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Abstract
Numerous under-researched edible plants are present in the desert regions of the world. These plants could be potential 
candidates to ensure food security and provide valuable bioactive compounds through diet. In general, the bioactives 
present in food manifest synergistic, additive, or antagonistic interactions. The current study investigates such interac-
tions between food combinations traditionally consumed in (semi) arid regions. Five edible plants (representing three 
food categories) were selected: Prosopis cineraria and Acacia senegal (legume), Capparis decidua and Cordia dichotoma 
(non-legume), and Mangifera indica (fruit), in which the first four are largely underutilized. The antioxidant capacities 
of individual plant extracts and their binary mixtures were analyzed by DPPH free radical scavenging and FRAP assays. 
The total phenolic content (TPC) and total flavonoid content (TFC) were also determined. The highest antioxidant 
activity was obtained for Prosopis cineraria extract (EC50—1.24 ± 0.02 mg/ml, FRAP value—380.58 ± 11.17 μM/g), while 
Mangifera indica exhibited the lowest antioxidant activity (EC50—2.54 ± 0.05 mg/ml, FRAP value—48.91 ± 4.34 μM/g). 
Binary mixture of Prosopis cineraria (legume) and Mangifera indica (fruit) manifested maximum synergy (experimental 
EC50—0.89 ± 0.01 mg/ml, theoretical EC50—3.79 ± 0.05 mg/ml). Correlation studies [Pearson’s correlation coefficient (r) 
and Principal component analysis (PCA)] showed a high correlation of TFC with DPPH and TPC with FRAP values. LC–MS 
analysis of methanolic plant extracts detected 43 phenolic compounds (including phenolic acids, flavonoids, and iso-
flavonoids), possibly responsible for the observed food synergy. For edible plants of the (semi) arid zones, this study is 
a first-of-its-kind and provides scientific validation to the traditional wisdom of consuming these foods together. Such 
indigenous food combinations derived from desert flora could offer valuable insights into development of sustainable 
functional foods and nutraceuticals.
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Abbreviations
TPC	� Total phenolic content
TFC	� Total flavonoid content
DPPH	� 2,2-Diphenyl-1-picryl-hydrazyl-hydrate
FRAP	� Ferric ion reducing antioxidant power
EAC	� Experimental antioxidant capacity
TAC​	� Theoretical antioxidant capacity
SE	� Synergy effect

1  Introduction

The plant-based foods that we eat not only provide macronutrients (proteins and carbohydrates) and micronutrients 
(vitamins and minerals) but also phytochemicals like phenolics and flavonoids. The latter are bioactive non-nutrient 
chemicals present in fruits, vegetables, legumes, and other plants, which they often accumulate under different biotic 
and abiotic stresses. A growing body of evidence suggests that the potential benefits of antioxidant capacity inherent 
in phytochemicals in fruits and vegetables may be even more significant than currently acknowledged. This is because 
oxidative stress caused by free radicals is implicated in the genesis of a wide range of non-communicable chronic disor-
ders like cancer, obesity, diabetes, and cardiovascular disease, to name a few [1, 2]. Phytochemicals are classified as phe-
nolics, nitrogen-containing compounds, carotenoids, terpenoids, and sulfur-containing compounds. Phenolic acids and 
flavonoids (flavone, isoflavone, flavanol, flavonol, flavonone, anthocyanidin) (Fig. 1), are the most studied phytochemicals 
owing to their vast structural and functional diversity. These phytochemicals and their synthetic derivatives have shown 
beneficial biological activities, such as anticancer, antifungal, antibacterial, and antioxidant activities [3]. Their antioxidant 
activity is linked to the structure, length of the side chain, and substitutions on the aromatic ring [4]. However, in the 
current era where consumption of isolated dietary supplements is more prevalent, it cannot be overemphasized that 
the same compounds can become toxic or antagonistic if consumed in excess or wrong combinations. In this context, 
wisdom lies in their intake via the food matrix, where the individual concentrations of the nutraceuticals are balanced.
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In our body, cellular respiration, protein folding, and some metabolic activities constantly produce reactive oxygen species 
(ROS), such as hydroxyl radicals, superoxide anions, and singlet oxygen, which are essential for various signalling pathways 
and regulation of physiological activities. But, in the case of redox imbalance, excessive ROS can be harmful and cause oxida-
tive stress, which can trigger inflammation or lead to chronic diseases [5]. According to epidemiological reports, regular intake 
of fruits and vegetables has been related to a lower risk of diseases, often heralded by this redox imbalance. Phytochemical 
extracts from vegetables and fruits have potent antioxidant and antiproliferative properties, and the majority of overall 
antioxidant activity comes from the combination of phytochemicals. Their strong antioxidant activity is often implicated to 
their additive and synergistic effects [1].

