the bioactive compounds’ contents (BCC) and antioxidant activity (AA) of SALF. We 
investigated the effect of ripening on the BCC and AA of different SALF accessions. Spectropho
tometry was used to determine SALF’s total contents of phenolics, flavonoids, saponins, vitamin 
C, and AA and gravimetry for total alkaloids. The AA was determined as free radical scavenging 
activity (FRSC) and total antioxidant capacity (TAC). The total phenolics (7.6–22.6 mg gallic acid 
equivalent/g DW), flavonoids (1.3–4.1 mg quercetin equivalent (QE)/g DW), saponins 
(44.8–152.5 mg diosgenin equivalent/g DW), vitamin C (2.2–6.4 mg ascorbic acid equivalent/g 
DW), alkaloids (141.2–296.9 mg/g DW), FRSC (1.5–66.2 %) and TAC (0.1–14.2 mg QE/g DW) 
significantly differed among the ripeness stages. Fruits in the unripe stage were rich in phenolics, 
flavonoids, and AA; in the red stage in alkaloids and vitamin C; and in the orange stage, in sa
ponins and flavonoids. The AA had strong positive correlations with total flavonoids and phe
nolics (r = 0.72 and 0.81, respectively) and a moderate negative correlation with total alkaloids 
(r = − 0.67). Overall, unripe stage fruits had the highest AA and total phenolics and thus may 
have the highest health-promoting properties. Botanists and farmers may, therefore, focus on 
harvesting and trading SALF to markets/consumers while still unripe.   

1. Introduction 

Fruits and vegetables are among the most important sources of bioactive compounds for the human diet [1]. Bioactive compounds 
possess many health benefits, such as antioxidative, antibacterial, antifungal, antiviral, cholesterol-lowering, antithrombotic, and 
anti-inflammatory effects [2]. Consumption of fruits and vegetables has, therefore, been associated with the prevention of chronic and 
degenerative diseases [3]. Fruits from Solanaceae plants are important as they contain various bioactive compounds, which are sug
gested to have medicinal properties [4]. Solanum, a widespread plant genus of the family Solanaceae, has over 1000 species worldwide, 
with at least 100 indigenous species in Africa and adjacent islands, which include several valuable crop plants and some poisonous 

* Corresponding author - School of Food Technology Nutrition and Bioengineering, Makerere University, Kampala, Uganda. 
E-mail address: aisha.nakitto70@students.mak.ac.ug (A.M.S. Nakitto).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e21614 
Received 27 April 2023; Received in revised form 23 October 2023; Accepted 24 October 2023   

mailto:aisha.nakitto70@students.mak.ac.ug
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e21614
https://doi.org/10.1016/j.heliyon.2023.e21614
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e21614&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e21614
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e21614

2

ones [5]. The fruits of Solanum anguivi Lam. have been reported to treat various diseases, including hypertension, atherosclerosis, and 
diabetes [6,7]. 

The bioactive compounds’ contents (BCC) in fruits of the same species may vary with the genotype and ripeness stage [8]. Different 
varieties or cultivars amongst plants of the same species, grown under the same conditions, have been previously reported to differ in 
the BCC and antioxidant activity (AA) due to genetic differences [9–11]. Various studies have similarly shown that ripening may boost 
or diminish the BCC of fruits. For example, total phenolics significantly differed at the different ripeness stages of apples [12] and 
tomatoes [13]. Both Silva et al. [12] and Bhandari & Lee [13] further showed that the differences during ripening were influenced by 
the variety for apples and cultivars for tomatoes. On the contrary, Amira et al. [14] reported that although total phenolics for date fruits 
differed significantly with the ripeness stage, the effect was not significantly different among the cultivars. In addition to the genotype 
and ripeness stage, environmental factors such as climate, soil properties, and agricultural practices may affect the BCC and AA of fruits 
and vegetables [8,15,16]. The BCC and AA of fruits for the same species, as reported by different authors, may vary due to variations in 
the abovementioned factors. To analyze the effect of the ripeness stage on fruits of the same plant species, factors that may confound 
the results, such as location and agricultural practices, should be similar for the plants under investigation. 

Solanum anguivi Lam. fruits (SALF) have been reported to possess phenolics, flavonoids, saponins, alkaloids, vitamin C, and tannins 
[17–20]. However, the effect of the ripeness stage has only been investigated on the total contents of phenolics, flavonoids, tannins, 
and vitamin C [17,18]. However, data on the effect of ripening on SALF total saponin and alkaloid contents is scarce. Furthermore, 
there is a dearth of information on the effect of ripening on the antioxidant activity and bioactive compounds’ contents among different 
accessions of SALF. This study, therefore, investigated the influence of the ripeness stage on the BCC (total contents of flavonoids, 
phenolics, vitamin C, saponins, and alkaloids) and AA (free radical scavenging capacity and total antioxidant capacity) of different 
accessions of SALF. This would establish the ripeness stage at which SALF may be consumed for potentially high health benefits. The 
study also determined the associations between the BCC and AA of SALF. 

