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A B S T R A C T   

A detailed metabolomic study was performed on various maturation stages of Murraya koenigii 
fruit pulps, seed, and leaf. Among the fruit pulps, stage 6 had the highest TPC (13.27 mg/g of 
GAE) and TFC content (6.16 mg/g RE). The extracts also showed promising free radical scav-
enging activity, especially in the seed (IC50 DPPH 427 μg/mL). Metabolomics study revealed the 
identification of 133 metabolites in fruit pulps, seeds and leaves using the METLIN database. In 
silico PASS software analysis predicted the antimutagenic property of myricetin and bismur-
rayaquinone A. Pathway analysis revealed the phenylpropanoid biosynthesis pathway as one of 
the major pathways present in the fruit pulps. This detailed metabolic report of M. koenigii fruit 
maturation report brings a new insight into phytochemicals and their distribution in seed, pulps 
and leaves along with nutritive values and can be considered for nutritive and therapeutic 
purposes.   

1. Introduction 

Plants have a rich history of being used as medicinal herbs for disease prevention and in foods for centuries. For nearly 1000 years, 
many plant species have been identified as potential sources for creating therapeutic medicines [1]. The majority of pharmaceuticals 
used today are natural compounds produced by plants Table S1. Numerous edible fruits are used as food sources and medicine because 
they offer substantial nutritional advantages, therapeutic effects and importantly their taste and flavour. Phenolic compounds are 
categorized into classes based on their structural properties: phenolic acids, flavanones, flavones, flavan-3-ols, anthocyanins, terpe-
noids etc. The primary food sources of phenolic compounds are fruits which contain phenolic acids, flavonoids, stilbenes, and lignins. 
Flavonoids are also important antioxidants that contribute greatly to free radical scavenging [2] Strong evidence of phenolic com-
pounds being beneficial to human health, particularly linked to their antioxidant qualities, has drawn a lot of attention in recent 
decades [3]. According to published research, fruit Phenolics can enhance metabolic indicators often linked to several 
non-communicable disorders, including diabetes, hypertension, and obesity [4]. Fruit ripening is a genetically regulated process that 
involves variations in physiology, biochemistry, molecular structure, metabolites and flavouring [5]. Fruit’s maturity stages may have 
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an impact on the content of metabolites. There are a number of changes to the fruit’s chemical, physical, and biological qualities as it 
ages. The amount and makeup of several metabolites alter the fruit’s quality characteristics noticeably during the development and 
ripening phases. The main determinants of fruit quality are flavour, colour, and nutrient content [6]. This study’s combination of 
metabolome and transcriptome analysis revealed substantial links between sugars, acids, flavonoid metabolites, and associated genes, 
indicating that these metabolites may be essential to fruit growth and development and ripening. The occurrence of metabolite 
breakdown mechanisms during the fruit maturation process altered the nutritional content of the fruit, making it intriguing to assess 
metabolites in connection to the fruit ripening stage [7]. Understanding the metabolomic alterations during the various fruit ripening 
phases also involves non-targeted metabolomics. Gallego et al., 2022, used a non-targeted metabolomic approach to characterise 
metabolic profiles associated with the ideal cacao harvest period in their study on the non-targeted metabolomics of Theobroma cacao 
fruit [8]. Similarly, mapping of metabolomic changes in Luffa aegyptiaca fruits during different maturation stages was performed using 
MS-based metabolomics to understand the biological changes during maturity [9]. 

Many studies over the years have attempted to understand the biochemistry and regulation of specific metabolic pathways, but it 
has only been in the last two decades, with the development and optimization of new technologies and the availability of Omics 
platforms, that it has been possible to understand the metabolic changes of plants [10]. Fruit metabolomic profiling is one of the 
trending technologies that has been proven to be a very important tool having numerous applications such as identifying fruit me-
tabolites [11], variation in metabolites during stress conditions, maturation stages, metabolite variation during storage and so on. 
Studying the maturity stages and parts of fruit gives information about the metabolite up-regulation and down-regulation, metabolic 
pathway formation during different stages and also distribution of metabolites in different parts of the fruit [12]. 