As a concept, food synergy highlights the positive interactions between nutrients and/or nutraceuticals, their absorption, 
and bioavailability in human body. It emphasizes the interaction of nutrients in various foods rather than a single compo-
nent present therein. For example, green tea and black pepper were reported to have a synergistic effect, increasing the 
bioavailability of epigallocatechin gallate (EGCG), a compound present in green tea [6]. It is important to remember that 
phytochemicals may still cause cytotoxicity. The cytotoxic effects of phytochemicals may be worsened by excessive dosageor 
incompatible interactions. Because of these reasons, it is preferable to obtain bioactive compounds from whole plant-based 
foods that contain low-dose phytochemicals and have a generally favorable safety profile [7].

Plants growing in desert regions face harsh environmental conditions like excessive temperatures and low rainfall, and 
therefore accumulate unique anti-stress metabolites to combat the same [8]. Studies on synergistic interactions between 
traditional food combinations from the (semi) arid zones are missing. For this, five foods from three different categories, 
including Prosopis cineraria and Acacia senegal (legumes), Capparis decidua and Cordia dichotoma (non-legume), and Man-
gifera indica (fruit), were selected (Fig. 2). These plants are found in different regions worldwide and fruits/vegetables derived 
from them are dried/processed, and traditionally consumed in the arid and semi-arid parts of Indian subcontinent and 
Western Asia in different combinations, like ker-sangri (Capparis decidua-Prosopis cineraria), ‘Panchkuta’ (combination of all 
five above-mentioned plants), etc. Indigenous communities (such as the Bishnoi in Rajasthan, India) have been known to 
protect these plants/trees, particularly Prosopis cineraria, since ancient times. However, apart from corroboration through 
ethnic dietary practices, there is no scientific evidence till date on whether these foods have any synergistic effects. The objec-
tive of the current study is to investigate interactions between phenolic bioactives in the food matrix in order to scientifically 
validate the antioxidant synergy in traditional food combinations of the (semi) arid regions, by employing multi-mechanistic 
antioxidant assays.

Fig. 1   Basic flavan structure 
and chemical structures of 
flavonoid subgroups. Struc-
tures are drawn using Marvin 
sketch software



Vol:.(1234567890)

Research	 Discover Food            (2024) 4:11  | https://doi.org/10.1007/s44187-024-00082-y

2 � Materials and methods

2.1 � Chemicals and reagents

DPPH, ascorbic acid, quercetin, ferric chloride (FeCl3), sodium hydroxide (NaOH), sodium nitrite, and sodium carbonate 
were purchased from HiMedia (Mumbai, India), methanol, aluminium chloride, sodium acetate, and Folin–Ciocalteu 
reagent (FCR) were obtained from Sigma Company (United States), glacial acetic acid and 2,4,6-tripyridyl-s-triazine 
(TPTZ) were purchased from SRL (Mumbai, India).

2.2 � Sample collection and extraction

Commercially available dried pods of Prosopis cineraria (PC; Local name in Rajasthan: Sangri), berries of Capparis 
decidua (CD; Local name in Rajasthan: Ker), seeds of Acacia senegal (AS; Local name in Rajasthan: Kumatiya), the fruit 
of Cordia dichotoma (CDI; Local name in Rajasthan: Lasora), and pulp of Mangifera indica (MI; Mango) were purchased 
from a local grocery store (Nagaur district, Rajasthan, India; N 27° 11′ 55.0644″, E 73° 44′ 4.9848″).

2.2.1 � Sample preparation and extraction

The dried edible parts were powdered using a Waring blender. For each plant, 10 g of the dry powder was extracted 
with 80% methanol (1:5 w/v) at room temperature (1 h) in an orbital shaker incubator. The samples were further 
centrifuged at 3000×g for 10 min. The supernatant was filtered with a filter paper (Whatman). This step was performed 
twice, followed by concentrating the pooled supernatants to dryness using a rotary evaporator (Aditya Scientific, 
India). The resulting extracts were stored at 4 °C for further analysis.

Fig. 2   Dried edible parts of 
the five selected semi (arid) 
zone plants from India



Vol.:(0123456789)

Discover Food            (2024) 4:11  | https://doi.org/10.1007/s44187-024-00082-y	 Research

2.3 � Evaluation of antioxidant activity

Different concentrations of methanolic extracts were prepared to evaluate their antioxidant activities. For binary 
combinations, the food extracts were mixed in a 1:1 (v/v) ratio. Individual extracts were twofold diluted before testing.

2.3.1 � Total phenolic content (TPC)

The TPC was determined by the Folin–Ciocalteu method described by Tsao et al. [9] and Wang et al. [10] with some 
modifications. Briefly, 1 ml of the FCR (Folin–Ciocalteu Reagent) and 0.8 ml of 7.5% sodium carbonate were mixed with 
0.2 ml of the extract. After gently shaking, the mixture was incubated for 30 min at room temperature, and the absorbance 
was recorded at 765 nm. A standard curve of gallic acid was prepared (50–250 μg/ml), and the TPC values were expressed 
as micrograms of gallic acid equivalents (GAE) per gram of sample. All tests were performed in triplicates.

