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A B S T R A C T

Food insecurity continues to pose a significant challenge in developed and developing nations, prompting the 
need to identify alternative, nutrient-dense food sources. This study examines the nutritional profile of the fruits 
of Diospyros mespiliformis Hochst. Ex A.DC., Ficus thonningii Blume, and Strychnos spinosa Lam., emphasising their 
potential as underutilised yet valuable food resources. In addition, the mineral composition of both leaves and 
fruits was assessed, alongside bioaccumulation factors (BAFs), to evaluate the extent of mineral uptake from the 
soil. A health risk assessment was also conducted to determine the safety for human consumption. Nutritional 
analysis revealed that F. thonningii had the highest moisture (82.07%) and crude fat (3.92%), while S. spinosa 
seeds were notably rich in crude protein (31.20%). Fibre content was higher in the peels across all species, with 
S. spinosa peel containing 44.21%. The pulp of D. mespiliformis had the highest carbohydrate content (86.02%) 
and energy value (391.38 Kcal/100 g). Elemental analysis demonstrated significant levels of essential minerals, 
including calcium (Ca), iron (Fe), and magnesium (Mg), with S. spinosa leaves particularly high in manganese 
(Mn) content (1728 mg/Kg). Leaves of D. mespiliformis and F. thonningii showed efficient zinc (Zn) accumulation 
with BAFs of 1.25 and 1.58, respectively. S. spinosa exhibited a notably high BAF of 25.08 for Mn. The carci
nogenic risk factors for arsenic (As), cadmium (Cd), and chromium (Cr) in all the fruit samples exceeded the 
established safety thresholds. The highest risk was associated with F. thonningii fruit, presenting a carcinogenic 
risk factor of 0.008 for Cr. While these fruits offer promising nutritional benefits, their potential toxicological 
risks underscore the need for further safety assessments.

1. Introduction

There is a declining trend in global food security, particularly in 
developing nations that struggle to meet the growing demand for safe, 
affordable, and nutritious food [63,82]. Nearly half of the global pop
ulation cannot afford a healthy diet, reflecting the instability and in
efficiency of current food systems [104]. This crisis is driven by multiple 
factors, including climate change, rapid population growth [61,70], and 
the recent global health emergencies such as the COVID-19 pandemic 
[5]. Armed conflicts, notably the Palestine-Israel and Russia-Ukraine 
wars, have further exacerbated the situation, disrupting global food 

and nutrition security through their socio-economic impacts [40,54,85]. 
Southern Africa remains particularly vulnerable due to its susceptibility 
to climate-related threats [70]. Food security is defined as consistent 
access to sufficient, safe, and nutritious food for maintaining an active 
and healthy life. In contrast, nutrition security encompasses access to 
healthy foods and their role in supporting overall well-being, including 
the prevention and management of diet-related diseases [93]. A 
balanced diet is therefore essential for promoting health, nutrition, and 
the prevention of chronic diseases [37].

Food insecurity is closely linked to various forms of malnutrition, 
particularly undernutrition resulting from inadequate dietary intake, 
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and overnutrition, which stems from excessive food intake [94,99]. 
Nutritional deficiencies can manifest as inadequate levels of energy, 
protein, vitamins, and trace elements [30]. Previous studies have indi
cated that food insecurity contributes to both obesity [13] and under
nutrition [39,55]. In South Africa, malnutrition remains a significant 
contributor to the disease burden [63]. Adequate nutrition is thus 
fundamental for maintaining health, as demonstrated by conditions such 
as Kwashiorkor, which results from severe deficiencies in calories and 
protein [78].

Fruits are widely recommended as part of a healthy diet due to their 
nutritional density [29] and are considered essential components of a 
balanced diet [105].

Wild fruits, in particular, are rich in nutrients, vitamins, and minerals 
vital for human health, offering potential benefits in disease prevention 
and alleviating food insecurity [2]. Mytton et al. [71] emphasise the 
protective role of fruit consumption against numerous diseases and 
advocate for public health strategies to increase intake. The Mpuma
langa Province of South Africa is home to various wild fruit species 
traditionally utilised for their nutritional value, including Diospyros 
mespiliformis Hochst. Ex A.DC., Strychnos spinosa Lam., and Ficus thon
ningii Blume [19]. This study, therefore, investigates the proximate and 
elemental composition of selected wild fruits from Mpumalanga Prov
ince to evaluate their potential contributions to food and nutrition se
curity. Additionally, the study assesses the bioaccumulation of metals in 
the leaves and fruits of these species to evaluate possible health risks. 
This study provides a unique contribution by focusing on underutilised 
indigenous wild fruits collected from the Bushbuckridge Local Munici
pality in Mpumalanga Province, South Africa, where many rural 
households depend on natural resources for food and nutrition. By 
analysing both the proximate and elemental composition of these spe
cies and assessing potential metal bioaccumulation, the research high
lights their nutritional value while also addressing safety concerns. This 
integrated perspective offers important insights into how 
climate-resilient wild fruits from Bushbuckridge can be harnessed to 
strengthen sustainable food systems and improve food and nutrition 
security locally and globally.

2. Materials and methods

2.1. Sample collection and preparation

Leaves and ripe fruit samples of D. mespiliformis, S. spinosa, and 
F. thonningii, along with their corresponding soil samples, were collected 
from various villages (Table 1) within the Jurisdiction of the Mnisi 
Tribal Council, Bushbuckridge Local Municipality, Mpumalanga Prov
ince, South Africa. Ethical approval for the study was obtained from the 
University of Mpumalanga Ethics Committee (Ethics Reference: UMP/ 
Chauke/230,013,937/MSC/2024). Permission for plant sample collec
tion was granted by local village leaders, the Mnisi Tribal Council, and 
the Mpumalanga Tourism and Parks Agency (Permit Number: MPB. 
1465). Plant species identification was verified at the University of 
Mpumalanga. Voucher specimens were prepared and deposited in the 
Indigenous Flora Research Laboratory, University of Mpumalanga, 

under the codes: S. spinosa (SC001), F. thonningii (SC003), and 
D. mespiliformis (SC004). Fruits of D. mespiliformis and S. spinosa were 
manually separated into peel, pulp, and seeds, whereas F. thonningii 
fruits were used whole due to their small size. Leaf samples were rinsed 
with distilled water, air-dried at room temperature, and ground into a 
fine powder. Soil samples were air-dried and sieved through a 2 mm 
mesh to remove stones and debris before further analysis (Table 2).

2.2. Proximate analysis

2.2.1. Moisture content
Moisture content was determined using the oven-drying method 

described by Jacob et al. [44]. A mass of 5 g of each fruit sample was 
weighed in triplicate and placed into pre-weighed crucibles. The sam
ples were dried in an oven (Memmert, Germany) at 60 ◦C until a con
stant weight was obtained. After drying, crucibles were transferred to a 
desiccator, cooled to room temperature, and reweighed. The moisture 
content was calculated using Eq. (1). 

% Moisture content =
W2 − W3

W2 − W1
× 100 (1) 

Where:
W₁ = mass of the empty crucible (g)
W₂ = mass of the crucible with the fresh sample (g)
W₃ = mass of the crucible with the dried sample (g)

2.2.2. Ash content
Ash content was determined following the dry ashing method out

lined by Jacob et al. [44]. A 5 g portion of each fruit sample was weighed 
into pre-dried, pre-weighed crucibles (W₁) and reweighed with the 
sample (W₂). The crucibles were placed in a muffle furnace (Naber
therm, Germany) and incinerated at 500 ◦C for three hours until a 
greyish ash residue was obtained. Crucibles were then cooled in a 
desiccator and weighed again (W₃). The percentage ash content was 
calculated using Eq. (2). 

% Ash =
W3 − W1

W2 − W1
× 100 (2) 

2.2.3. Crude fat
The crude fat content was determined using Soxhlet extraction with 

the analytical reagent (AR) n-hexane (Labchem, South Africa), as 
described by Jacob et al. [44] with slight modifications. Round-bottom 
flasks (500 mL) were oven-dried at 105 ◦C for 30 min, cooled in a 

Table 1 
Dates of collection of the samples that were collected and analysed for nutritional and elemental content.

Plant species Sample Month of collection Season Name of village GPS coordinates of villages

Diospyros mespiliformis Hochst. ex A.DC. Soil August Winter Gottenburg − 24.6293◦ S, 31.3802◦ E
Leaves
Fruit May Autumn

Strychnos spinosa Lam. Soil August Winter Welverdiend − 24.5679◦ S, 31.3459◦ E
Leaves
Fruit May Autumn

Ficus thonningii Blume. Soil August Winter Seville − 24.6691◦ S, 31.4167◦ E
Leaves
Fruit May Autumn

Table 2 
Certified and found values of certified reference material (strawberry leaves).