Murraya koenigii Spreng. (L.) is a spice plant native to the Indian subcontinent belonging to the Rutaceae family. It is mostly 
cultivated in the tropics for the leaves’ therapeutic benefits and also for its culinary uses [13,14]. It is also known as the Indian curry 
leaf plant, curry bush and curry leaf tree [15]. It has been used in various forms for centuries and is revered in Indian Ayurveda as 
"krishnanimba" [16]. A rising section of the worldwide population today highlights the value of herbal medicine. Previously antioxidant 
activity, antimicrobial activity, the prebiotic potential of M. koenigii and the anticancer activity of M. koenigii extracts for its fermented 
beverage was reported [17,18]. Wild fruits present in the Himalayan region are underutilized because of a lack of knowledge about the 
fruit and its therapeutic advantages, previously detailed metabolomic studies of underutilized fruit Cordia myxa (Assyrian plum) from 
the Himalayan region reported [19]. Similarly, metabolomics of another Indian spice hing (Ferula assa-foetida) was reported by Singh 
et al., 2023 [20]. Although M. koenigii leaves are widely used in culinary practices and therapeutic applications, the fruits on the other 
hand fruits are underutilized and also there are very few scientific works of literature about the fruit despite having various beneficial 
properties [21]. Metabolic changes during fruit maturation stages of M. koenigii have not been previously reported. Therefore, the 
current investigation has attempted qualitative and quantitative metabolomics of various maturation stages of M. koenigii fruit pulps 
including seed and leaf. The present study will be useful to determine and understand the metabolomic changes in the M. koenigii fruit 
during its maturation stages. Variations in the nutritive value of the fruit pulps, phenolic and flavonoid levels amongst all develop-
mental stages have been successfully analyzed. Furthermore, using an advanced metabolomics approach major biosynthesis pathways 
midst the maturity stages have been investigated while identifying metabolites of interest with future biological active properties. 
According to current publications, curry leaves are heavily emphasized for their health benefits, whereas fruits receive less attention. 
This study will offer a thorough description of M. koenigii fruit, which will entice phytochemists and plant researchers to do more 
research into health applications. 

2. Materials and methods 

2.1. Chemicals and reagents 

The chemicals used were of analytical reagent grade and HPLC grade. Methanol and DPPH (2,2-diphenyl-1-picrylhydrazyl) were 
obtained from Sigma-Aldrich, India. The standard working solutions of phenolic acid compounds (trans-cinnamic acid, chlorogenic 
acid, gallic acid, trans-ferulic acid, vanillic acid, p-coumaric acid, caffeic acid) and standard flavonoids (apigenin, myricetin, catechin, 
quercetin, rutin) were obtained from Sigma-Aldrich, India Pvt. Ltd. Sodium carbonate, aluminium chloride, sodium nitrite, Folin- 
Ciocâlteu reagent, sodium hydroxide, ascorbic acid and ABTS (2,2’-azino-bis 3-ethylbenzothiazoline-6-sulphonic acid) was obtained 
by Himedia, Pvt. Ltd. 

2.2. Plant material 

Six growth stages of fruits of M. koenigii (Stage I-Green, Stage II-Light green, Stage III-Light pink, Stage IV-Pink, Stage V-Purple, 
and Stage VI-Dark purple) (Fig. 1 A) were harvested along with leaves in the month of July 2022 from Palampur area, Himachal 
Pradesh, India (32.1109◦ N,76.5363◦ E). The fruits and leaves were refrigerated at − 20 ◦C for further use. 

Fig. 1. A. Different maturity stages of M. koenigii fruits B. In vitro antioxidant activity M. koenigii fruit pulps, seed and leaf C. TPC and TFC M. 
koenigii fruit pulps, seed and leaf D. Heatmaps of various metabolites found across all stages, leaf and seed of M. koenigii based on up-regulation and 
down-regulation of metabolites. Red indicates the up-regulation of metabolites and blue indicates the down-regulation of metabolites E. Number of 
metabolites present in all pulp stages including leaf and seed F. Venn diagram representing common metabolites between all pulp stages G. Venn 
diagram representing common metabolites between leaf and seed. 
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2.3. Proximate assay 

Proximate composition analysis was performed for moisture, crude fibre, fat, crude protein, ash content and carbohydrates [22]. 