2. Materials and methods 

2.1. Reagents and chemicals 

The reference standards (gallic acid, quercetin, diosgenin, L-ascorbic acid), HPLC grade ethanol, acetic acid, ammonium hydroxide, 
sulphuric acid, methanol; and analytical grade 1-diphenyl-2-picrylhydrazyl (DPPH), trichloroacetic acid, vanillin, hydrated copper (II) 
sulphate, potassium acetate, thiourea, sodium bicarbonate, dinitrophenyl hydrazine aluminium chloride and Folin-Ciocalteu reagent, 
were all purchased from Sigma-Aldrich (Munich, Germany). The reference standards (gallic acid, quercetin, diosgenin and ascorbic 
acid) for quantification of total phenolics, flavonoids, saponins and vitamin C were obtained from Sigma-Aldrich, Steinheim, Germany. 

2.2. Sample collection 

All the SALF samples in this study were obtained from the same geographical location to eliminate or minimize the effects of other 
variables. The samples were collected from Nabiyagi village (GPS 0.472336, 32.802484), Mukono district (Uganda), in March 2019. 
The fruits at four ripeness stages (unripe, yellow, orange, and red) [17,18] were collected from four Solanum anguivi Lam. accessions 
coded in this study as GP1, WP1, CP1, and GC1. The fruits from the four accessions and four ripeness stages were all available in the 
stated location and month of collection. The colors of SALF at the unripe stage differed among the accessions. Unripe fruits of GP1 were 
light greenish-cream, WP1 and CP1 were white, while GC1 was light green with white venations, as illustrated in Fig. 1 [21]. The SALF 
colors for the rest of the ripeness stages under investigation were similar among the accessions, as illustrated in Fig. 2. 

2.3. Experimental design 

Fifty fruits per ripeness stage were randomly collected from 12 plants per accession and prepared on the same day as described in 
the “sample preparation” section. This process was replicated the second time by obtaining fruit samples from each accession two 
weeks after the first collection. The samples were prepared to obtain flours, which were analyzed for total contents of flavonoids, 
phenolics, vitamin C, saponins, alkaloids, and AA (free radical scavenging capacity and total antioxidant capacity). 

Fig. 1. Photographs of the four of Solanum anguivi Lam. fruit accessions at the unripe stage. Photographs are not to scale. Adapted from Nakitto 
et al. [21]. 
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2.4. Sample preparation 

Procedurally, the fruits were sorted to remove those with damaged pericarps. Stalks were plucked off the fruits, the latter washed 
with distilled water and then patted dry with a cotton cloth. The fruits were cut into four parts, and those with pests were discarded. 
The cut fruits were dried in an oven (Infrared Food Oven GL-2A, Guangzhou Itop Kitchen Equipment Co, Ltd. Guangdong, China) at 
40 ◦C for 16 h. The samples were then milled (Wonder Mill, Pocatello, Idaho) at a “pastry” setting to obtain fine flours that were then 
stored in sealed plastic bottles at − 20 ◦C until further analysis. All samples had two flours obtained independently. 

2.5. Extraction of bioactive compounds for total quantification 

Using 80 % methanol [21,22], the bioactive compounds were extracted from the SALF powders as described by FAO/IAEA [23] 
with slight modifications. Briefly, SALF powder (0.2 g) was weighed into a falcon tube, and 80 % methanol (20 ml) was added. The 
falcon tube was then put into an ultrasonic water bath (Bransonic series, M 2800-E; Branson Ultrasonics Co, Danbury, CT) and sub
jected to ultrasonic treatment at room temperature for 10 min. The water in the ultrasonic water bath was prevented from getting 
warm by replacing half of it every 2 min (to maintain it at room temperature 24–25 ◦C). The contents of the falcon tubes were cooled on 
ice and then centrifuged (Fisher Scientific 225, Pittsburg, PA, USA) at 3000×g for 10 min. The supernatant was collected into another 
falcon tube and kept on ice. An equal volume of 80 % methanol was added to the remaining pellet, and this was also subjected to 
ultrasonic treatment for the same duration as the first extraction. The contents were centrifuged, and the supernatant was collected as 
described above. This procedure was repeated for the third time. All three extracts were pooled together and stored at − 20 ◦C until 
further analysis. Each sample had two extracts from the two independent flour samples. 