Elements Wavelength (λ) Measured Certified

Cr 283.563 1.94 2.15±0.34
Cu 324.752 10.73 10
Cd 228.8 0.204 ±0.29 0.17 ±0.04
Zn 213.857 39.07 24±5
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desiccator, and weighed. A mass of 2 g of each sample (W₁) was placed 
into labelled extraction thimbles, which were lightly plugged with cot
ton wool. Each round-bottom flask was filled with 300 mL of hexane. 
The thimbles were inserted into the Soxhlet extraction units, and the 
system was allowed to reflux for eight hours at a controlled temperature 
of 50–55 ◦C. After extraction, the thimbles were removed, and the 
hexane was evaporated under reduced pressure. The flasks were then 
oven-dried at 105 ◦C for 1 h to ensure complete removal of residual 
solvent, cooled in a desiccator, and weighed (W₂). The percentage fat 
content was calculated using Eq. (3). 

% Fat =
W1 − W2

W1
× 100 (3) 

2.2.4. Crude fibre
Crude fibre was determined using a sequential acid-base digestion 

method as described by Jacob et al. [44]. A 2 g portion of defatted 
sample (Wₛ) was weighed into a 250 mL conical flask, and 200 mL of 
1.25 % (v/v) sulfuric acid (H₂SO₄) (AR, Labchem, South Africa) was 
added. The mixture was heated for 30 min and then filtered through 
poplin cloth using a Büchner funnel. The residue was washed thoroughly 
with hot distilled water until no acidic trace was detected using pH lit
mus paper.

The residue was transferred back to the same conical flask, and 200 
mL of 1.25 % (w/v) sodium hydroxide (NaOH) (AR, Rochelle chemicals, 
South Africa) solution was added. The mixture was heated again for 30 
min, filtered, and washed repeatedly with hot water until the filtrate was 
neutral, as confirmed by litmus paper. The residue was transferred into a 
pre-weighed crucible, dried in a hot air oven, cooled in a desiccator, and 
weighed (Wcd). The crucible was placed in a muffle furnace and heated 
to 500 ◦C for a period of six hours. After cooling in a desiccator, the 
crucible was reweighed (Wca). Eq. (4) was used to calculate the per
centage of fibre. 

% Fibre =
Wcd − Wca

Ws
× 100 (4) 

2.2.5. Protein
The nitrogen content was estimated using the Kjeldahl method 

described by Jacob et al. [44]. A mass of 1 g of each sample was weighed 
and transferred into a Kjeldahl digestion flask (Thermo Fisher Scientific, 
USA). Two selenium catalyst tablets (Thermo Fisher Scientific, USA) and 
12 mL of concentrated H₂SO₄ (AR, Labchem, South Africa) were added. 
The mixture was heated until a clear solution was obtained. After 
cooling, the digest was transferred to a 50 mL volumetric flask and made 
up to volume with distilled water. A 10 mL aliquot of the digest was 
mixed with 10 mL of 40 % (w/v) NaOH (AR, Rochelle chemicals, South 
Africa) in the Kjeldahl distillation unit. A receiving flask containing 5 mL 
of a 2 % (w/v) boric acid (AR, Sigma-Aldrich, Germany) solution and 
three drops of a mixed indicator (Lab grade, Labchem, South Africa) was 
positioned under the condenser outlet. During distillation, ammonium 
ions in the digest were converted to ammonia gas, which was captured 
in the boric acid solution. The nitrogen content in the distillate was 
determined by titration with 0.01 M hydrochloric acid (HCl) (AR, Lab
chem, South Africa). The endpoint was indicated by a colour change 
from green to pink. Eq. (5) was used to estimate the % of nitrogen, and 
Eq. (6) to calculate the % of crude protein. 

% N =
(S − B) × Nacid × 0.014 × D

Weight of sample × V
× 100 (5) 

% Crude protein = 6.25∗ × %N( ∗ Correction factor) (6) 

Where:
S= sample titration reading; B=blank titration reading; N=

normality of HCL; D= Dilution of sample after digestion; V volume taken 
for distillation; 0.014= milliequivalent weight of nitrogen.

2.2.6. Carbohydrate
The carbohydrate estimate was calculated using Eq. (7) [44]. 

%Carbohydrate = 100 − (%Ash+%Protein+% Fat+% Fibre) (7) 

2.2.7. Energy value (Ev)
The energy/calorific value of fruit samples, expressed in kilocalories, 

was calculated as Jacob et al. [44] described. The values of crude pro
tein, crude fat, and available carbohydrates were multiplied by 4.00, 
9.00, and 4.00 Kcal/g, respectively, and summed to obtain the total 
energy value, as shown in Eq. (8). 

Ev (Kcal/100g)=(Protein × 4)+(Fat × 9)+(Available carbohydrate× 4)
(8) 

Available carbohydrates refer to digestible carbohydrates, primarily 
sugars and starches, that are absorbed in the small intestine, which ex
cludes crude fibre. In contrast, total carbohydrate content includes both 
digestible (sugars and starches) and non-digestible (fibre) components 
[32].

2.3. Elemental analysis

Mineral content was determined using Inductively Coupled Plasma- 
Optical Emission Spectrometry (ICP-OES), following microwave- 
assisted acid digestion as described by Shelembe [96]. A mass of 0.5 g 
of each dried sample was weighed and transferred into ceramic diges
tion vessels. A volume of 10 mL of 70 % (v/v) AR nitric acid (HNO₃) 
(Labchem, South Africa) was added, and the samples were allowed to 
pre-digest for 1 hr at room temperature before sealing. Microwave (CEM 
MARS 6 One Touch, USA) digestion was performed in a closed-vessel 
system at 500 W for 30 min, followed by 650 W for an additional 15 
min. After digestion, the vessels were cooled using forced ventilation for 
15 min. The digested samples were filtered through 0.45 μm filters into 
50 mL volumetric flasks, made up to the mark with double-distilled 
water. The filtrates were transferred to polyethylene bottles for min
eral analysis. Elemental analysis was performed using ICP-OES (Perki
nElmer, USA). The following elements were quantified: arsenic (As), 
cadmium (Cd), chromium (Cr), cobalt (Co), calcium (Ca), copper (Cu), 
manganese (Mn), magnesium (Mg), iron (Fe), lead (Pb), selenium (Se), 
and zinc (Zn). Analytical wavelengths were selected based on minimal 
spectral interference and optimal analytical sensitivity. The three most 
sensitive lines were initially considered for each element, and the line 
with the least interference was selected for quantification.

2.3.1. Quality assurance
The validity of the mineral analysis was assessed using certified 

reference material (CRM: strawberry leaves, LGC-7162; Community 
Reference Bureau, Commission of the European Communities, Brussels, 
Belgium), following the protocol described by Shelembe [96]. The 
emission wavelengths that yielded optimal results for CRM, defined by 
high signal intensity and minimal spectral interference, were selected 
for each element. Calibration standards for all target elements were 
prepared from 1000 mg/L single-element stock solutions (Fluka 
Analytical, Sigma-Aldrich, Switzerland) using double-distilled water 
and 70 % HNO3 to minimize matrix effects. Five-point calibration curves 
were constructed for each element within the expected concentration 
range. The linear regression models providing the best fit were used for 
quantification. Reagent blanks and all sample solutions were prepared 
and analysed under identical conditions. CRM samples were analysed in 
triplicate to confirm the accuracy and precision of the method. Method 
accuracy was evaluated by comparing the mean experimental values to 
the certified values for each analyte using a two-sample t-test (assuming 
equal variances). No statistically significant differences were observed 
between the means (p > 0.05), indicating acceptable accuracy. Method 
precision was assessed by calculating the relative standard deviation ( % 
RSD) of the replicate CRM measurements. A %RSD ≤ 20 % was 
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considered acceptable. Additionally, the experimental values fell within 
the 95 % confidence interval of the certified values, confirming the 
method’s precision and reliability.

2.4. Bioaccumulation factors (BAF)

The BAF was used to evaluate the ability of plant tissues to absorb 
and retain heavy metals from the surrounding soil. The BAF was 
calculated as the ratio of the metal concentration in plant tissues (leaves 
or fruits) to that in the corresponding soil samples, as expressed in Eq. 
(9). 

BAF =

[metal]leaves
fruit

[Metal]soil
(9) 

A BAF value equal to 1.00 suggests that the plant can take up metals 
from the soil but does not accumulate them in its tissues over time. 
Conversely, a BAF value greater than 1.00 indicates a potential for metal 
accumulation within plant tissues [43].