2.3.2 � Total flavonoid content (TFC)

The TFC was calculated by the Aluminum chloride colorimetric assay described by John et al. [11]. Briefly, in a flask 
containing 4 ml distilled water, an aliquot (1 ml) of extracts or standard solutions of quercetin (200–1000 μg/ml) was 
added. To the flask was added 0.30 ml 5% NaNO2, followed by 0.30 ml 10% AlCl3 after 5 min. Further, 2 ml of 1 M NaOH 
was added after five minutes, and the volume was adjusted to 10 ml with distilled water. After shaking absorbance of 
the sample was read at 510 nm. The TFC values were expressed as mg of quercetin equivalents (QE) per g of sample. All 
tests were performed in triplicates.

2.3.3 � DPPH free radical scavenging assay

The DPPH assay was performed as described by Hidalgo et al. [12]. A 100 μM DPPH solution was prepared in methanol, 
and to 290 μl of this solution, 10 μl of individual food extract or extract combination was added. The concentration of 
methanolic extracts ranged between 0.5 and 2.5 mg/ml (final concentration). The above reactions were carried out in a 
96-well microplate, followed by incubation in the dark at room temperature for 1 h, and absorbance was measured at 
517 nm using a microplate reader (Thermo Scientific Multiskan GO). The percentage DPPH radical scavenging activity 
was calculated using the following equation:

where Ac represents the absorbance of the control while As represents that of the sample. Solution devoid of the sample 
was taken as control. The results were expressed as EC50 (μM) obtained by plotting a graph between concentration and 
inhibition percentage.

2.3.4 � FRAP assay

The FRAP assay was performed using the protocol described by earlier researchers [13, 14]. Briefly, the FRAP reagent 
was prepared by mixing 300 mM acetate buffer, pH 3.6, 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) in 40 ml of 40 mM HCl, 
and 20 mM FeCl3 at 10:1:1 (v/v/v). 10 μl of individual extract/binary combinations and 300 μl of freshly prepared FRAP 
reagent were mixed in a 96-well plate, incubated at 37 °C, and the absorbance was read at 593 after 12 min. The final 
FRAP value was expressed as μM ascorbic acid equivalent (AAE) per g of extract.

2.3.5 � Synergy percentage and synergy effect (SE)

Synergy percentage for DPPH assay was calculated by the following equation [12]

Here Mix EC50 is the value of EC50 obtained by the mixture of two extracts. A EC50 is the EC50 of extract A, and B EC50 is the 
EC50 of extract B. Synergy percentage for FRAP assay was calculated by the following equation [12, 15].

Inhibition % =
A
c
− A

s

A
c

,

100 −
[

Mix EC50 × 200
]

∕A EC50 + B EC50,
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Here the mixture FRAP value is obtained by the binary mixture of extracts. A FRAP value and B FRAP value are the values 
of individual extract A and individual extract B. In both assays, positive values signify synergistic interaction, whereas 
negative values signify antagonistic interaction.

The synergy effect (SE) was calculated for the DPPH assay. Experimental antioxidant capacities (EAC) of binary 
combinations were compared with theoretical antioxidant capacities (TAC) of mixtures to find the synergy effect. 
Calculation of theoretical values was done using the following equation [5, 16]:

EAC A and EAC B are the experimental antioxidant activities of individual extracts A and B, respectively. SE is calculated 
as EAC/TAC. Value of SE < 1 indicates synergistic effect, while SE equal to 1 and > 1 represent additive and antagonistic 
effects, respectively. This method is suitable when the antioxidant activity is expressed as EC50 values. Here, lower EC50 
values imply higher antioxidant activity [17]. As a result, the synergy effect adopts reverse values, i.e., for synergism, it is 
higher than 1, and for antagonism, it is lower than 1.

2.4 � LC–MS/MS analysis of the plant extracts

The crude methanolic extracts of the five plants were analyzed by LC–MS; HPLC-TQD Mass Spectrometer (Waters 
Corporation, Milford, USA). Samples were separated on an Accucore C-18 column (150  mm × 2.1  mm, 2.6  µm, 
ThermoScientific). The mobile phase consisted of acetonitrile (A) and 5 mM ammonium acetate (B). Gradient elution 
flow was: 0–10 min, 5% A; 10–16 min, 30% A; 16–24 min, 60% A; 24–35 min, 80% A; 35–40 min, 5% A. The flow rate was 
0.25 ml/min; injection volume 5 µl; and column temperature 35 °C. A photodiode-array (PDA) detector was used to record 
the spectral data from 210 to 650 nm. Mass spectrometry data using electrospray ionization was collected in both positive 
and negative ionization modes, covering a mass range of m/z 150 to m/z 750. The detection parameters were: ion spray 
voltage 3.5 kV; capillary temperature 348 °C; gas flow 50 l/h; collision energy 20 V. The mass spectrum fragments were 
evaluated by mzCloud Mass Spectral Library (Thermo Fisher Scientific), and the reported relevant literature.