2.4. Extract preparation 

Six different growth stages of M. koenigii were selected based on the colour and size pattern. Fruit pulps were separated in all six 
stages based on the size and colour of the fruits and the stages of seeds are not considered as it is not fully developed properly and can’t 
be easily separated from the fruit. While in stage 6 seed was considered for providing an overview of phytochemicals in the seed. Fresh 
pulp (1 g), seed (1 g) and leaf (1 g) were macerated using mortar and pestle and transferred to a centrifuge tube containing 4 mL 70% 
methanol which was vortexed for 15 min and centrifuged at 7000 rpm, 10 min at 4 ◦C (Remi India Pvt. Ltd). The extractions were 
repeated twice with 3 mL 70% methanol making a final extract volume of 10 mL, filtered through a 0.22 μm filter and the filtrate was 
employed for further analysis. 

2.5. Total phenolics, flavonoid content and in vitro antioxidant activity assay 

Each M. koenigii extract was subjected to total phenolics and flavonoid estimation as previously reported [23,24]. The in vitro 
antioxidant activity of the extracts using DPPH and ABTS was estimated as previously reported [25,26]. 

2.6. Metabolomic profiling using UHPLC-QTOF-IMS 

2.6.1. Targeted metabolomics 
A gradient approach using ultra-high performance liquid chromatography quadrupole time of flight ion mobility mass spec-

trometry (UHPLC-QTOF-IMS) (Agilent Technologies, USA) was employed for the quantification and identification of phenolic acids 
and flavonoids [27]. Comparative standards included trans-cinnamic acid, rutin, gallic acid, quercetin, myricetin, trans-ferulic acid, 
catechin, caffeic acid, vanillic acid, and apigenin. Additionally, calibrations of every single standard were used for quantification. 
Phenolics and flavonoids present in the fruit pulps, seed and leaf skin were quantified and compared using a UHPLC-QTOF-IMS 
gradient method. Using column Eclipse Plus C18 RRHD (2.1 mm 150 mm, 1.8 m), the phenolic components of the extract were iso-
lated. In the continuous gradient system, the mobile phases were water (A) and acetonitrile (B), each containing 0.1% and 0.05% 
formic acid, respectively. By changing the ratio of mobile phases, A and B, various gradient elution techniques were used to isolate the 
required phenolics. To achieve the exact separation of phenolics, several gradient combinations—0–2 min, 95% A; 2–6 min, 85% A; 
6–9 min, 65% A; 9–13 min, 55% A; 17–20 min, 80% A; 20–22 min, and 95% A—were optimized. The injection volume range of 0.5–2 
μL at a flow rate of 0.1–0.2 mL/min was set. Chromatograms were analyzed at 280 nm. Three copies of each processed sample were 
examined for statistical significance [28]. 

2.6.2. Non-targeted metabolomics and data processing 
Extracts from all stages were subjected to non-targeted metabolomics, using a 6560-ion mobility quadrupole time-of-flight (IMQ- 

TOF) combined with LC-MS, (Agilent Technologies, USA). In a prior work gradient and mass spectrometry parameters were described 
[28]. The MassHunter Workstation Programme was used to assess the samples (Agilent Technologies, A02.02). Raw data (.d) were 
loaded into the Mass Hunter Qualitative Analysis programme (v. B.06.00, Agilent technology) to produce total fragments. Based on 
their m/z ratio, retention times, and ion intensities, extracted metabolites were transferred from total ion chromatograms (TICs) using 
the molecular feature extraction (MFE) approach. However, the precise mass and retention time thresholds were 0.10 min and 15 ppm, 
respectively [28,29]. 