2.5. Human health risk assessment

2.5.1. Estimated daily intake (EDI) indices
The EDI of elements through the consumption of wild fruits was 

calculated based on the concentration of each component of the fruit 
(mg/Kg), the average daily fruit intake (DI), and the average adult body 
weight (BW), following the method described by Kavcar et al. [47]. The 
calculation is expressed in Eq. (10). 

EDI =
C × DI

BW
(10) 

Where:
C = concentration of the element in the fruit (mg/Kg)
DI = 0.4 Kg/day [60]
BW = 70 Kg [107]

2.5.2. Target hazard quotient (THQ)
The potential non-carcinogenic health risk associated with 

consuming wild fruits was assessed using the THQ, calculated according 
to Eq. (11). 

THQ =
EDI
Rf D

(11) 

Where:
EDI = estimated daily element intake (mg/Kg body weight/day).
RfD = oral reference dose for the element (mg/Kg/day), as provided 

in Table 3.
A THQ value of less than 1 indicates that exposure is unlikely to 

cause adverse health effects. In contrast, a THQ value greater than 1 
suggests a potential risk of non-carcinogenic health effects in the 
exposed population [1].

2.5.3. Target carcinogenic risk (TCR)
The potential carcinogenic health risk associated with consuming 

wild fruits was evaluated using the TCR, which estimates the probability 
that an individual will develop cancer over their lifetime due to exposure 
to specific carcinogenic elements. The TCR was calculated using Eq. 
(12). 

TCR = SF × CDI (12) 

Where:
SF = oral slope factor (mg/Kg/day)− 1

CDI = chronic daily intake (mg/Kg/day)
The slope factors used in this study were obtained from the U.S. 

Environmental Protection Agency (USEPA, 2015) and other recent 
literature: As = 1.7, Cd = 0.38, Cr = 0.5 [1]. The slope factor converts 
chronic exposure into a risk estimate of cancer incidence.

TCR values were not calculated for Co, Cu, Fe, Mn, and Zn because 
these elements are not classified as carcinogenic [49]. TCR value above 
1.0 × 10–4 represents a potential carcinogenic risk [1].

2.6. Statistical analysis

All data were expressed as the mean ± standard error (SE) of three 
independent replicates. Statistical analyses were performed using 
version 30.0.0 of the Statistical Package for the Social Sciences (SPSS). 
Correlation coefficients (r) ranged between − 1 and +1, where values ≥
+0.8 indicated a strong positive relationship and P≤ − 0.8 indicated a 
strong negative relationship. Significant differences between means 
were determined using Tukey’s Honestly Significant Difference (HSD) 
and Least Significant Difference (LSD) post hoc tests, with statistical 
significance set at p < 0.05.

3. Results

3.1. Proximate analysis

The proximate analysis of the three fruit species revealed notable 
variations in nutritional composition across different fruit structures 
(Table 4). Moisture content was highest in the whole fruit of F. thonningii 
(82.07 %), followed by the pulp of S. spinosa (76.33 %) and 
D. mespiliformis (59.13 %). The highest ash content was recorded in the 
pulp of S. spinosa (5.87 %). Crude fat was most abundant in the fruit of 
F. thonningii, with the pulp of D. mespiliformis ranking second (2.50 %). 
Crude fibre content was significantly higher in the fruit peels than pulp 
and seeds, with the S. spinosa peel exhibiting the highest value (44.21 
%), followed by D. mespiliformis peel (31.23 %). The lowest crude fibre 
level was observed in the pulp of D. mespiliformis (2.95 %). Crude protein 
was most concentrated in S. spinosa seeds (31.20 %), followed by its pulp 
(23.62 %) and the whole fruit of F. thonningii (20.60 %). Carbohydrate 
content was highest in the pulp, seeds, and peel of D. mespiliformis. In 
terms of energy values, the pulp of D. mespiliformis had the highest en
ergy content, whereas S. spinosa peel had the lowest.

3.2. Elemental analysis

3.2.1. Mineral composition
Elemental analysis (Table 5) revealed significant variation in mineral 

concentrations across soil and plant samples. As levels were significantly 
higher (p ˂ 0.001) in soils compared to plant tissues of D. mespiliformis 
and S. spinosa. In F. thonningii, the content was comparable between fruit 
and leaves (0.2 mg/Kg). Cd concentrations showed no significant dif
ference (p = 1.00) between soils from sites A and B and the leaves of 
D. mespiliformis. The highest Ca content was observed in S. spinosa leaves 
(17,240 mg/Kg), far exceeding the Ca concentration in the Ca-rich soils 
of Site A (1502 mg/Kg). Cu was most concentrated in D. mespiliformis 
leaves from Site A and in the fruit of F. thonningii. Co was undetectable in 
D. mespiliformis but was highest in the leaves and fruit of S. spinosa. Cr 

Table 3 
The oral toxicity reference dose (RfD) of toxic min
erals [1].

Mineral RfD (mg/Kg/day)

As 0.0003
Co 0.0003
Cd 0.00005
Cr 0.003
Cu 0.04
Fe 0.7
Mn 0.14
Zn 0.3
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concentration in site C soil differed significantly (p ˂  0.001) from that in 
S. spinosa leaves and fruit. In contrast, no significant difference (p =
1.00) was observed between Cr levels in the pulps of D. mespiliformis and 
F. thonningii.

Iron (Fe) was the most dominant mineral across all samples, with the 
highest levels detected in the leaves and fruit of F. thonningii. Pb was not 
detected in any sample. Mg was particularly high in F. thonningii leaves 
(1896 mg/Kg) and dominant in the fruit of both F. thonningii and 
S. spinosa. Mn was present in high concentrations, especially in 
S. spinosa, whose fruit had the highest (1728 mg/Kg) Mn content among 
the species.

Selenium (Se) levels were highest in the leaves of S. spinosa, while Zn 
concentrations varied by species and tissue type, with the highest levels 
observed in the leaves of D. mespiliformis and fruit of S. spinosa. Overall, 
these results emphasise the nutritional and elemental richness of the 
studied fruit species.

Correlation analysis of the proximate composition and elemental 
content in D. mespiliformis, F. thonningii, and S. spinosa revealed a range 
of relationships (Tables 6–8). Proximate-to-proximate correlations 
within the fruit showed notable trends. Fat content demonstrated a 
perfect positive correlation with energy in D. mespiliformis and 
F. thonningii (r = 1, p = 0.017), indicating a substantial contribution of 
fat to the overall energy content in these fruits. Conversely, fat showed a 
strong negative correlation with ash content in both species (r = − 0.999, 
p = 0.033), suggesting an inverse relationship between these parame
ters. Fibre content positively correlated with moisture in D. mespiliformis 
and F. thonningii (r = 1). Protein displayed a strong negative correlation 
with fibre (r = − 0.874, p = 0.324) and energy (r = − 0.989, p = 0.096) in 
the same species, though these relationships were not statistically 
significant.

In S. spinosa, protein exhibited a weak positive correlation with en
ergy (r = 0.142, p = 0.909), while fibre had a moderate negative cor
relation with moisture (r = − 0.787, p = 0.423); both associations were 
also insignificant. Moisture content exhibited a perfect positive 

Table 4 
Nutritional composition of wild fruits harvested from the Mpumalanga Province.

Plant name Proximate analyses ( %)

Fruit part Moisture Ash Crude fat Crude fibre Protein Carbohydrates Energy value (Kcal/100 g)

D. mespiliformis Peel 38.13±1.03a 2.93±0.07ab 1.73±0.03ab 31.23±0.58e 2.37±1.02a 61.78±2.09c 272.13±2.83c

Pulp 59.13±0.59c 2.21±0.13ab 2.5 ± 0.25bc 2.95±0.20a 6.20±0.29b 86.02±0.41a 391.38±2.25a

Seeds 37.73±1.13a 3.41±0.46bc 1.13±0.12ab 11.40±0.05bc 5.37±0.63b 78.70±1.18b 346.39±2.27b

S. spinosa Peel 39.93±2.74a 2.98±0.13ab 1.47±0.03ab 44.21±0.33f 8.83±0c 42.95±1.17e 218.61±1.97d

Pulp 76.33±0.18d 5.87±0.93c 0.25±0.75a 10.30±0.15b 23.62±1.04d 59.55±0.51c 342.55±0.55c

Seeds 51.27±1.87b 3.55±0.06bc 1.63±0.37ab 13.13±0.43c 31.20±0.29e 51.85±1.9d 341.45±0.05b

F. thonningii Whole fruit 82.07±1.75d 1.2 ± 0.2a 3.92±0.42c 17.55±0.30d 20.60±1.47f 55.16±1.02cd 346.68±2.18b

The results are expressed as the mean of three replicates ± standard error (SE). Statistical analyses were performed separately for each nutrient. Identical superscript 
letters within the same column indicate no significant difference (p ˃  0.05). The analyses were conducted using Post Hoc’s Tukey tests, with the significant difference 
determined at p < 0.05.