2.6. Quantification of bioactive compounds and antioxidant activity 

The extracts of the SALF samples were analyzed for total contents of phenolics, flavonoids, saponins, vitamin C, alkaloids, and AA. 
The analysis of total phenolics was done by the Folin-Ciocalteu reagent method [24] and total flavonoids as described by R. S. Kumar 
et al. [25]. The total saponins were determined by the method of Hiai et al. [26], vitamin C content was determined using the 2,4-Dini
trophenylhydrazine method as described by Omaye et al. [27] and Roe [28], while total alkaloids were determined by the method of 
Harborne [29]. The total contents of phenolics, flavonoids, saponins, vitamin C, and alkaloids were expressed as gallic acid equivalent 
(GAE), quercetin equivalent (QE), diosgenin equivalent (DE), ascorbic acid equivalent (AAE), and mg/g, respectively. 

The AA was analyzed by determining the free radical scavenging capacity (FRSC) of the samples, using the stable free radical 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) assay according to Brand-Williams et al. [30]. A quercetin standard curve was prepared with the 
FRSC (%) against the quercetin concentration (1–10 μg/ml), and the total antioxidant capacity (TAC) of the samples was subsequently 
estimated from the quercetin standard curve and expressed as mg QE/g. The FRSC was calculated as shown in Equation (1) (Eq. (1)): 

Free radical scavenging capacity (%)= ((Absorbance blank − Absorbance of sample)× 100)/(Absorbance of blank) (1) 

All the absorbances in this study were measured using an ultraviolet spectrophotometer (PerkinElmer 3100, Artisan Technology 
Group 101E Mercury Drive, Champaign, IL, USA). To obtain the blank readings, the same procedures were conducted by replacing the 
sample extract with 80 % methanol. The moisture contents of the flour samples were determined using AOAC method # 24.003. 
Subsequently, the dry matter of the samples was computed, and the results for the bioactive compounds’ contents and total antioxidant 
capacity were expressed on a dry weight (DW) basis. 

3. Statistical data analysis 

Statistical analyses and graph presentations were carried out using Statistical Package for the Social Sciences (SPSS) software 
(Version 21, IBM, Armonk, NY, USA) and GraphPad Prism (Version 8.4.1, GraphPad Software, San Diego, CA, USA). The BCC and AA 
experiments had two independent extracts per sample, and the analyses were done in triplicates. The BCC and AA data were proven for 
normality of distribution (Kolmogorov–Smirnov and Shapiro–Wilk) or transformed if not normally distributed using a two-step 
approach described by Templeton [31]. Briefly, step 1 involves transforming the variable into a percentile rank that results in uni
formly distributed probabilities, and step 2 applies the inverse-normal transformation to the results of step 1 to form a variable 

Fig. 2. Photographs illustrating the yellow, orange and red stages of ripeness of Solanum anguivi Lam. fruits. Photographs are not to scale.  
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consisting of normally distributed z-scores. The means were compared using ANOVA to determine statistically significant differences 
in sample means of BCC and TAC data. The post-hoc Duncan test was used to separate the means at p < 0.05. The results were expressed 
as mean ± standard error of the mean (SEM). A generalized linear model (GLM) was used to determine the effect size (partial eta 
squared) for accession, ripeness stage, and interaction between accession and ripeness stage on the BCC and TAC. Pearson correlation 
analysis was carried out to determine linear relationships between the BCC (independent variables) and AA (dependent variables). 
Principal component analysis (PCA) was applied for the BCC, AA, and ripeness stage to determine the contribution of different var
iables to the variance of data and to further determine the association between the BCC, AA, and ripeness stage. The PCA rotation 
method used was Varimax, with correlations below 0.3 excluded. Multilinear regression by the step-wise method was carried out to 
derive models for AA, and all the data used were normalized, as described above. To investigate the effect size of the variables on the 
BCC and AA of SALF, Partial eta squared was carried out. Significance was accepted at p < 0.05 for all statistical analyses. 

4. Results 

4.1. Bioactive compounds’ contents and antioxidant activities of SALF accessions as affected by ripening 

The total phenolics of SALF in this study significantly differed among the ripeness stages and accessions (7.6–22.6 mg GAE/g DW) 
(Table 1). 