2.5 � Statistical analysis

Experiments were performed in triplicate, and the values were estimated as mean ± standard deviation. One-way analysis 
of variance (ANOVA) was done to assess the statistically significant differences between the mean values. P-value ≤ 0.05 
was considered statistically significant. Pearson’s correlation coefficient (r) was estimated using Microsoft Excel. Principal 
component analysis (PCA) was done using XLSTAT software (Addinsoft, Paris, France).

3 � Results and discussion

In the current study, crude methanolic extracts prepared from edible portions of selected desert legumes (Prosopis 
cineraria and Acacia senegal), non-legumes (Cordia dichotoma and Capparis decidua), and fruit (Mangifera indica) were 
tested for the antioxidant activity, individually and in binary combinations by DPPH and FRAP assays. TPC and TFC values 
were calculated as the phenolic/flavonoid content and antioxidant activity were correlated [18]. Preliminary studies 
have shown that aqueous methanol is the best solvent for extracting phytochemicals, and methanolic extracts have the 
highest antioxidant activity [19, 20]. The experimental results obtained are presented and discussed below.

3.1 � Antioxidant activity of individual plant extracts

The antioxidant activity of selected five foods was evaluated by four assays (TPC, TFC, DPPH, and FRAP) (Fig. 3). Prosopis 
cineraria (legume) showed the highest antioxidant activity among the five foods in all four assays. This result is in agree-
ment with previous studies, which report that legumes (family Fabaceae) are the main source of isoflavones [21, 22], and 
antioxidant activity of isoflavones has been proven both in vitro and in vivo [22, 23]. Variations in antioxidant activity occur 
both within and between food categories. In legumes, the antioxidant activity of Prosopis cineraria (EC50—1.24 ± 0.02 mg/

[

mixture FRAP value × 100∕(A FRAP value + B FRAP value)
]

− 100,

TAC = (EAC A + EAC B) − (EAC A × EAC B∕100),
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ml, FRAP value—380.58 ± 11.17 μM/g) was 1.7-folds and 2.4-folds higher than Acacia senegal (EC50—2.1 ± 0.02 mg/
ml, FRAP value- 158.69 ± 7.34 μM/g), and in non-legumes, Cordia dichotoma (EC50—1.34 ± 0.04 mg/ml, FRAP value—
280.24 ± 20.74 μM/g) showed 1.45-folds and 5.4-folds higher activity than Capparis decidua (EC50—1.94 ± 0.03 mg/ml, 
FRAP value—52.47 ± 5.7 μM/g) in DPPH and FRAP assays.

The order of highest to lowest antioxidant activities in all the five foods is as follows: (TPC estimation), Prosopis 
cineraria > Capparis decidua > Mangifera indica > Corida dichotoma > Acacia senegal; (TFC and DPPH assay), Prosopis 
cineraria > Corida dichotoma > Capparis decidua > Acacia senegal > Mangifera indica; (FRAP assay), Prosopis cineraria > Cordia 
dichotoma > Acacia senegal > Capparis decidua = Mangifera indica. The high antioxidant capacity of the legume Prosopis 
cineraria makes it an ideal candidate to be explored further as a source of not only protein but also natural antioxidants. 
These plants are also good sources of ascorbic acid, with 523 mg/100 g in Prosopis cineraria, 7.81 mg/100 g in Capparis 
decidua, 16 mg/100 g in Mangifera indica [24], 4 mg/100 g in Acacia senegal [25], and 0.93 mg/g in Cordia dichotoma 
[26]. The results showed that the antioxidant activity of foods is more due to the flavonoid content. For instance, the TPC 
of Cordia dichotoma was found to be 24% lower than Capparis decidua and 10% lower than Mangifera indica, but it has 
higher antioxidant activity because of 74% and 126% higher TFC than Capparis decidua and Mangifera indica. Similarly, 
the TPC of edible portions of Mangifera indica is more than Acacia senegal but it has lowest antioxidant activity because 
of lowest TFC among the five chosen plants.

The correlation of TPC as well as TFC with both DPPH and FRAP values of individual food extracts is shown in online 
resource Figure S4. The total flavonoid content (TFC) showed a strong significant correlation with DPPH and FRAP (r = 0.98 
and r = 0.95 respectively, p < 0.05). However, the total phenolic content (TPC) showed a moderate non-significant correla-
tion with DPPH and FRAP (r = 0.65 and r = 0.63, respectively). The correlation between DPPH and FRAP was significantly 
strong with r = 0.9319 (p < 0.05).