2.7. Statistical analysis 

Studies that included quantifying and determining content were carried out in triplicate (n = 3), and findings are presented as mean 
± standard deviation (SD). Microsoft Excel and the statistics programmes used to create bar graphs. The Multiple Experiment Viewer 
(MeV, version 4.6.2) and interactive Venn 3 software were used to create heat maps and Venn diagrams. To give a comprehensive 
picture of the intrinsic variance of metabolites detected in various maturation stages including leaves and seeds, principal component 
analysis (PCA) was performed. PCA, PLS-DA, sPLS-DA, and pathway analysis were produced using MetaboAnalyst (version 5.0). 

2.8. Biological activity prediction using PASS software 

The biological activity of metabolites detected at greater concentrations in M. koenigii extracts was determined using the Prediction 
of Activity Spectra for Substances (PASS) software [30]. This in silico tool can show the likely activity or probable activity (Pa) and 
likely inactivity or probable inactivity (Pi) among various bioactive properties. The existing range of Pa and Pi values is 0–1.0, and in 
general, Pa, =Pi = 1 determined the likely values separately. Values starting at Pa >0.07 suggested a higher likelihood of biological 
activity. Thus, only anticipated bioactivity values greater than 0.07 were taken into account in the current study. 
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3. Results and discussion 

3.1. Proximate analysis 

The current study measured and analyzed the distribution of nutritional components in M. koenigii pulp, seed, and leaf. As the fruit 
matures, moisture levels were found to drop at different stages of development, leaves and seeds had less moisture than fruit pulps at 
various stages. Protein concentration decreased as the fruit became mature and was highest in the leaf (8.04%) and seed (4.8%). In 
fruit pulps, protein concentration varied from 1.62 to 3.80%, with stage 1 pulp having the highest content (3.89%) and stage 6 pulp 
having the lowest (1.62%). Ash content in M. koenigii decreased as the fruit matured (stage 1> stage 2 > stage 3> stage 4> Leaf > stage 
5 > stage 6 > seed). Fibre content also showed decreasing trend as the fruit matured, its content ranged from 0.3 to 1.84% with the 
highest being stage 6 pulp, leaf and seed had a higher quantity of fibre with 6.96% and 3.8% respectively. Fat content was high in the 
initial stages but decreased during the final stages. The fat content of fruit pulps ranged from 1.51 to 6.43% with the lowest being stage 
6 pulp. From the nutritional and consumption perspective leaf extract had a balanced nutritional profile compared to other pulp and 
seed extracts with the highest amount of crude fibre and protein content. However, carbohydrate content was higher in seed extract, 
this might be because sugars play an important role in seed during the germination process. In the case of fruit pulps stage 6 pulp had 
relatively higher crude fibre content and carbohydrate content. Stage 1 pulp also had higher protein and ash content which was at the 
highest levels compared to the other extracts indicating the presence of high mineral content. Proximate analysis of fruit maturation 
stages and seed have not been previously reported but leaf proximate values showed a similar correlation with another study [17,18]. 
The detailed proximate values are represented in Table 1. 

3.2. Total phenolic content (TPC) and total flavonoid content (TFC) and invitro antioxidant activity 

Fresh extracts of different fruit maturation stages of M. koenigii along with seed and leaf were investigated for their phenolic and 
flavonoid content. TPC in pulps of different maturity stages ranged from 8.03 to 13.65 mg GAE/g with the lowest content in stage 3 
pulp and the highest being in stage 6 pulp. Different maturation stages of fruit pulps showed a parabolic trend with stage 1 pulp having 
12.00 ± 0.16 mg GAE/g and stage 6 pulp having 13.65 ± 0.17 mg GAE/g, leaf and seed was found to have 13.19 ± 0.2 mg GAE/g and 
13.65 ± 0.17 mg GAE/g respectively. This might be because of the downregulation of phenolic acid biosynthesis during the inter-
mediate stages where the fruit is greenish in colour. During the final stages fruit gains deep purple colour which can be attributed to the 
increase in phenolic acid biosynthesis, hence the fruit shows a parabolic trend in TPC concentration. Flavonoids are also important 
antioxidants that contribute greatly to free radical scavenging. TFC content in different fruit maturation stages of pulps ranged from 
4.67 to 6.16 mg RE/g with the highest present in stage 6 pulp and the lowest in stage 2 pulp. Similarly, leaf and seed also had a high 
amount of TFC with 5.57 ± 0.13 mg RE/g and 5.8 ± 0.11 mg RE/g, respectively. The in vitro antioxidant potential of pulps, seed and 
leaf was assessed by DPPH and ABTS assay and the results were reported as IC50. Seed extract showed the highest in vitro antioxidant 
activity compared to pulps and leaf extracts. In vitro antioxidant activity of the extracts in increasing order (Seed > stage 1> stage 6>
leaf > stage 2> stage 3>stage 4>stage 5). The current results can be correlated with previous studies [18,31] which used extracts from 
different parts of the plant like leaf and bark. The detailed results are represented in Table 2, Fig. 1 B & 1 C. 