The total phenolics of SALF were highest at the unripe stage for all accessions. The total phenolics significantly decreased with 
ripening progression among three SALF accessions (WP1, CP1, and GP1), while accession GC1 was unaffected by ripening. For the 
accessions affected by ripening, there was a difference in the total phenolics trend from the unripe to the red stage. Similar to the total 
phenolics, total flavonoids significantly differed (1.3–4.2 mg QE/g DW) among ripeness stages for all the SALF accessions (Table 1). 
Evidently, total flavonoids in all accessions decreased from unripe to the yellow stage, increased at the orange stage, and then 
decreased (GP1, CP1, GC1) or remained constant (WP1) at the red stage. The total flavonoids were highest at the unripe and/or orange 
stage(s) and least at the yellow stage. 

The effect of ripening on total saponins (44.8–152.5 mg DE/g DW) and total alkaloids (146.7–296.9 mg/g DW) of SALF (Table 1) 
significantly differed among the accessions. The total saponins were highest at the orange stage for accessions WP1, CP1, and GP1, and 
the unripe and red stages for GC1, while the total alkaloids significantly increased with ripening for all SALF accessions. Vitamin C of 
most SALF accessions (GP1, GC1, and WP1) in this study significantly increased with ripening, from 2.2 to 5.5 mg AAE/g DW at the 
unripe stage to 6.4 mg AAE/g DW at the orange stage (GP1) or 5.4 mg AAE/g DW at the red stage (GC1 and WP1) (Table 1). However, 
the vitamin C of accession CP1 decreased with ripening, from 6.0 to 3.9 mg AAE/g DW, for the unripe to red stage. 

Ripening significantly decreased the antioxidant activity of SALF accessions (Table 2). At the unripe stage, the FRSC and TAC 
reduced from a range of 6.39–66.17 % and 1.12–14.2 mg QE/g DW to 1.47–26.22 % and 0.06–5.38 mg QE/g DW at the red stage. 

4.2. Effect of accession and ripeness stage on the bioactive compounds’ contents and antioxidant activity of SALF 

The partial eta square analysis showed that both accession and ripeness stage significantly influenced the bioactive compounds’ 
contents and antioxidant activity of SALF (Table 3). However, there was a significant interaction between the accession and ripeness 
stage (Table 3); thus, the influence of the ripeness stage on the BCC and AA of SALF was also significantly dependent on the accession. 

Table 1 
Bioactive compounds’ contents of SALF accessions at different stages of ripeness.  

Accession code Ripeness stage TPC mg GAE/g TFC mg QE/g TSC mg DE/g TAL mg/g VCC mg AAE/g 

GC1 Unripe 8.4 ± 0.23A,Bf,g 1.73 ± 0.14Af,g 86.97 ± 1.99Af 165.85 ± 2.5De 3.42 ± 0.09Cg  

Yellow 7.63 ± 0.23Bg 1.28 ± 0.01Ci,j 80.71 ± 1.8Bg 189.9 ± 4.01Cc,d 4.6 ± 0.16Bd,e,f  

Orange 8.57 ± 0.3Af,g 1.64 ± 0.02Ag,h 69.11 ± 1.48Ch 216.8 ± 3.77Bb 4.8 ± 0.24Bc,d,e,f  

Red 9.15 ± 0.4Ae,f 1.47 ± 0.03Bh,i 87.66 ± 2.64Af,g 296.94 ± 5.78Aa 5.35 ± 0.12Ab,c,d,e 

CP1 Unripe 14.62 ± 0.49Ac 1.32 ± 0.05Bi,j 134.08 ± 2.55Bc 156.29 ± 3.88Be,f,g 6.02 ± 0.17Aa,b  

Yellow 9.68 ± 0.13Be,f 1.26 ± 0.05Cj 144.51 ± 1.93Ab 190.88 ± 3.78Ac,d 4.55 ± 0.67Be,f  

Orange 8.67 ± 0.32Cf,g 2.79 ± 0.08Ad 148.59 ± 1.9Aa,b 192.86 ± 4.33Ac,d 4.51 ± 0.21Be,f  

Red 8.88 ± 0.17Ce,f,g 1.44 ± 0.04Bi,j 126.9 ± 2.52Bd 199.79 ± 3.82Ac 3.95 ± 0.39Bf,g 

WP1 Unripe 12.88 ± 0.44Ad 1.89 ± 0.03Af 58.28 ± 0.77Ai 161.04 ± 4.07Be,f 2.19 ± 0.33Dh  

Yellow 9.77 ± 0.3Be,f 1.7 ± 0.04Bg 52.1 ± 1.36Bj 149.88 ± 4.53Bf,g,h 3.2 ± 0.24Cg  

Orange 9.46 ± 0.38Be,f 2.09 ± 0.05Ae 56.47 ± 0.69Ai,j 190.17 ± 3.67Ac,d 4.02 ± 0.23Bf,g  