Flavonoids show a structure–antioxidant activity relationship. In general, structural features such as the ortho-
dihydroxy structure or catechol group in the B-ring, which stabilizes the radical formed; the 2-3-double bond in 
conjugation with a 4-oxo function, which helps in the delocalization of electron from the B-ring; and the presence of 
the 3- and 5-OH functions, responsible for scavenging the free radicals, are thought to be closely linked to a compound’s 
antioxidant potency [12]. The presence of these hydroxyl groups is essential for determining the antioxidant activity using 
various methods, including DPPH and FRAP, which work on hydrogen atom transfer (HAT) and single electron transfer 
(SET) mechanisms, discussed further in the next section. Among the chosen plants, the highest TFC was observed for 

Fig. 3   Antioxidant activities of individual plant extract in a TPC, b TFC, c DPPH assay (inhibition % values), d DPPH assay (EC50 values), and e 
FRAP assay. PC: Prosopis cineraria; CDI: Cordia dichotoma; CD: Capparis decidua; AS: Acacia senegal; MI: Mangifera indica 
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P. cineraria. Many studies show that the antioxidant activity of plant extracts is directly proportional to their phenolic/
flavonoid content [18, 27]. The phytochemical composition of different plant foods depends on various factors, like 
cultivar, growing and storage conditions (climate, soil, water), and time of harvest. Our research group has earlier reported 
the variation in total flavonoid content of P. cineraria pod extracts obtained from trees in different geographical regions, in 
which we found that pods from the semi-arid zone (300–500 mm average annual rainfall) had higher TFC in comparison 
to those from the arid zone (100–350 mm average annual rainfall) [28]. Therefore, cultivar selection and environmental 
growth conditions would be of immense significance if these traditional edible plants were to be propagated for 
commercial purposes or developed into future-smart functional foods for better food security.

3.2 � Antioxidant activity of plant combinations

The interaction between the bioactive compounds present in different foods can be synergistic, additive, or antagonistic. 
When the effect of a binary food combination is equal to the sum of effects of individual foods, it refers to an additive 
effect; when the effect is greater than the sum of individual foods, it refers to a synergistic effect; and antagonism occurs 
when the effect is less than the sum of individual foods. Studies related to the interaction of different food extracts are 
scarce, especially in the combination of traditional foods of desert regions. As mentioned earlier, binary combinations 
selected from five indigenous food practices were prepared in a 1:1 (v/v) ratio and tested for their antioxidant activities 
by four chemical-based assays. A total of 10 combinations were tested. The experimental value of each combination was 

Fig. 4   Antioxidant activity of plant combinations by a TPC, b TFC, c DPPH, and d FRAP assay. *Indicates significant values (p ≤ 0.05)
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compared with the theoretical value, which is the sum of values obtained from individual extracts, evaluated at two-
fold dilution (Fig. 4). For TPC, TFC, and FRAP assays, if the experimental value is significantly higher than the theoretical 
one, it is considered a synergistic effect; if the experimental value is significantly lower than the theoretical one, it is an 
antagonistic effect. If there is no significant difference in the two values, it indicates an additive effect. Except for the 
DPPH assay, all assays were evaluated this way. For DPPH assay, however, the experimental values lower, higher, or equal 
to the theoretical values indicate synergistic, antagonistic, and additive effects, respectively [10, 15]. As seen from Fig. 4, 
almost all combinations manifested antioxidant synergy.

The correlation of TPC and TFC with DPPH and FRAP values of food combinations is shown in online resource Figure S5. 
The correlation of total flavonoid content (TFC) with DPPH (r = 0.81, p < 0.05) was higher than with FRAP values (r = 0.75, 
p < 0.05). But, the correlation of total phenolic content (TPC) with FRAP (r = 0.735, p < 0.05) was significantly higher than 
with DPPH (r = 0.579; non-significant). The DPPH activity showed a strong correlation with FRAP values (r = 0.937, p < 0.05). 
These results justify to an extent the selection of both DPPH and FRAP assays for calculation of antioxidant activities 
in the current study. The mechanistic aspects to differentiate both the antioxidant assays (DPPH and FRAP) have been 
discussed below.

Principal component analysis (PCA) was performed to determine the relationship between four variables (TPC, TFC, 
DPPH, and FRAP). The total variance of data matrix was 94.62%, out of which principal component 1 (PC1) accounted for 
87.81%, whereas principal component 2 (PC2) accounted for 6.81% of the variance (Fig. 5). Positive factor loadings were 
shown by PC1 for all the variables, with DPPH showing the maximum factor loading (0.964), followed by FRAP (0.947). 
PC2 showed positive factor loading for TPC (0.456), indicating that it could be the best selection for individual factor load-
ing. TFC, FRAP, and DPPH showed significant effects on PC1, while TPC had strong effect on PC2. Figure 5 also illustrates 
correlations between variables: positively correlated variables appear close to each other on the plot (angle < 90°), while 
negatively correlated variables appear diagonally opposite each other (angle > 90°) [29]. In this context, PCA demonstrates 
a positive correlation of TPC and TFC with antioxidant activity (measured by DPPH and FRAP assays). This result can be 
explained by the known antioxidant characteristics of phenolic compounds [30]. In this study, we observed that majority 
of extracts with binary combinations were present on the right side of the biplot indicating that synergistic interactions 
were responsible for their activity as represented by different variables. For instance, PCA showed that the combination 
of Prosopis cineraria (PC) and Cordia dichotoma (CDI) had better (synergistic) antioxidant activity (present in the lower 
right quadrant) in comparison to their individual extracts.