3.3. Targeted metabolomics of phenolics and flavonoids 

Eight known phenolic acids and flavonoids such as rutin, myricetin and catechin chlorogenic acid, caffeic acid, and p-coumaric acid 
were evaluated in the extracts. All fruit pulp maturation stages, including the leaf and seed contained Chlorogenic acid, one of the 
prevalent phenolic compounds, its content ranged from 74.59 to 320.57 μg/g, with the highest concentration in stage 6 pulp. Myricetin 
one of the major metabolites in M. koenigii [32], was also present in all the extracts with the highest being in the stage 6 pulp (411.09 
μg/g) and the lowest being in leaves (40.71 μg/g). Catechin a flavonoid was found to be in the initial maturation stages of the fruit 
pulps and seed with the highest being in stage 1 (2163.10 μg/g). Ferulic acid is known to have a cardioprotective effect and is 
commonly present in fruits [33] ranging from 72.74 to 229.87 μg/g with the highest content in stage 6 pulp and lowest in stage 4 pulp. 
In a previous study, transcriptomics of M. koenigii leaves was performed and the study indicated out of all the secondary metabolism 

Table 1 
Proximate analysis of M. koenigii pulp of different maturity stages, leaf and seed.  

Samples Moisture % Fat % Crude fiber % Crude protein % Ash % Carbohydrates % 

Stage 1 81.71 ± 0.43a 3.47 ± 0.07c 0.30 ± 0.18e 3.89 ± 0.04c 9.03 ± 0.06a 1.67 ± 0.14e 

Stage 2 81.92 ± 0.06a 3.35 ± 0.03c 0.39 ± 0.16e 3.87 ± 0.05c 9.06 ± 0.06a 1.39 ± 0.13e 

Stage 3 80.16 ± 0.04a 6.43 ± 0.03a 1.02 ± 0.04d 2.32 ± 0.21d 8.84 ± 0.12a 1.21 ± 0.21e 

Stage 4 76.55 ± 0.03b 5.35 ± 0.05b 1.13 ± 0.08d 2.16 ± 0.03d 8.74 ± 0.03a 6.05 ± 0.07d 

Stage 5 75.90 ± 0.03b 2.58 ± 0.03d 1.65 ± 0.09c 2.06 ± 0.05e 8.65 ± 0.04a 9.15 ± 0.16c 

Stage 6 74.55 ± 0.04c 1.51 ± 0.05e 1.84 ± 0.04c 1.62 ± 0.07f 6.82 ± 0.03b 13.64 ± 0.15b 

Leaf 55.81 ± 1.84d 5.42 ± 0.29b 6.96 ± 0.16a 8.04 ± 0.12a 8.78 ± 0.59a 14.97 ± 1.63b 

Seed 43.98 ± 0.86e 2.36 ± 0.04d 3.28 ± 0.15b 4.80 ± 0.08b 3.85 ± 0.11c 41.70 ± 0.67a 