Table 5 
Elemental analysis of the fruit and leaf samples of selected plant species and the soil samples from their respective sites.

Elements Wavelength (λ) Concentration (mg/Kg)

D. mespiliformis F. thonningii S. spinosa

Soil (Site A) Leaves Fruit Soil (Site B) Leaves Fruit Soil (Site C) Leaves Fruit

As 228.81 0.4 ± 0.01f 0.2 ± 0.01d 0.1 ± 0.00b 0.3 ± 0.01e 0.2 ± 0.01d 0.2 ± 0.02c 0.2 ± 0.01d BDL BDL
Cd 228.80 0.3 ± 0.01b 0.3 ± 0.02b 0.2 ± 0.01a 0.3 ± 0.01b 0.2 ± 0.01a 0.2 ± 0.01a 0.2 ± 0.01a 0.2 ± 0.01a 0.2 ± 0.02a

Ca 315.89 1502 ± 2.08e 2 793 ± 0.58f 395.9 ± 2.09c 753 ± 0.50d 12 190 ± 0.44h 4 933 ± 3.00 g 247.9 ± 0.46a 17240 ± 2.00i 388.2 ± 0.09b

Cu 224.7 9.7 ± 0.09 g 9.3 ± 0.02f 3 ± 0.03a 6.6 ± 0.03d 6.1 ± 0.08c 7 ± 0.01e 4.8 ± 0.02b 6 ± 0.01c 3.1 ± 0.00a

Co 228.62 2.6 ± 0.05f BDL BDL 1.5 ± 0.01e 0.1 ± 0.00a BDL 1 ± 0.00 0.4 ± 0.00c 0.2 ± 0.01b

Cr 205.56 26.6 ± 0.02h 3 ± 0.03c 2.2 ± 0.01a 6.5 ± 0.09f 4 ± 0.27d 2.8 ± 0.00bc 8.1 ± 0.07 g 4.6 ± 0.03e 2.7 ± 0.00b

Fe 239.56 1 948 ± 0.57i 91.5 ± 0.27d 21.1 ± 0.50a 1 647 ± 2.00h 330.5 ± 0.05f 157.6 ± 0.06e 1 195 ± 1.00 g 31.9 ± 0.08c 28.6 ± 0.00b

Pb 217.00 BDL BDL BDL BDL BDL BDL BDL BDL BDL
Mg 285.21 1 026 ± 0.29d 1 149 ± 0.11e 483.1 ± 0.56c 445.5 ± 0.69b 1 896 ± 0.56h 1 555 ± 5.03 g 213.5 ± 0.27a 1 508 ± 0.55f 455.3 ± 0.44b

Mn 260.57 72 ± 0.20 g 9.4 ± 0.10b 2.1 ± 0.10a 73.6 ± 0.10 g 43.5 ± 0.20e 16.9 ± 0.10c 68.9 ± 0.10f 1 728 ± 3.00h 21.3 ± 0.10d

Se 196.03 2.2 ± 0.10b 4.9 ± 0.06e 4.5 ± 0.08d 3.2 ± 0.01c 6.4 ± 0.07h 6 ± 0.03 g 1.8 ± 0.04a 5.7 ± 0.00f 1.8 ± 0.01a

Zn 213.86 45 ± 0.00e 56.3 ± 0.10h 27.8 ± 0.01b 20.7 ± 0.01a 32.7 ± 0.00c 53.3 ± 0.62f 44.9 ± 0.03e 40.8 ± 0.00d 55 ± 0.06 g

BDL= Beyond detection limit. The results are presented as the mean of three independent replicates (n) ± standard deviation (SD). Significant differences among the 
samples were assessed using the Tukey test at a significance level of p < 0.05. Identical superscript letters within a row denote no significant difference (p > 0.05) 
between the samples, while differing letters indicate a significant difference.

Table 6 
Correlation coefficients (r) and significance levels (p) between the elemental and 
proximate components of D.mespiliformis fruit, along with the elemental 
composition of the soil where the fruits were harvested.

Relationship Correlation coefficient (r) Significance (p)

Fat(F) vs energy(F) 1 0.017
Fat(F) vs ash(F) − 0.999 0.033
Fibre(F) vs moisture(F) 1 ​
Protein(F) vs fibre(F) − 0.874 0.324
Protein(F) vs energy(F) − 0.989 0.096
Moisture(F) vs carbohydrates(F) 1 ​
Moisture(F) vs energy(F) − 1 ​
Protein(F) vs Zn(F) 0.983 0.118
Fibre(F) vs Mg(F) 0.994 0.072
Fat(F) vs Cd(F) − 0.583 0.604
Fibre(F) vs Se(F) 0.858 0.343Fe
Fe(S) vs Zn(S) − 0.543 0.634
Cu(S) vs Cu(F) 0.999 0.022
Fe(S) vs Fe(F) 0.999 0.020
Cd(S) vs Cd(F) − 0.990 0.091
Cr(S) vs Cd(F) − 0.990 0.091
Cr(S) vs Cr(F) − 0.581 0.606

Sample types: Fruit= F; Soil= S. Elements: Cadmium= Cd; Chromium=Cr; 
Copper= Cu; Iron=Fe; Magnesium= Mg; Selenium= Se; Zinc= Zn. Correlation 
coefficient (r): Strong correlation r ˃  0.7 or r ˂  0.7; Moderate correlation 0.3 ˂  r 
˂ 0.7 or − 0.7 ˂  r ˂  − 0.3; Weak correlation r ˂  0.3 or r ˃  − 0.3. Significance level 
(p): Significant p ˂ 0.05 or not significant p ≥ 0.05.
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correlation with carbohydrates in D. mespiliformis and F. thonningii (r =
1), while its relationship with energy was perfectly negative (r = − 1); 
however, these correlations lacked statistical significance. These find
ings highlight the interdependence of proximate parameters within each 
fruit species, with fat, fibre, and moisture emerging as key contributors 
to compositional variability.

Element-to-element correlations between soil and fruit were assessed 
to evaluate the influence of soil mineral composition on fruit mineral 
uptake. A perfect positive correlation was observed between Cu con
centrations in fruit and soil for both D. mespiliformis and F. thonningii (r =
0.999, p = 0.022), as well as between Fe in fruit and soil in 
D. mespiliformis (r = 0.999, p = 0.020); both correlations were statisti
cally significant. In contrast, S. spinosa showed a strong negative cor
relation between Cu in fruit and Cu in soil (r = − 0.993, p = 0.075), 

although this relationship was not statistically significant. Cd in fruit 
exhibited a strong negative correlation with Cd in soil in both 
D. mespiliformis and F. thonningii (r = − 0.990, p = 0.091), while in 
S. spinosa, the Cr in fruit exhibited a strong positive correlation with Cr 
in soil (r = 0.915, p = 0.265); however, neither correlation reached 
statistical significance.

Further analysis revealed several associations between proximate 
and elemental compositions within the fruit. Zn displayed a strong 
positive correlation with protein content in D. mespiliformis and 
F. thonningii (r = 0.983, p = 0.118), and Mg was strongly correlated with 
fibre (r = 0.994, p = 0.072). Although both trends were notable, they 
were not statistically significant. In S. spinosa, fibre had a strong negative 
correlation with Se (r = − 0.982, p = 0.121), and fat showed a moderate 
negative correlation with Cd in D. mespiliformis and F. thonningii (r =
− 0.583, p = 0.604). Element-to-element correlations within the soil it
self exhibited weaker associations. For example, Fe and Zn showed a 
moderate negative correlation in the soils of sites A and B (r = –0.543, p 
= 0.634), which was not statistically significant.

3.3. Bioaccumulation factor

The BAF analysis (Table 9) revealed species- and tissue-specific dif
ferences in metal uptake. In D mespiliformis, leaves demonstrated the 
ability to bioaccumulate Zn, while the fruit exhibited BAF values below 
1.0 for all tested metals, indicating limited accumulation potential. 
F. thonningii leaves also showed effective Zn bioaccumulation, while its 
fruit accumulated both Cu and Zn, with BAF values above 1.0. Notably, 
S. spinosa leaves exhibited a high BAF for Mn (25.08), suggesting strong 
accumulation capacity. Additionally, S. spinosa fruit showed moderate 
Zn bioaccumulation, with a BAF of 1.22.