Tables 1 and 2 further represent the types of interactions possible in the binary combinations from the four assays. 
In TFC and DPPH assays, all 10 combinations showed a synergistic effect, whereas, in TPC and FRAP assays, differences 
in the type of interactions (synergistic, antagonistic, and additive) were observed in the food combinations. This obser-
vation is not uncommon. For instance, Hidalgo et al. [12] reported that anthocyanins (cyanidin-3-glucoside and mal-
vidin-3-glucoside) manifested synergistic interactions in FRAP assay but not in DPPH assay. In our study, maximum 

Fig. 5   Principal component 
analysis (PCA) biplot of anti-
oxidant activity assays (DPPH 
and FRAP) versus phenolic 
(TPC) and flavonoid contents 
(TFC) with factor scores of 15 
extracts (5 individual extracts 
and 10 binary extract combi-
nations). For abbreviations, 
refer to the legend of Fig. 3
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synergism was shown by the binary combination of Prosopis cineraria (legume) and Mangifera indica (fruit) in both 
DPPH (experimental EC50—0.89 ± 0.01 mg/ml, theoretical EC50—3.79 ± 0.05 mg/ml) and FRAP assays (experimental 
value—542.02 ± 29.34 μM/g, theoretical value—429.49 ± 9.52 μM/g), which is in correlation with their total flavonoid 
content (experimental value—603.45 ± 4.12 mg QE/g, theoretical value—481.76 ± 3.79 mg QE/g). This result is in sync 
with the findings of Wang et al. [10], which indicated synergistic interaction between the combination of legumes and 
fruits while studying eleven different foods in Canada (that included a few berries, vegetables, and legumes. Bellik et al. 
[31] reported the synergistic antioxidant activity of honey-mint (Mentha spicata) combination, which can be used for the 
development of dietary supplements and functional foods. Our study brings out the health benefits of the traditional 
practice of preparing dishes containing edible parts of both Prosopis cineraria and Mangifera indica. The other synergis-
tic combinations in all four assays include Capparis decidua–Acacia senegal and Acacia senegal–Mangifera indica. All the 
food combinations selected by us are distinctive as they are based on the indigenous food practices in arid regions of 
the world, which have been validated by their consumption through the ages.

The possible mechanisms for the antioxidant function (deactivation of free radicals) of different dietary phytochemicals 
include single electron transfer (SET) and hydrogen atom transfer (HAT) [10]. Such mechanistic differences might explain 
why no single antioxidant can provide the same health benefits as compared to a combination of natural phytochemicals 
found in our foods [2]. Therefore, while assessing synergistic effects is a worthy goal, the various available assays are 
based on multiple chemical mechanisms, making it more complicated. A single method’s specificity and sensitivity do 
not ensure a reliable assessment of all types of dietary antioxidants; thus, a combination of various assays is considered a 
more accurate measure of antioxidant activity. HAT-based mechanisms assess an antioxidant’s capacity to scavenge free 

Table 1   Type of interactions 
in TPC and TFC of binary food 
combinations

L legumes, NL non-legumes, FR fruits, E experimental value, T theoretical value, Sy synergistic, Ad additive, 
An antagonistic interaction

Category Combinations Type of interactions

TPC TFC

L/NL PC + CD An Sy
L/L PC + AS An Sy
L/NL PC + CDI An Sy
L/FR PC + MI An Sy
L/NL CD + AS Sy Sy
NL/NL CD + CDI Ad Sy
NL/FR CD + MI Sy Sy
L/NL AS + CDI Ad Sy
L/FR AS + MI Sy Sy
NL/FR CDI + MI Sy Sy

Table 2   Type of interactions 
in DPPH and FRAP assay of 
binary food combinations

L legumes, NL non-legumes, FR fruits, E experimental value, T theoretical value, Sy synergistic, Ad additive, 
An antagonistic interaction

Category Food combinations DPPH FRAP

Synergy % Synergy effect (SE) Synergy %

L/NL PC + CD 36.48 0.32 Sy 6.92 Sy
L/L PC + AS 47.90 0.26 Sy 4.55 Ad
L/NL PC + CDI 42.64 0.29 Sy 11.62 Sy
L/FR PC + MI 52.91 0.24 Sy 26.2 Sy
L/NL CD + AS 37.13 0.32 Sy 12.51 Sy
NL/NL CD + CDI 42.68 0.29 Sy − 1.98 Ad
NL/FR CD + MI 35.27 0.33 Sy − 21.5 An
L/NL AS + CDI 48.84 0.26 Sy 1.56 Ad
L/FR AS + MI 43.10 0.29 Sy 5.23 Sy
NL/FR CDI + MI 48.45 0.26 Sy − 6.45 Ad
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radicals through hydrogen donation. Methods based on SET detect an antioxidant’s capacity to transfer one electron to 
reduce any compound, including metals, carbonyls, and radicals [32].