Data are expressed as mean values (average of three replicates n = 3); Mean values with different superscripts within each column indicate statis-
tically significant (p < 0.05 Tukey test). 
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flavonoids biosynthesis was about 4.3% and phenylpropanoid synthesis was about 19.1% [34]. Comparing seed and leaf, the 
chlorogenic content was high in the leaf (164.91 μg/g) and relatively lower in the seed (112.45 μg/g). Only chlorogenic acid and 
myricetin were common to both the seed and leaf. Overall, during the initial maturation stages pulps had a higher concentration of 
phenolic compound, except stage 6 pulp. The variation in the phenolic compound might be because of water supply reduction and 
other environmental stress conditions. In a previous report impact of water supply reduction on phenolic compounds from mango pulp 
and peel was studied, the study showed increased phenolic compounds during reduced water supply to the plant [35]. Targeted 
metabolite concentration showed a parabolic trend in fruit pulp maturity stages. All samples were analyzed in triplicates (p ≤ 0.05) to 
achieve statistical significance. A detailed list of compounds with their concentration and chromatograms has been represented in 
Table 3 and Figure S2. 

3.4. Metabolite profiling using UHPLC-QTOF-IMS 

A total of 19 peaks were identified in all eight extracts of M. koenigii based on retention time (RT), comparison of molecular weight, 
and mass fragmentation pattern with literature (Table 4). Peaks were observed with good resolution in negative ionization mode. Out 
of the identified metabolites, one organic acid (Peak 5), one triterpene (Peak 14), seven were phenolic acid and its derivatives (Peaks 1, 
2, 4, 6, 7, 10, 18), and ten were flavonoids and its derivatives (Peaks 3, 8, 9, 11, 12, 13, 15, 16, 17, 19). Metabolite profiling 
chromatograms have been shown in Figure S1. 

3.4.1. Phenolic acid and derivatives 
Phenolic acids like caffeic acid (Peak 1), caffeic acid hexoside (Peak 2), 1-O-galloyl hexose (Peak 4), ferulic acid hexoside (Peak 6), 

3-caffeoylquinic acid (Peak 7), 4-p-coumaroylquinic acid (Peak 10), p-coumaric acid hexoside (Peak 18) were identified at RT 7.516, 
7.98, 10.933, 12.968, 13.649, 16.435, 24.087 with a mass of 179.03 [M − H]-, 341.11 [M − H]-, 331.90 [M − H]-, 355.06 [M − H]-, 
353.09 [M − H]-, 337.05 [M − H]-, 325.18 [M − H]- respectively. 

3.4.2. Flavonoid derivatives and others 
A common component of the human diet is flavonoids, a diverse family of natural chemicals that are extensively found as secondary 

Table 2 
TPC, TFC, DPPH, and ABTS of M. koenigii pulp of different maturity stages, leaf and seed.  

Samples TPC (mg GAE/g of sample) TFC (mg RE/g of sample) DPPH IC50 in μg ABTS IC50 in μg 

Stage 1 12.00 ± 0.16c 5.78 ± 0.16b 678.16b 229.39d 

Stage 2 9.09 ± 0.15d 4.67 ± 0.14e 687.17b 454.83b 

Stage 3 8.03 ± 0.18e 4.95 ± 0.20d 694.07b 489.57b 

Stage 4 8.04 ± 0.19e 4.77 ± 0.12e 757.06a 574.21a 

Stage 5 9.19 ± 0.11d 5.13 ± 0.1d 717.40a 521.76a 

Stage 6 13.27 ± 0.25b 6.16 ± 0.13a 596.23d 149.95e 

Leaf 13.19 ± 0.26b 5.57 ± 0.13c 633.98c 318.03c 

Seed 13.65 ± 0.17a 5.8 ± 0.11b 427.18e 134.52e 

Vitamin C NA NA 8.80 2.87 

Data are expressed as mean values (average of three replicates n = 3); Mean values with different superscripts within each column indicate statis-
tically significant (p < 0.05 Tukey test), NA: Not applicable. 

Table 3 
UHPLC-QTOF-IMS based quantification of phenolic acids and flavonoids in M. koenigii extracts.  