Red 10.18 ± 0.18A,Be 2.08 ± 0.13Ae 44.75 ± 2.13Ck 188.7 ± 4.87Ac,d 5.44 ± 0.11Ab,c,d 

GP1 Unripe 22.57 ± 0.64Aa 4.09 ± 0.04Aa 83.03 ± 1.31Cf,g 146.69 ± 4.05Bg,h 5.52 ± 0.15Ba,b,c  

Yellow 13.83 ± 1.19Cc,d 3.76 ± 0.06Bb 111.05 ± 2.46Be 141.23 ± 3.7Bh 5.68 ± 0.24Ba,b  

Orange 16.01 ± 0.26Bb 4.16 ± 0.08Aa 152.51 ± 2.07Aa 182.23 ± 8.21Ad 6.39 ± 0.23Aa  

Red 16.77 ± 0.46Bb 3.49 ± 0.07Bc 122.23 ± 1.44A,Bd 191.37 ± 5.54Ac,d 5.9 ± 0.1Ba,b 

Values are the mean ± SEM of two independent experiments measured in triplicates. The fruits in each independent experiment were obtained from 
12 plants per accession per ripeness stage. Results refer to the corresponding dry weights of SALF. Significant differences between all samples for each 
compound are shown by different lowercase letters while those per accession are shown in uppercase letters. TFC = total flavonoid content, QE =
quercetin equivalent, TPC = total phenolic content, GAE = gallic acid equivalent, TSC = total saponin content, DE = diosgenin equivalent, TAL = total 
alkaloid content, VCC = Vitamin C content, AAE = ascorbic acid equivalent. 
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The partial eta square analysis further showed that the models had very high adjusted r2, which may thus explain the variance of 84 %, 
91 %, 94 %, 83 %, 71 %, and 92 % for total contents of phenolics, flavonoids, saponins, alkaloids, vitamin C and antioxidant activity, 
respectively, in SALF. 

4.3. Relation between antioxidant activity and bioactive compounds’ content in SALF 

4.3.1. Correlation and principal component analysis 
Computations revealed that AA positively correlated with total flavonoids (r = 0.612) and total phenolics (r = 0.820) and nega

tively with total alkaloids (r = − 0.578). The principal component analysis of BCC, AA, and the ripeness stage generated five com
ponents based on (i) Kaiser’s criterion of Eigenvalues >1 and (ii) Catell’s scree graph spot of abrupt level out [32] (Fig. 3a). The 
components accounted for a total variance of 88.7 % (Fig. 3b). Components 1, 2, 3, 4, and 5 explained 31.9, 15.7, 15.6, 12.8, and 12.7 
% variance of the data. 

4.3.2. Regression analysis 
Regression models for AA were derived in the study. Three factors, that is, the statistical significance of the independent variables 

(statistical significance of F-ratio in the derived ANOVA table), the significance of the unstandardized coefficients of the independent 
variables in the model, and the significance and strength of the adjusted r2 (to determine how well the regression model fits the data) 
were evaluated. The regression models were based on the formula in Equation (2) (Eq. (2)). 

YA = b0 + b1X1 + b2X2 + bnthXnth (2)  

Where YA=Predicted mean AA, b0 = constant, and b1, b2, and bnth = regression unstandardized coefficients for independent variables 
X1, X2, and Xnth, respectively. 

The overall regression models for TAC and FRSC (irrespective of accession and ripeness stage) (Equations (3) and (4), respectively) 
had high adjusted r2 (0.791 and 0.792, respectively), which showed that they both explained 79 % variance for SALF AA. 

Table 2 
Free radical scavenging capacity and total antioxidant capacity of SALF accessions at different stages of ripeness.  

Accession Ripeness stage FRSC (%) TAC (mg QE/g) 