The antioxidant activity of food mixtures may not always have an additive effect; it can either increase (synergism) 
or decrease (antagonism). The exact mechanism behind these interactions is still unclear. Some explanations proposed 
by researchers for synergistic interactions are (i) more robust antioxidants are regenerated by weaker antioxidants [33], 
(ii) stable intermolecular complexes with more potent antioxidant capacity are formed [17], (iii) depends on the type of 
antioxidant, and its concentration [34], (iv) unpredictable interactions. Hypotheses proposed for antagonistic interactions 
are (i) weaker antioxidants are regenerated by stronger antioxidants [17], (ii) antioxidants tend to polymerize, thus 
decreasing their antioxidant activity [35], (iii) free antioxidant radicals undergo irreversible reactions that lead to their 
disappearance (therefore they do not react with the neutralized radical). When studying antioxidant synergy between 
raspberry and adzuki bean extracts, Wang et al. [10] did not observe the appearance of new peaks on HPLC analysis of 
mixtures. In the current study, the formation of new compounds for synergy in the antioxidant activity of plant extracts 
could be ruled out, as similar phenolic compounds are also present in our extract, the metabolic aspects of which we 
have reported elsewhere [8].

Antioxidants may react differently to various radical or oxidant sources. Due to the involvement of different reaction 
mechanisms, characteristics, and various phase localizations, a single assay will be insufficient to precisely reflect all 
antioxidants or radical sources in a complex system (like food). Therefore, it is scientifically prudent to use both DPPH and 
FRAP assays to unambiguously ascertain and validate the antioxidant potential of phytochemicals in foods. FRAP assay 
utilizes SET reaction mechanism, hence cannot detect compounds that work by hydrogen transfer (radical quenching). 
However, the DPPH assay utilizes both SET and HAT reaction mechanisms. This radical can be quenched either by 
hydrogen transfer or neutralized by direct reduction via electron transfer [36]. Therefore, it is possible that a particular 
phytochemical combination might show synergy through DPPH assay but not FRAP assay, and vice versa.

In our case, we did not observe antagonism in DPPH assays, but antagonism was there in certain combinations when 
tested through the FRAP assay (e.g., Capparis decidua and Mangifera indica). Nonetheless, it is worthwhile to note that 
the FRAP assay is based on ferric-to-ferrous ion reduction, and antioxidants that do not have ferric-reducing ability will 
be ignored by the assay [37], and therefore the inherent antioxidant capacity of a food mixture will be underrepresented 
and might appear as antagonistic. Additionally, the composition of solvents used in the in vitro antioxidant assays has 
been reported to affect the phytochemical interactions resulting in chemical incompatibility. e.g., the reagent used 
in FRAP assay (TPTZ) is highly polar and might interfere with the polar reactive groups (–OH) present in the phenolic 
phytochemicals. Clarke et al. [38] have reported the DPPH method to be more reliable and reproducible. It is an enduring 
fact that certain phytochemical combinations show antagonistic interactions, at times due to intermolecular hydrogen 
bonding that reduces the availability of active hydroxyl groups (e.g., in flavonoids) for radical scavenging activities 
[12]. The available literature, including a recent report by our research group, also indicates that the traditional plants 
or medicines derived from them contain a number of hydroxyl-containing phenolics and flavonoids [28]. Therefore, 
antagonism among phytochemicals is definitely a possibility. This makes it all the more important to derive novel 
functional foods from time-tested combinations of traditional edible plants.