Phenolic compounds 
(μg/g) 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Leaf Seed 

Chlorogenic acid 242.03 ±
2.00b 

95.70 ±
12.57e 

121.59 ±
3.21d 

74.59 ±
1.80f 

87.93 ±
4.83e 

320.57 ±
2.54a 

164.91 ±
9.94c 

112.45 ±
5.54d 

Catechin 2163.10 ±
12.43a 

NQ 118.14 ±
5.50b 

89.08 ±
15.20c 

NQ 89.50 ±
7.26c 

NQ 110.56 ±
13.95b 

Rutin NQ 643.28 ±
20.60b 

495.04 ±
2.80c 

393.38 ±
16.54d 

657.75 ±
20.55b 

724.04 ±
11.54a 

NQ 173.93 ±
22.18e 

Caffeic acid 18.14 ± 2.04a NQ NQ NQ NQ NQ NQ NQ 
Vanillic acid 23.73 ± 0.65b NQ NQ NQ NQ 32.190 ±

2.99a 
24.56 ±
0.97b 

NQ 

Coumaric acid 43.11 ± 0.73c 9.75 ± 1.09e 58.16 ±
1.50b 

24.40 ±
0.54d 

9.18 ± 1.65e 24.467 ±
1.61d 

119.30 ±
1.33a 

NQ 

Ferulic acid 73.78 ± 2.93e 130.99 ±
3.56c 

167.89 ±
4.39b 

72.74 ±
1.72e 

27.272 ±
3.32f 

88.67 ±
2.67d 

229.87 ±
2.41a 

NQ 

Myricetin 123.99 ±
1.90g 

248.9 ±
5.60d 

386.68 ±
8.0b 

266.57 ±
2.50c 

190.65 ±
2.72e 

411.09 ±
7.55a 

40.71 ±
4.32h 

142.28 ±
2.99f 

Data are expressed as mean values (average of three replicates n = 3); Mean values with different superscripts within each row indicate statistically 
significant (p < 0.05 Tukey test), NQ: Not quantifiable. 
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Table 4 
Metabolites profiling using UHPLC-QTOF-IMS consisting of major fragments and expected compounds in M. koenigii fruit pulp maturation stages (1–6) respectively, (7) Leaf, (8) Seed.  

Peak 
No. 

RT Molecular 
formula 

Theoretical 
mass 

Measured mass Major 
fragments 

Expected compound 1 2 3 4 5 6 7 8 Metabolite Class 

1. 7.516 C9H8O4 180.02 179.03 [M −
H]- 

132 Caffeic acid + – – – – – – – Phenolic acid 

2. 7.98 C15H17O9 342.30 341.11 [M −
H]- 

179 Caffeic acid hexoside – + – – – – – – Phenolic acid 
glycoside 

3. 10.103 C15H14O6 290.26 289.90 [M −
H]- 

207 Catechin/epicatechin – – + + + + + + Flavonoid 

4. 10.933 C13H16O10 332.26 331.90 [M −
H]- 

301 1-O-galloyl hexose – – – – – + – – Phenolic acid 
glycoside 

5. 12.595 C₆H₈O₇ 192.03 191.02 [M −
H]- 

170,179 Citric acid + + + + + + + + Organic acid 

6. 12.968 C16H20O9 356.32 355.06 [M −
H]- 

191 Ferulic acid hexoside – – – – – + + + Phenolic acid 
glycoside 

7. 13.649 C16H17O9 354.02 353.09 [M −
H]- 

179,191 3-caffeoylquinic acid + + + + + + + + Phenolic acid 

8. 14.121 C21H18O13 478.4 477.96 [M −
H]- 

451 Quercetin 3-O-glucuronide – + – – + – – – Flavonoid glycoside 

9. 16.01 C24H22O15 550.4 549.01 [M −
H]- 

517 Quercetin O-malonyl-O-hexoside – – + – – – – – Flavonoid glycoside 

10. 16.435 C16H17O8 338.31 337.05 [M −
H]- 

173,191 4-p-Coumaroyl quinic acid + – – – – – – – Phenolic acid 
glycoside 

11. 17.552 C27H30O16 610.5 609.14 M − H]- 463 Quercetin 3-rutinoside – – – – – + + – Flavonoid glycoside 
12. 17.578 C23H22O13 506.4 505.10 [M −