3.4. Health risk assessment

3.4.1. Target hazard quotient/non-carcinogenic risk and carcinogenic risk
The THQ and non-carcinogenic risk assessment (Table 10) indicated 

elevated health risks associated with consuming the studied fruit spe
cies. D. mespiliformis fruit exhibited the highest THQ values for Cd 
(22.86), followed by Cr (4.19) and As (1.90). Similarly, F. thonningii fruit 

Table 7 
Correlation coefficients (r) and significance levels (p) between the elemental and 
proximate components of F. thonningii fruit, along with the elemental compo
sition of the soil where the fruits were harvested.

Relationship Correlation coefficient (r) Significance (p)

Fat(F) vs energy(F) 1 0.017
Fat(F) vs ash(F) − 0.999 0.033
Fibre(F) vs moisture(F) 1 ​
Protein(F) vs fibre(F) − 0.874 0.324
Protein(F) vs energy(F) − 0.989 0.096
Moisture(F) vs carbohydrates(F) 1 ​
Moisture(F) vs energy(F) − 1 ​
Protein(F) vs Zn(F) 0.983 0.118
Fibre(F) vs Mg(F) 0.994 0.072
Fat(F) vs Cd(F) − 0.583 0.604
Fibre(F) vs Se(F) 0.858 0.343
Fe(S) vs Zn(S) − 0.543 0.634
Cu(S) vs Cu(F) 0.999 0.022
Fe(S) vs Fe(F) 0.999 0.020
Cd(S) vs Cd(F) − 0.990 0.091
Cr(S) vs Cd(F) − 0.990 0.091
Cr(S) vs Cr(F) − 0.581 0.606

Sample types: Fruit= F; Soil= S. Elements: Cadmium= Cd; Chromium=Cr; 
Copper= Cu; Iron=Fe; Magnesium= Mg; Selenium= Se; Zinc= Zn. Correlation 
coefficient (r): Strong correlation r ˃  0.7 or r ˂  0.7; Moderate correlation 0.3 ˂  r 
˂ 0.7 or − 0.7 ˂  r ˂  − 0.3; Weak correlation r ˂  0.3 or r ˃  − 0.3. Significance level 
(p): Significant p ˂ 0.05 or not significant p ≥ 0.05.

Table 8 
Correlation coefficients (r) and significance levels (p) between the elemental and 
proximate components of S. spinosa fruit, along with the elemental composition 
of the soil where the fruits were harvested.

Relationship Correlation coefficient (r) Significance (p)

Fat(F) vs energy(F) − 0.995 0.061
Fat(F) vs ash(F) 0.954 0.194
Fibre(F) vs moisture(F) − 0.787 0.423
Protein(F) vs fibre(F) − 0.047 0.970
Protein(F) vs energy(F) 0.142 0.909
Moisture(F) vs carbohydrates(F) − 0.432 0.716
Moisture(F) vs energy(F) 0.096 0.939
Protein(F) vs Zn(F) 0.920 0.256
Fibre(F) vs Mg(F) − 0.850 0.353
Fat(F) vs Cd(F) − 0.756 0.454
Fibre(F) vs Se(F) − 0.982 0.121
Fe(S) vs Zn(S) 0.835 0.371
Cu(S) vs Cu(F) − 0.993 0.075
Fe(S) vs Fe(F) 0.487 0.676
Cd(S) vs Cd(F) − 0.500 0.667
Cr(S) vs Cd(F) 0.655 0.454
Cr(S) vs Cr(F) 0.915 0.265

Sample types: Fruit= F; Soil= S. Elements: Cadmium= Cd; Chromium=Cr; 
Copper= Cu; Iron=Fe; Magnesium= Mg; Selenium= Se; Zinc= Zn. Correlation 
coefficient (r): Strong correlation r ˃  0.7 or r ˂  0.7; Moderate correlation 0.3 ˂  r 
˂ 0.7 or − 0.7 ˂  r ˂  − 0.3; Weak correlation r ˂  0.3 or r ˃  − 0.3. Significance level 
(p): Significant p ˂ 0.05 or not significant p ≥ 0.05.

Table 9 
Bioaccumulation factors of toxic and microminerals in the leaves and fruit of 
wild fruits.

Plant species Element Concentration (mg/Kg) Bioaccumulation factor

Soil leaves Fruit Leaves Fruit

D. mespiliformis As 0.4 0.2 0.1 0.5 0.25
Cd 0.3 0.3 0.2 1 0.67
Cr 26.6 3 2.2 0.11 0.08
Co 2.6 BDL BDL BDL BDL
Cu 9.7 9.3 3 0.96 0.31
Fe 1 948 91.5 21.1 0.05 0.01
Mn 72 9.4 2.1 0.13 0.03
Zn 45 56.3 27.8 1.25 0.62

F. thonningii As 0.3 0.2 0.2 0.67 0.67
Cd 0.3 0.2 0.2 0.67 0.67
Cr 6.5 4 2.8 0.62 0.43
Co 1.5 0.1 BDL 0.07 BDL
Cu 6.6 6.1 7 0.92 1.06
Fe 1 647 330.5 157.6 0.20 0.10
Mn 73.6 43.5 16.9 0.59 0.23
Zn 20.7 32.7 53.3 1.58 2.57

S. spinosa As 0.2 BDL BDL BDL BDL
Cd 0.2 0.2 0.2 1 1
Cr 8.1 4.6 2.7 0.57 0.33
Co 1 0.4 0.2 0.4 0.2
Cu 4.8 6 3.1 1.25 0.65
Fe 1 195 31.9 28.6 0.03 0.02
Mn 68.9 1 728 21.3 25.08 0.31
Zn 44.9 40.8 55 0.91 1.22

BDL: Beyond detection limit.
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showed elevated THQ values for Cd (22.86), Cr (5.33), As (3.81), Fe 
(1.29), and Zn (1.02). S. spinosa fruit contained excessively high levels of 
Co (51.43), in addition to Cd (22.86) and Zn (1.05), all exceeding the 
safe threshold (THQ > 1), suggesting potential non-carcinogenic health 
risks.

The TCR assessment (Table 10) further highlights potential long- 
term health concerns associated with As, Cd, and Cr in the fruit sam
ples. In D. mespiliformis fruit, Cr presented the highest carcinogenic risk 
factor (0.006), followed by As (0.0017) and Cd (0.0004). For 
F. thonningii, Cr showed the highest carcinogenic risk (0.008). In 
S. spinosa fruit, Cr had a risk factor of 0.0005, which was greater than 
that of Cd (0.0004). These values exceed the acceptable risk threshold of 
1.0 × 10⁻⁴, indicating a potential cancer risk associated with the regular 
consumption of these fruits.

4. Discussion

4.1. Proximate analysis

4.1.1. Moisture content
The results of this study revealed that F. thonningii whole fruit 

exhibited the highest water content (82.07 %), followed by the pulp of 
S. spinosa (76.33 %) and D. mespiliformis (59.13 %). According to Haggag 
et al. [38], fruit moisture content is highly influenced by species type, 
seasonal variation, and the developmental stage of the fruit, with 
ripening typically associated with increased moisture content. In 
contrast, Jacob et al. [44] reported significantly lower moisture levels in 
the pulp of D. mespiliformis (6.89 %) and S. spinosa (7.12 %), highlighting 
potential differences in environmental conditions, methodologies, or 
maturity stages at harvest. However, a recent study by Akweni et al. [3] 
reported a moisture content of 76.4 % for S. spinosa pulp, which closely 
aligns with the present findings. Generally, fruits contain a high water 
content ranging between 55 % and 85 % [81]. Due to this high water 
content, various ethnobotanical reports show that wild fruits have 
traditionally been consumed as natural thirst quenchers by local com
munities [24,64,65,91]. Nevertheless, a higher moisture content is 

associated with greater perishability, limiting fruit shelf life [76]. For 
example, papaya is highly perishable, with moisture-driven post-harvest 
losses of up to 25 % [62]. Ramjan and Ansari [83] further emphasised 
that moisture content is a critical determinant of fruit longevity. 
Therefore, the high water content observed in the fruits studied may 
indicate a relatively short shelf life. As suggested in previous research, 
harvesting fruits before they are fully ripe and controlling the sur
rounding carbon dioxide levels can help reduce post-harvest spoilage.

4.1.2. Ash content
Ash content represents the inorganic residue remaining after the 

complete combustion of organic matter in plant tissues and reflects the 
total mineral content of the sample [41,103]. The ash composition is 
influenced by the plant species and the specific plant part analysed [10]. 
In support of this, Zeng et al. [106] reported variations in ash content 
across different parts of the Masson pine tree. Similarly, Bakker and 
Elbersen [11] observed that wetland species typically exhibit higher ash 
content than C4 plants, suggesting that water uptake plays a key role in 
determining ash levels. This relationship is supported by the strong 
positive correlation between moisture and ash content observed in the 
current study (Table 6), which is consistent with the findings of Dagnew 
et al. [22]. Additionally, soil properties, such as type and texture, may 
influence ash content [11].