3.3 � LC–MS/MS analysis of plant extracts

The LC–MS analysis was performed to screen phenolics/flavonoids in the five plant extracts. The LC–MS chromatograms, 
in both positive and negative ionization modes, and the m/z values of the identified metabolites are given in online 
resource file (Figure S2) and Table 3, respectively [individual mass spectra of identified compounds have been given in 
online resource file (Figure S3)]. Isoflavonoids are often exclusively present in Leguminosae and play an important role 
as antioxidant phytochemicals [39]. The LC–MS analysis of two legumes (P. cineraria and A. senegal) showed the pres-
ence of isoflavonoids (including a few glycosides and malonylated derivatives) like daidzein, daidzin, genistein, sissotrin, 
puerarin, and glycitin. The highest antioxidant activity of P. cineraria extract might be attributed to the presence of dif-
ferent isoflavonoids, which are categories of flavonoids known for their phytoestrogenic and anticancer properties. The 
phenolic compounds should be bioavailable (in terms of absorption, distribution, metabolism, and excretion) to exert 
their potential activities. Phenolic acids, isoflavonoids, and low molecular weight phenolics are reported to have the 
highest rate of bioavailability [40]. Joshi et al. [41] reported the synergistic antioxidant interaction of rutin (and quercetin) 
with kaempferol in a 1:1 ratio. The synergistic antioxidant activity between binary mixtures of the plants reported in this 
study could be due to quercetin-kaempferol or rutin-kaempferol interaction (as one of the many synergistic combina-
tions). Ferulic acid and ellagic acid have been reported to show synergistic antioxidant activity [42], which can also be 
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responsible for the synergism between Acacia senegal and Mangifera indica extracts. Similarly, Reber et al. [43] reported 
synergism between coumaric acid and quercetin, therefore, the synergistic activity between Prosopis cineraria and Acacia 
senegal, could be partly attributed to the presence of these two phenolics. We could also identify a few polyphenolic 
compounds that have not been previously reported in the literature (Table 3), therefore highlighting these plants as 
their potential sources for further characterization.

In the LC–MS chromatogram of the five plants, maximum number of compound peaks of high intensity were shown 
in P. cineraria and C. dichotoma, whereas least number of compounds were detected in M. indica extract. However, M. 
indica shows more number of phenolic compounds than Acacia senegal. These results further relate to the trend in 
their TPC, TFC and antioxidant activities by DPPH and FRAP assays (represented in Fig. 3). It has been reported that 
flavonols, flavones, and anthocyanins/anthocyanidins offer various health benefits such as anti-cancer, anti-diabetic, 
anti-obesity, antibacterial, anti-viral, cardio-protective, anti-inflammatory, and anti-allergic properties [19, 44]. In the 
present study, flavonols (quercetin, rutin, myricetin, kaempferol, isorhamnetin), flavones (diosmin, vitexin, homoorientin), 
and anthocyanins/anthocyanidins (delphinidin, malvidin, procyanidin, petunidin) were identified. Recently, our research 
group reported the antioxidant activity enhancer effect of cluster bean (Cyamopsis tetragonoloba or guar) seed extract 
on dietary phenolic phytochemicals (like epigallocatechin gallate), again emphasizing the antioxidant synergy between 
phytochemicals and/or plant extract(s) [45].

A representative graphical abstract for the entire study is given in Online Resource File (Figure S1).

4 � Conclusions

Foods obtained from plants growing in the wild in desert regions are often local, seasonal, and sustainable, as input in 
terms of water and chemical fertilizers is minimal. However, these still remain neglected to a large extent and present 
an interesting opportunity for the food industries to harness their potential as alternative nutrients (e.g., protein) and 
nutraceutical sources. In the same context, designing strategic food combinations for enhanced human health becomes 
crucial. In a recently published study by our research group, we have shown synergy between flavonoid (rutin hydrate, 
quercetin dihydrate, kaempferol) and non-flavonoid (resveratrol, hydroquinone) phenolics, often present in many of 
the foods that we consume. The current study showed that binary combinations prepared from different indigenous 
food plants of (semi) arid zones result in mostly synergistic interactions, with P. cineraria (legume) and M. indica (fruit) 
showing maximum synergism in both DPPH and FRAP assays. In most cases, the antioxidant activity of plant extracts and 
their combinations were significantly correlated to TPC and TFC values. Potential phenolic compounds were identified 
by LC–MS analysis. To the best of our knowledge, the current study is first-of-its-kind concerning the traditional edible 
plants from the desert regions. In the future, these underutilized plants would need more attention by researchers to 
ensure health and food security for growing human populations.

Most studies focus on the interactions between pure/isolated compounds and nutrients. Studies on food-food 
interaction are relatively few in general, and negligible in foods obtained from traditional and underutilized plants 
thriving in desert ecosystems. In this context, we can gather insights from traditional food practices and further invest 
in developing synergy-guided food products in order to maximize the beneficial health effects. Functional foods 
or nutraceuticals enriched with synergistic antioxidant combinations may be developed by food industries so that 
consumers could incorporate antioxidants in their conventional diets. Dietary supplements, which have a huge market 
today, could be tailored to address specific health concerns, such as aging, diabetes, obesity, cardiovascular disease, and 
cancer. However, more research is needed for understanding the mechanism of interaction between various foods from 
different categories, along with their bioactives bioavailability assessments, to design functional foods with improved 
antioxidant activity. Further purification of these extracts may lead to identifying and validating potential specific 
compounds responsible for the biological activity by FT-IR and NMR studies. Additionally, these interactions can be 
validated in in vitro cell culture and other experimental model systems for disorders such as diabetes and obesity.
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