GC1 Unripe 6.39 ± 1.85Af 1.12 ± 0.39Af  

Yellow 2.08 ± 0.24A,Bg 0.19 ± 0.05A,Bg  

Orange 2.29 ± 0.63Bg 0.24 ± 0.14A,Bg  

Red 1.47 ± 0.12Bg 0.06 ± 0.03Bg 

CP1 Unripe 22.72 ± 1.63Ac,d 4.65 ± 0.36Ac,d  

Yellow 9.4 ± 1.63Bf 1.77 ± 0.35Bf  

Orange 8.19 ± 0.48Bf 1.49 ± 0.1Bf  

Red 8.4 ± 0.96Bf 1.58 ± 0.21Bf 

WP1 Unripe 40.59 ± 1.48Ab 8.63 ± 0.33Ab  

Yellow 20.11 ± 0.65Bd,e 4.12 ± 0.14Bd,e  

Orange 17.09 ± 0.7Ce 3.48 ± 0.16Ce  

Red 21.38 ± 0.48Bd 4.37 ± 0.1Bd 

GP1 Unripe 66.17 ± 3.15Aa 14.18 ± 0.7Aa  

Yellow 37.41 ± 0.49Bb 7.92 ± 0.12Bb  

Orange 37.9 ± 0.95Bb 7.96 ± 0.22Bb  

Red 26.22 ± 1.83Cc 5.38 ± 0.37Cc 

Values are the mean ± SEM of two independent experiments measured in triplicates. The fruits in each independent experiment were 
obtained from 12 plants per accession per ripeness stage. Results refer to the corresponding dry weights of SALF. FRSC = free radical 
scavenging capacity, TAC = total antioxidant capacity, QE = quercetin equivalent. 

Table 3 
Effect sizes of the variables (ripeness stage and accession) on the bioactive compounds’ contents and antioxidant activity of SALF.  

Chemical composition Accession Ripeness stage Accession*ripeness stage Adjusted r2 

TFC 0.90 0.67 0.58 0.91 
TPC 0.82 0.47 0.44 0.84 
TSC 0.94 0.52 0.76 0.94 
TAL 0.69 0.79 0.46 0.83 
VCC 0.62 0.17 0.56 0.71 
FRSC 0.92 0.73 0.29 0.92 
TAC 0.92 0.70 0.26 0.92 

Partial eta squared was carried out to assess the effect sizes of the variables. All the displayed effect sizes of the variables and variable interactions in 
the table were significant at p < 0.05. TFC = total flavonoid content, TPC = total phenolic content, TSC = total saponin content, TAL = total alkaloid 
content, VCC = Vitamin C content, FRSC = free radical scavenging capacity, TAC = total antioxidant capacity, * = represents an interaction. 
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TAC(mg GAE / gDW)= 2.603 + 0.572[TPC(mg GAE / g)] + 0.905[TFC(mg QE / g)] − 0.026[TAL(mg / g)] − 0.441[VCC(mg AAE / g)]
(3)  

FRSC (%)= 14.556 + 2.58[TPC(mg GAE / g)] + 3.949[TFC(mg QE / g)] − 0.126[TAL(mg / g)] − 1.913[VCC)] (4) 

Since the adjusted r2 for the TAC and FRSC models were not significantly different, only the TAC regression models at different 
ripeness stages were derived, as shown below (Equations (5)–(8)).  

a) Unripe stage 

TAC ((mg GAE)⁄g)= − 2.318 + 1.009[TPC ((mg GAE)⁄g)] − 1.141[VCC ((mg AAE)⁄g)] (5)    

b) Yellow stage 

TAC ((mg GAE)⁄g)= − 4.525 + 0.505[TPC ((mg GAE)⁄g)] + 1.660[TFC ((mg QE)⁄g)] (6)    

c) Orange stage 

TAC ((mg GAE)⁄g)= − 6.673 + 4.931[TFC ((mg QE)⁄g)] − 0.039[TSC ((mg DE)⁄g)] (7)    

d) Red stage 

TAC ((mg GAE)⁄g)= 8.306 + 2.158[TFC ((mg QE)⁄g)] − 0.043[TAL ((mg)⁄g DW)] (8) 

The models had high adjusted r2 values at the unripe, yellow, orange, and red stages, which showed 87 %, 89 %, 78 %, and 75 % 
variance in TAC of SALF at different stages of ripeness, respectively, may be explained by the models. 

5. Discussion 

Phenolics have been reported to have antidiabetic [33] and free radical scavenging properties [34]. The total phenolic content of 
SALF in this study is comparable to that of black chokeberries (19.54–52.9 mg GAE/g DW) [35], which are recorded as fruits with the 
highest total phenolics [36]. The findings by Abbe et al. [17] and Dan et al. [18] conform with the present results, where total phenolics 
decreased from unripe to red stage (11.6–4.5 and 9.6 to 5.5 mg GAE/g DW, respectively. The decline in total phenolics during ripening 
may have been due to the oxidation of phenolics by polyphenol oxidase, which has been reported to increase with fruit ripening [14, 
37]. Polyphenols in plants are generally involved in defence against ultraviolet radiation or aggression by pathogens [38]. The 
integration of phenolic esters into cell walls is an essential mechanism by which plants strengthen their cell walls, defend themselves 
against pathogens, and protect the cells against membrane damage by oxidative stress [14]. The decrease in the total phenolics is 
possibly attributed to the presence of free esters of phenolic acids at the unripe stage, which may aid the progressive binding of the 
phenolic acids to the cell walls during ripening [14], thus resulting in lower free phenolic compounds at the red stage. Flavonoids, a 
sub-group of phenolics, may prevent coronary heart disease and possess antioxidative, hepatoprotective, anti-inflammatory, antiviral, 