Among the analysed samples, S. spinosa fruit pulp exhibited the 
highest ash content of 5.87 %, followed by the seeds (2.98 %) and peel 
(3.55 %). This finding is consistent with those of Mbhele et al. [59], who 
reported ash content values as high as 5.83 % in specific morphotypes of 
S. spinosa, which closely matches the present study. The authors further 
suggested that S. spinosa could serve as a valuable dietary source of 
minerals to combat nutritional deficiencies. In contrast, Jacob et al. [44] 
reported lower ash content in S. spinosa pulp (3.86 %) and slightly 
higher levels in D. mespiliformis pulp (4.66 %). In the present study, the 
ash content in D. mespiliformis varied by plant part: pulp (2.21 %), seeds 
(3.41 %), and peel (2.93 %). In contrast, Magaji [56] reported an ash 
content of 2.02 g/100 g in the pulp. Notably, F. thonningii, which had the 
highest moisture content (82.07 %), also exhibited the lowest moisture 
content (1.2 %), corroborating the inverse relationship between mois
ture and ash content discussed by Mbhele et al. [59]. These findings 
underscore that ash content varies among species and different 
anatomical parts of the same fruit (Table 4). Therefore, such fruits could 
be important in addressing human mineral requirements through di
etary inclusion.

4.1.3. Crude fat
The results revealed a strong negative correlation between crude fat 

and ash content (r = − 0.999), consistent with the findings of Ugese et al. 
[102]. Furthermore, a statistically significant relationship was observed 
between ash and crude fat content (p = 0.033), suggesting that mineral 
composition may influence lipid accumulation in plant tissues. Fat 
serves three essential functions as a nutrient: it is a dense energy source, 
facilitates the absorption of fat-soluble vitamins, and provides essential 
fatty acids that the human body cannot synthesize. Additionally, dietary 
fat facilitates the transport of lipophilic bioactive compounds, including 
phytoestrogens and carotenoids. Fatty acids are also vital for cellular 
structure formation and serve as precursors for biologically active 
molecules, such as prostaglandins [90]. Among the analysed samples, 
F. thonningii exhibited the highest oil content of 3.92 %. Table 4 shows 
notable variations in crude fat content across the peel, pulp, and seeds of 
D. mespiliformis and S. spinosa. Specifically, the fat content of 
D. mespiliformis peel and pulp was 1.73 % and 2.5 % respectively. These 
values are comparable to those reported by Muhammad et al. [68], who 
found fat contents of 1.76 % (peel) and 2.89 % (pulp).

In contrast, Ebbo et al. [31] reported substantially lower fat levels of 
0.45 % and 0.11 % for the peel and pulp, suggesting that environmental 
and physiological factors may account for the observed discrepancies. 
Figueiredo et al. [34] emphasised that factors such as environmental 

Table 10 
Health risk assessment of toxic elements detected in wild fruit plants’ edible 
parts (Pulp).

Plant species Elements Fruit 
(mg/ 
Kg)

Estimated 
daily 
intake

Target 
hazard 
quotient

Carcinogenic 
risk

D. mespiliformis As 0.1 0.001 1.9 0.0017
Cd 0.2 0.001 22.86 0.0004
Cr 2.2 0.012 4.19 0.006
Co BDL BDL BDL
Cu 3 0.017 0.43
Fe 21.1 0.121 0.17
Mn 2.1 0.012 0.09
Zn 27.8 0.159 0.53

F. thonningii As 0.2 0.001 3.81 0.0017
Cd 0.2 0.001 22.86 0.0004
Cr 2.8 0.016 5.33 0.008
Co BDL BDL BDL
Cu 7 0.040 1
Fe 157.6 0.900 1.29
Mn 16.9 0.100 0.69
Zn 53.3 0.305 1.02

S. spinosa As BDL BDL BDL BDL
Cd 0.2 0.001 22.86 0.0004
Cr 0.2 0.001 0.38 0.0005
Co 2.7 0.015 51.43
Cu 3.1 0.018 0.44
Fe 28.6 0.163 0.23
Mn 21.3 0.122 0.87
Zn 55 0.314 1.05

BDL: Beyond detection limit. The carcinogenic risk of Co, Cu, Fe, Mn, and Zn was 
not calculated since they are not carcinogenic.
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conditions (climate, pests and diseases, and pollution), geographic 
variations (soil type), and physiological variations (seasonality, type of 
plant organ, development stage, secretory structure, and injuries) in
fluence the biosynthesis and accumulation of essential oils. These factors 
may explain the variability in oil content and quality even within the 
same species [108]. For example, Hubai and Kováts [42] reported that 
exposure to heavy metal stress can stimulate essential oil production, 
while other studies noted that high levels of organic matter content 
enhance oil biosynthesis [89]. Similarly, water stress has been shown to 
increase or decrease essential oil production depending on the species 
involved [36]. Wild-growing plants are often recognised for their ca
pacity to produce essential oils with potent biological activity. More
over, some wild fruits have been identified as sources of edible oils rich 
in crucial saturated and unsaturated fatty acids [57]. Despite these 
benefits, the overall fat content of fruits remains generally low, as 
confirmed by the present findings (Table 4) and consistent with previous 
reports [90].

4.1.4. Crude fibre
The peel of S. spinosa, which is non-edible, exhibited the highest 

crude fibre content at 43.85 %. The high crude fibre concentration 
suggests its potential suitability as a feed ingredient for ruminants, 
whose digestive systems are adapted to efficiently break down high-fibre 
diets typically ranging from 40 % to 100 % [6]. Among the edible 
portions of the three analysed fruits, F. thonningii pulp contained the 
highest crude fibre content(17.55 %), surpassing the values recorded for 
the pulps of S. spinosa and D. mespiliformis. Crude fibre content is 
generally estimated based on the proportion of indigestible plant com
ponents such as cellulose, pentosans, lignin, and related compounds 
[72]. Dietary fibre, or crude fibre [23], includes soluble and insoluble 
fractions [66]. Insoluble fibres are not digested but facilitate gastroin
testinal motility, while soluble fibres absorb water and ease waste 
excretion [100]. The RDA of fibre for adult men and women is 38 and 25 
g/day [92]. Dietary fibres provide multiple health benefits, including 
cholesterol reduction, blood glucose regulation, and improved gut 
function due to prebiotic properties [66]. As such, fibre is crucial in 
digestive health and alleviating constipation [23].

4.1.5. Protein
The protein content of D. mespiliformis pulp was 6.20 % which closely 

aligns with the 6.01 g/100 g reported by Magaji [56]. Similarly, the 
protein content of D. mespiliformis seeds was 5.37 %, comparable to the 
5.47 % reported by Ezeagu et al. [33]. The fruit peel had the lowest 
protein concentration (2.37 %) among the analysed parts. However, 
literature shows some variation: Muhammad et al. [68] reported a 
higher protein content of 6.86 %, whereas Nyambe et al. [74] reported a 
lower value of 1.6 %.

The fruit of F. thonningii contained a substantial protein content of 
20.60 % (Table 4), higher than that reported for F. thonningii seeds by 
Muhammad and Oluwaniyi [67]. The pulp of S. spinosa exhibited a 
protein content of 23.62 %, which is notably higher than the values 
reported by Lockett et al. [53] 11.70 %, Amarteifio and Mosase [7] 3.3 
%, and Mbhele et al. [59] 9.19 %. The seed of S. spinosa had the highest 
protein content (31.20 %) among the studied samples. However, this is 
slightly lower than the 36.40 % protein content reported for Phoenix 
dactylifera L. (date plum) seeds by Bouaziz et al. [16].

According to Satter et al. [92], the RDA for protein is 34 g for chil
dren, 56 g for adult men, and 46 g for adult women. In this study, the 
pulp of S. spinosa (23.62 %) and the fruit of F. thonningii (20.60 %) 
contained significant protein levels, indicating their potential to 
contribute meaningfully to daily protein requirements, particularly in 
children. Proteins are essential macronutrients that supply amino acids, 
some of which are essential and must be obtained from the diet. They 
serve as fundamental structural components of cells and are vital for 
tissue growth and repair, as they synthesise enzymes and biologically 
active molecules. Proteins also play critical roles in immune function, 

blood clotting, and overall metabolic regulation. While fruits generally 
contain low levels of nitrogenous compounds (0.1–1.5 %) and are 
therefore not considered primary protein sources, some fruits, such as 
berries, cherimoya, and avocados, are recognised for having relatively 
higher protein content [90].

4.1.6. Carbohydrates
The carbohydrate content exhibited a strong positive correlation 

with moisture, fibre, fat, and energy value, and a weak negative corre
lation with protein (Table 6). Among the studied samples, the pulp of 
D. mespiliformis contained the highest carbohydrate content (86.02 %), 
followed by the seeds (78.70 %) and peel (61.78 %). The carbohydrate 
content of the pulp in this study (Table 4) is higher than values previ
ously reported by Magaji [56] 56.55 g/ 100 g, Jacob et al. [44] 60.47 %, 
and Aremu et al. [8] 79.68 g/100 g. However, it closely aligns with the 
86.56 % reported by Muhammad and Oluwaniyi [67]. Similarly, the 
carbohydrate content of D. mespiliformis seeds (78.70 %) is consistent 
with the 77.21 % reported by Ezeagu et al. [33].

For S. spinosa, the pulp contained 59.55 % carbohydrates, which is 
slightly lower than the 62.47 % recorded by Jacob et al. [44], but 
notably higher than the range (37.88–40.77 %) reported by Mbhele 
et al. [59] across thirty-two S. spinosa morphophytes. Additionally, the 
pulp had higher carbohydrate content than the seeds and peel (Table 4). 
The fruit of F. thonningii contained 55.16 % carbohydrates, exceeding 
the 40.02 % reported for the seeds by Muhammad and Oluwaniyi [67]. 
According to Satter et al. [92], the RDA for carbohydrates is 130 g/day 
for both adult men and women. All three fruits analysed in the present 
study, especially the pulp of D. mespiliformis, can be considered good 
sources of carbohydrates. Carbohydrates are the primary energy source 
in the human diet, and the energy derived from their metabolism can be 
used immediately or stored as fat for future energy needs [79,90].

4.1.7. Energy value
The present findings indicate a perfect inverse relationship between 

energy value and moisture content, which agrees with observations by 
Torrens Zaragozá [101]. Among the studied fruits, D. mespiliformis pulp 
exhibited the highest energy value (391.38 Kcal/100 g), which exceeds 
the 348.86 Kcal/100 g reported by Jacob et al. [44]. For S. spinosa, the 
pulp had the highest energy content (342.55 Kcal/100 g), followed by 
the seeds and peel. This value is also higher than the 303.38 Kcal/100 g 
recorded by Jacob et al. [44]. In the case of F. thonningii, the whole fruit 
had an energy value of 346.68 Kcal/100 g, which is lower than the 
382.93 Kcal/100 g reported for the seeds by Muhammad and Oluwaniyi 
[67].

Energy value refers to the amount of energy provided per unit weight 
of food and plays a critical role in dietary energy intake. Consuming 
larger portions of low-energy-dense foods, such as fruits, contributes to 
satiety while reducing total caloric intake, thus making it less likely to 
exceed energy requirements. As such, fruits contribute to reduced meal 
energy density and may assist with body weight regulation [25]. Unlike 
high-energy-dense foods such as refined grains and added sugars, often 
associated with obesity, fruit consumption has not been linked to 
increased risk of obesity [28].

4.2. Elemental analysis

The detection of As is consistent with previous findings by Rehman 
et al. [86], who noted that As is a geogenic carcinogen commonly pre
sent in soils, with its concentrations influenced by both parent rock 
composition and anthropogenic activities. Although the effects of 
chronic As exposure may take months or years to manifest, they are 
known to be detrimental to the endocrine, nervous, cardiovascular, 
hepatic, haematological, renal, dermal, and respiratory systems [86,88].

Cadmium (Cd) was also present in all soil samples examined. As 
Kubier et al. [48] highlighted, Cd accumulation in soil can be attributed 
to various sources, including rock weathering, sewage sludge, landfills, 
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vehicular emissions, industrial activities, and mining operations. 
Furthermore, Cd is known to compete with and displace Zn [77]. The 
present study observed a weak negative correlation between Cd and Zn 
(r = − 0.804), suggesting potential antagonistic interactions. Cd levels 
were consistent in the fruits of D. mespiliformis, F. thonningii, and 
S. spinosa, each containing 0.2 mg/Kg. However, the leaves of 
D. mespiliformis exhibited a slightly higher Cd concentration (0.3 
mg/Kg), aligning with the levels detected in the corresponding soil. 
Given its high toxicity, Cd poses significant health risks even at low 
concentrations. The potential health risks include carcinogenicity, renal 
dysfunction, cardiovascular complications, hormonal imbalances, and, 
in extreme cases, death [95].

Soil from site A exhibited a high Ca content (1502 mg/Kg), with a 
moderate positive correlation between soil and fruit Ca concentrations (r 
= 0.511). The Ca content is influenced not only by parent material but 
also by biological weathering [27], agricultural practices, and water 
movement [14]. In the current study, the fruit of D. mespiliformis con
tained 395.9 mg/Kg of Ca, notably lower than the 69.44 g/100 g re
ported by Magaji [56]. In F. thonningii, Ca levels were highest in the 
leaves (12,190 mg/Kg) compared to the fruit (4933 mg/Kg), aligning 
with the findings of Muhammad and Oluwaniyi [67], who reported 
2067.5 mg/100 g in the seeds. Across all three species, Ca concentra
tions were consistently higher in the leaves than in the fruit, with 
S. spinosa exhibiting the highest leaf Ca content (Table 5). Ca plays a 
vital role in various physiological functions, including skin health, cell 
differentiation, and the maintenance of the epidermal barrier [50,52]. 
Disruption of Ca homeostasis has been associated with dermatological 
conditions such as atopic dermatitis and psoriasis [87].

The Cu content in D. mespiliformis was 3 mg/Kg (Table 5), markedly 
lower than the 30.3 g/100 g reported by Magaji [56]. In F. thonningii, Cu 
concentrations were 6.1 mg/Kg in the leaves and 7 mg/Kg in the fruit. At 
the same time, Muhammad and Oluwaniyi [67] reported a significantly 
higher concentration of 57.4 mg/100 g in the seeds. For S. spinosa, Cu 
levels were 6 mg/Kg in the leaves and 3.1 mg/Kg in the fruit, which 
compares closely with the 2.70 mg/100 g reported by Mbhele et al. [59]. 
A strong positive correlation was observed between soil and the fruit Cu 
concentrations (r = 0.999, p = 0.022), suggesting efficient uptake of Cu 
from the soil into the edible parts of the plant.

Cobalt (Co) was detected only in the leaves of F. thonningii at 0.1 mg/ 
Kg. This is lower than the concentration reported by Muhammad and 
Oluwaniyi [67] reported, who found 1.2 mg/100 g in the seeds. In 
S. spinosa, Co levels were 0.4 mg/kg in the leaves and 0.2 mg/Kg in the 
fruit. These findings fall within the expected range of Co uptake in 
plants, which generally accumulate between 0.1 and 2.0 mg/Kg in their 
tissues [35].

Chromium (Cr) was detected in all soil samples at varying concen
trations (Table 5). Cr is a notable environmental contaminant, 
commonly present in water, rocks, sediments, and mineral deposits 
[26]. Biologically, Cr is essential in enhancing insulin activity and 
metabolising proteins, fats, and carbohydrates [20]. However, despite 
its physiological importance, exposure to high concentrations of Cr 
poses a significant carcinogenic risk (Table 10).

All the soil samples in the current study had high Fe levels, with a 
statistically significant and strong positive correlation (p = 0.020, r =
0.999) between soil Fe concentrations and those in the fruit. According 
to Bartholomeus et al. [12], Fe content indicates soil fertility and its 
potential for cultivation. In this study, the Fe content in D. mespiliformis 
pulp was 21.1 mg/Kg, substantially lower than the 9.88 g/100 g re
ported by Magaji [56]. In F. thonningii, Fe concentrations were higher in 
the leaves (330.5 mg/Kg) than in the fruit (157.6 mg/Kg), while seeds 
were reported to contain 434.1 mg/100 g in a study by Muhammad and 
Oluwaniyi [67]. For S. spinosa, Fe concentrations were 31.9 mg/Kg in 
the leaves and 28.6 mg/Kg in the fruit, compared to 4 mg/100 g in the 
fruit reported by Mbhele et al. [59].