Fig. 3. A scree graph and components formed from the principal component analysis. a) A scree graph showing the number of principal components 
derived with an Eigenvalue greater than 1 (5 components). b) A representation of the five components derived from the principal component 
analysis on a 3-component axis. Component 1 = TAC, FRSC, phenolics, and flavonoids; component 2 = orange; component 3 = red stage and 
alkaloids; component 4 = saponins and vitamin_C; and component 5 = unripe and yellow stages. TAC = total antioxidant capacity, FRSC = free 
radical scavenging capacity, phenolics = total phenolic content, flavonoids = total flavonoid content, saponins = total saponin content, alkaloids =
total alkaloid content, vitamin_C = vitamin C content; unripe, yellow, orange and red = stages of ripeness. 
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and anticancer activities [39]. The total flavonoids findings in the present study were agreeable with the results by Bhandari & Lee 
[13], who reported that total flavonoids in Solanum lycopersicum L. cultivars significantly differed at the different stages of ripening. 

SALF saponins have been documented to have hypoglycemic, anti-peroxidative, and anti-hyperlipidemic effects [7], as well as 
antioxidant properties [40]. The soybeans’ total saponins (5.6 % or 56 mg/g DW) [41], which have been reported as a very rich source 
of saponins [42,43], fall within this study’s total saponins range. Thus, SALF may be considered a rich source of saponins. The dif
ferences in the trends for total saponins among the accessions in this study may be attributed to genetic differences. A phytochemical 
screening by Dan et al. [18] showed that ripening increased the saponin content of SALF. This is similar to the trends exhibited by 
accessions CP1 and GP1 of the present study from the unripe to the orange stage (total saponins decreased at the red stage). Similarly, 
the saponin content of Solanum gilo and Solanum aethiopicum fruits was observed to increase during ripening [44]. There is scarce 
information regarding the effect of ripening on saponin contents of Solanaceae fruits and vegetables. The enormous health benefits of 
saponins justify future studies related to factors that may influence their total saponins contents. 

Alkaloids have health-promoting properties, including antidiabetic [45], antibacterial, antihypertensive, and anticancer effects 
[46]. The total alkaloids of SALF in the current study were higher than documented for tea leaves (47.6 mg/g DW [47]), which have 
been defined as rich sources of alkaloids [48]. Contradictory to our findings, a phytochemical screening of SALF by Dan et al. [18] 
showed an absence of alkaloids at all the ripeness stages. The increased total alkaloids during the ripening of all the SALF accessions in 
the present study may have resulted from an increase in the glycoalkaloid contents such as solamargine [49] as reported in 
S. sodomaeum, S. aethiopicum, S. integrifolium, and ten eggplant lines [50]. However, little is known about the biosynthetic pathway of 
glycoalkaloids and the factors that regulate their levels in plants [51]. Agreeable with the current findings, Bagheri et al. [52] reported 
increased glycoalkaloid (solasonine) content of eggplants with ripening; however, the reason for this increase was also unknown to the 
researchers. On the contrary, the alkaloid contents in Solanum lycocarpum [53] and Solanum lycopersicum [54] decreased with ripening. 
Alkaloids are produced by plants for resistance to challenges such as insects and pests [51], and it has been previously hypothesized 
that their reduction during ripening was to attract seed dispersers at the ripe/red stage [55] This hypothesis was possibly based on the 
bitterness of the alkaloids [56], which were suggested to be less in the ripe fruits, given their preference by animals compared to the 
unripe fruits. Since the total alkaloids in eggplants and SALF increased from the unripe to red stage, this hypothesis may only explain 
why they are consumed unripe rather than when red by humans (less bitter when unripe) [6,50]. However, the hypothesis does not 
explain the increase of alkaloids during the ripening of SALF, as well as eggplants. More studies are, therefore, necessary to elucidate 
the factors that influence the increase or decrease of alkaloids in Solanaceae fruits, including SALF. 