Lead (Pb) levels were below detection limits in all fruit, leaves, and 
soil samples, contrary to findings by Magaji [56], who reported 5.06 

g/100 g in D. mespiliformis pulp.
Magnesium (Mg) levels were higher in site A soil compared to sites B 

and C. While Mg is essential for plant development, excessive concen
trations can become phytotoxic, degrading soil quality [80]. In this 
study, D. mespiliformis pulp contained 483.1 mg/Kg of Mg, significantly 
lower than the 24 g/100 g reported by Magaji [56]. The leaves and fruit 
of D. mespiliformis showed Mg concentrations of 1.896 mg/Kg and 1.555 
mg/Kg, respectively, whereas Muhammad and Oluwaniyi [67] recorded 
1.184.10 mg/100 g in the seeds. Mg plays a pivotal role in numerous 
enzymatic reactions, and deficiencies may disrupt Ca and potassium 
homeostasis, which is critical for maintaining skin integrity [4]. In 
S. spinosa, Mg levels in the fruit were 455.3 mg/Kg in the current study, 
compared to a range of 9–69 mg/100 g reported by Mbhele et al. [59].

The Mn content in F. thonningii was 43.5 mg/Kg in the leaves and 
16.9 mg/Kg in the fruit. Mn is an essential trace element required for 
normal physiological function, and its deficiency has been linked to skin 
lesions [21]. In comparison, the Mn concentration in S. spinosa fruit in 
the current study was 21.3 mg/Kg, which markedly exceeds the levels 
(0.10–2.43 mg/100 g) reported by Mbhele et al. [59] across various 
S. spinosa morphotypes.

Selenium (Se) was detected in low concentrations in all soil, leaf, and 
fruit samples. According to Brodowska et al. [17], elevated Se levels are 
typically associated with soils rich in Fe and organic matter. In contrast, 
low Se levels may result from acidic soil conditions or geologies domi
nated by magmatic rocks. A moderate positive correlation (r = 0.513, p 
= 0.657) was observed between Se and Fe in the fruit of D. mespiliformis 
and F. thonningii. In contrast, a moderate negative correlation was 
observed in the soil samples (r = − 0.890, p = 0.301), suggesting dif
ferential Se-Fe interactions between plant and soil matrices.

Zinc (Zn) concentrations varied across the different sites, with soils 
from Sites A and C exhibiting higher Zn levels compared to Site B. While 
Zn is an essential micronutrient, excessive accumulation can be toxic. It 
may interfere with the uptake or function of other minerals such as Mn 
and Fe [77]. A moderate inverse correlation (r = –0.543) between Zn 
and Fe further supports the antagonistic relationship between these el
ements. In F. thonningii, Zn levels reached 32.7 mg/Kg in the leaves and 
53.3 mg/Kg in the fruit, comparable to the 63.6 mg/100 g reported in 
the seeds by Muhammad and Oluwaniyi [67]. In this study, the Zn 
content in S. spinosa fruit was 55 mg/kg, substantially higher than the 
0.10–0.80 mg/100 g range reported by Mbhele et al. [59] in different 
morphotypes.

4.3. Bioaccumulation of metals across soil, leaves, and fruit

Fruits can naturally accumulate metals from the soil during growth 
and post-harvest processing. These metals are non-biodegradable and 
can persist in ecosystems, potentially entering the food chain and posing 
health risks [59]. Although certain metals serve as essential micro
nutrients, their accumulation at elevated concentrations may harm 
human health. Increasing environmental contamination with heavy 
metals has been linked to rising dietary intake and subsequent health 
concerns, including organ damage and chronic diseases [84]. Plant 
metal uptake is governed by multiple factors, including soil metal con
centrations, pH, cation exchange capacity, organic matter, plant species, 
cultivar, and developmental stage [45]. The solubility of metal oxides, 
which depends on factors such as particle size, composition, surface 
area, and associated impurities, is crucial to bioavailability. Soil pH is 
particularly influential; for example, hydrolysable metals such as Cd, or 
those forming insoluble sulfide or phosphate precipitates, tend to 
become immobilised in near-neutral soils.

In contrast, metals with low ionic potentials remain more soluble and 
bioavailable. Additionally, soil microorganisms contribute to metal 
mobility by secreting soluble ligands that form metal–ligand complexes. 
Metals with higher ionic potentials also interact with inorganic ligands 
such as carbonate and sulfate, further affecting their solubility and plant 
availability [18].
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The current study (Table 9) revealed distinct patterns of metal bio
accumulation across different plant parts. In D. mespiliformis, the BAF for 
all tested elements progressively decreased from leaves to fruits, indi
cating a declining translocation efficiency. A similar trend was observed 
in F. thonningii, where BAF values generally decreased from leaves to 
roots, except for Cd and As, which maintained a consistent BAF of 0.67 
between leaves and fruits. Notably, Cu and Mn in F. thonningii exhibited 
increasing BAFs from leaves to fruits, suggesting preferential trans
location to edible tissues. In S. spinosa, the BAF for Cd remained constant 
(1.0) in both leaves and fruits, while Zn showed increased accumulation 
in fruits.

Overall, the majority of elements exhibited higher bioaccumulation 
in leaves than in fruits, consistent with previous findings suggesting that 
roots often act as selective barriers, while leaves, being directly exposed 
to atmospheric deposition, tend to accumulate higher metal concen
trations [43,109]. Particularly noteworthy was the exceptionally high 
BAF of 25.08 for Mn in F. thonningii leaves, a trend corroborated by 
earlier studies [9,46,69]. This significant Mn accumulation highlights 
the species’ strong phytoremediation potential for Mn-contaminated 
environments.

These findings suggest that D. mespiliformis is a strong accumulator of 
Zn in leaves, while F. thonningii effectively accumulates Cu in fruits and 
Zn in both leaves and fruits. S. spinosa, by contrast, demonstrated high 
accumulation of Mn in leaves and Zn in fruits. The presence of BAF 
values greater than one for these elements confirms the phytor
emediation potential of all three species, positioning them as promising 
candidates for targeted remediation of metal-contaminated soils [51].

4.4. Health risk assessment

4.4.1. Target hazard quotient/non-carcinogenic risk and carcinogenic risk
The presence of toxic elements in the environment poses a growing 

global concern due to their persistence, bioaccumulation, and harmful 
effects on ecosystems and human health. Contamination of air, water, 
and soil facilitates the uptake of these elements by plants, primarily 
through polluted soils, often due to anthropogenic activities and natural 
geochemical processes that elevate concentrations beyond safe limits 
[98]. Even at trace levels, toxic elements such as Cd, As, and Cr pose 
significant risks to public health [88].

In the present study (Table 10), fruit samples from the investigated 
species revealed elevated concentrations of harmful elements. 
D. mespiliformis fruit contained unacceptable levels of Cd, followed by Cr 
and As. Similarly, F. thonningii exhibited elevated concentrations of Cd, 
Cr, As, Fe, and Zn. S. spinosa showed particularly high levels of Cd and 
Zn. Notably, Co was undetectable in both D. mespiliformis and 
F. thonningii fruits. The accumulation of these elements in edible tissues 
poses a potential health risk to consumers, particularly when the THQ 
exceeds 1.0, indicating possible non-carcinogenic effects from pro
longed exposure.

Furthermore, carcinogenic risk assessment showed that As, Cd, and 
Cr concentrations surpassed the acceptable threshold of 1.0 × 10⁻⁴, 
underscoring the need for stringent consumption regulation and 
continuous environmental monitoring [1]. These findings are particu
larly concerning in the Mpumalanga Province, where active gold and 
coal mining operations are prevalent. The region is known for its 
coal-fired power stations, which, along with mining activities, signifi
cantly contribute to the contamination of water and soil with heavy 
metals [58]. Open-cast and underground mining degrade biodiversity 
and contaminate surface and groundwater, increasing the risk of heavy 
metal accumulation in local flora [97]. Given these environmental 
conditions, the presence of toxic metals in the analysed fruits may reflect 
broader regional contamination. Bioremediation has been identified as 
an effective and low-cost method for mitigating soil contamination using 
plants, microbes, and microbial enzymes [73]. Ongoing rehabilitation 
efforts in Mpumalanga to restore metal-contaminated ecosystems 
further support the urgent need for integrated environmental and public 

health strategies [15,75].

5. Conclusion

The nutritional and elemental analysis of D. mespiliformis, F. thon
ningii, and S. spinosa demonstrates their potential as sources of essential 
nutrients and minerals, supporting food security and human health. 
Each species showed distinct profiles, with notable levels of protein, 
fibre, Ca, Fe, and Zn, and high accumulation of Zn and Mn in certain 
plant parts, indicating nutraceutical potential. However, elevated levels 
of toxic metals, including Cd, As, and Cr, likely linked to local mining 
activities, highlight safety concerns, particularly for fruit consumption. 
Limitations of this study include its focus on selected species from a 
single region, limited generalisability, the absence of direct dietary 
intake assessments, and potential variations in nutrient and metal con
tent due to seasonal or environmental factors. Future research should 
develop strategies to mitigate health risks and safely integrate these wild 
fruits into local and global food systems.
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