Vitamin C has various health benefits. It may protect DNA, proteins, and lipids from oxidative damage by scavenging free radicals 
[57]. It also increases iron bioavailability by reducing non-heme iron from the ferric (Fe3+) to the ferrous (Fe2+) form, which is more 
easily absorbed in the intestine. Thus, vitamin C indirectly protects against anaemia [58]. The vitamin C of SALF at the red stage in this 
study was similar to the content in ripe tomatoes (5.1–6.4 mg/g DW) [56], which have been defined as rich vitamin C sources [59]. The 
increased vitamin C of SALF accessions (GP1, GC1, and WP1) in this study may largely stem from its increased biosynthesis through the 
Smirnoff-Wheeler pathway, as documented for tomatoes [60]. Similar to our findings, increased vitamin C with ripening has been 
reported for tomato cultivars [13,61]. In contrast, Chaudhary et al. [62] showed a higher vitamin C in unripe tomatoes than in red 
ones, which is similar to SALF accession CP1 of the present study. A similar trend as accession CP1 was also observed by Abbe et al. 
[17] and Dan et al. [18], who reported a decline in SALF vitamin C from unripe to ripe as 0.3 to 0.1 mg/g fresh weight and 0.3 to 0.1 
mg/g DW, respectively; with also significant differences between ripeness stage. However, the decreased vitamin C for accession CP1 
may have ensued from the degradation of ascorbate, culminating in the formation of oxalic acid, threonic acid, and oxalyl threonic acid 
[60]. Genetic differences may dictate the variations in the vitamin C content trends exhibited among the accessions in the current 
study. 

Antioxidant activity was highest at the unripe stage for all accessions, which was similarly observed for total phenolics. In 
agreement with our findings, Abbe et al. [17] reported a decrease in SALF FRSC from the unripe (87 %) to the red stage (71 %), 
although only one accession was studied. Additionally, the FRSC among the eggplant cultivars was significantly different and reduced 
from the unripe to the ripe stage [63]. 

The BCC and AA of SALF were significantly influenced by the ripeness stage and accession. In agreement with our findings, a 
significant effect of cultivar and ripeness stage on the total phenolics of tomatoes has been reported [64]. Although the effect of the 
ripeness stage on the total phenolics of SALF in the present study was significantly influenced by accession, Anton et al. [64] reported 
no significant interaction between the two variables in tomatoes. In the present study, the strong positive correlations of total phenolics 
with AA suggest that phenolics contributed the most to the AA of SALF. The red stage, which had the highest total alkaloids, had the 
lowest AA. Comparable to this study, a significant positive correlation (r = 0.68) between total phenolics and FRSC was reported for 
tomato cultivars at different ripeness stages [64] and also in ten eggplant lines, S. sodomaeum, S. aethiopicum, and S. integrifolium [50]. 

The PCA results are comparable to those from the correlation and bioactive compounds’ contents analyses. Component 1 showed 
that an increase in total flavonoids and total phenolics led to an increased TAC and FRSC, while component 3 showed that total al
kaloids were highest at the red stage. The regression models (Equations (3) and (4)) showed that total contents of phenolics, flavo
noids, alkaloids, and vitamin C were the most significant in the quantities of the TAC and FRSC in SALF and also the BCC that mostly 
affected the TAC of SALF at the different stages of ripeness (Equations (5)–(8)). The regression models agree with the correlation 
results, which showed that an increase in total phenolics and flavonoids resulted in increased AA and, similar to our previous findings, 
which showed that vitamin C had a negative correlation with AA at the unripe stage [21]. The regression results, however, show that 
AA is negatively correlated with total saponins at the orange stage and total alkaloids at the red stage. These findings agree with Milugo 
et al. [65], who showed that the co-occurrence of saponins and alkaloids resulted in an antagonistic effect on AA in the quinine tree 
(Rauvolfia caffra sond.). Thus, the low AA at the orange and red stages may have been due to the high antagonistic effect of the high 
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contents of saponins and alkaloids versus those at the unripe and yellow stages. The lower AA at the orange and red stages may also 
partially be due to the lower total phenolics compared to the unripe stage. 

6. Conclusion 

The total flavonoids, phenolics, saponins, vitamin C, alkaloids and AA significantly varied with the SALF ripeness stage and 
accession. All the BCC and AA of SALF at the different ripeness stages were significantly influenced by the accessions. The unripe stage 
was the richest in total phenolics, flavonoids, and AA, the orange stage in total flavonoids and saponins, and the red stage in vitamin C 
(for most accession) and total alkaloids. Furthermore, very good regression models were derived in the study, which showed the BCC 
that mostly affected the AA of SALF at the different stages of ripeness. The study findings provide information on the ripeness stage that 
may give the highest nutraceutical benefits and should be of most interest to botanists. More studies are recommended to elucidate the 
factors that affect the saponin and alkaloid contents of fruits, including SALF, as the available information is limited. 
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