H]- 
463 Quercetin-3-O-acetyl hexoside + + + + + + + + Flavonoid glycoside 

13. 17.794 C21H19O12
- 464.4 463.09 [M −

H]- 
301,179 Quercetin 3-O-hexoside – + + + + + + – Flavonoid glycoside 

14. 18.442 C30H48O5 488.7 487.30 [M −
H]- 

463 Tormentic acid – + – + – – – – Triterpene 

15. 18.72 C15H10O6 286.24 285.17 [M −
H]- 

255 Kaempferol + – – – – – – – Flavonoid 

16. 20.22 C24H20O14 534.4 533.09 [M −
H]- 

515,499 Kaempferol-O-malonyl-O hexoside + + + + + + + + Flavonoid glycoside 

17. 21.08 C20H18O11 434.3 433.23 [M −
H]- 

301,178 Querecetin-3-O-pentoside + – – – – – – – Flavonoid glycoside 

18. 24.087 C15H17O8 326.30 325.18 [M −
H]- 

119 p-coumaric acid hexoside – + – – + – – – Phenolic acid 
glycoside 

19. 24.170 C32H28O14 636.56 635.35 [M −
H]- 

449 Kaempferol-O-acetyl-O-p-coumaroyl-O- 
hexoside 

– + – – – – – – Flavonoid glycoside  
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Fig. 2. A-H. Indicates MS spectra of stage 1 to stage 6 pulp, leaf and seed respectively I. PCA score plots J. PLS-DA score plot K. sPLS-DA score plot L. 
VIP score projections M. VIP coefficient N. Pathway enrichment analysis of all the metabolites present in every stage of pulp including seed and leaf. 
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Fig. 3. A-H. Pathway analysis of stage 1 to stage 6 pulp, leaf and seed respectively I. Flavonoid biosynthesis J. Phenylpropanoid biosynthesis K. 
Purine metabolism L. Flavone and flavonoid biosynthesis M. Mass fragmentation pattern. 
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metabolites in higher plants [36]. Ten flavonoid derivatives were identified in all the extracts. Catechin/epicatechin (Peak 3), 
quercetin 3-O-glucuronide (Peak 8), quercetin O-malonyl-O-hexoside (Peak 9), quercetin 3-rutinoside (Peak 11), quercetin-3-O-acetyl 
hexoside (Peak 12), quercetin 3-O-hexoside (Peak 13), kaempferol (Peak 15), kaempferol-O-malonyl-O hexoside (Peak 16), quere-
cetin-3-O-pentoside (Peak 17), and kaempferol-O-acetyl-O-p-coumaroyl-O-hexoside (Peak 19) with RT 10.103, 14.121, 16.01, 17.552, 
17.578, 17.794, 18.72, 20.22, 21.08, 24.170 and mass of 477.96 [M − H]-, 549.01 [M − H]-, 337.05 [M − H]-, 505.10 [M − H]-, 463.09 
[M − H]-, 285.17 [M − H]-, 591.13 [M − H]-, 533.09 [M − H]-, 433.23 [M − H]-, 635.35 [M − H]- respectively were identified. 
Tormentic acid (Peak 14) and citric acid (Peak 5). Mass fragmentation of Quercetin-3-O-acetyl hexoside and Quercetin 3-O-hexoside 
are shown in Fig. 3 M. 

3.5. Non-targeted metabolomics 

Metabolite identification using the METLIN database and visualization Raw (.d) files obtained from UHPLC-QTOF-IMS were used to 
determine the metabolites. The received files were searched against the METLIN database and 133 metabolites were identified among 
which 29 amino acids, 62 phenolic compounds, 7 nucleobases, 7 vitamins, 4, quinones, 7 fatty acids derivatives and 17 sugars and their 
derivatives were present. Out of all the stages, stage 3 pulp had the highest number of identified metabolites 68. Secondly in stage 6 
pulp 60 metabolites were identified. Leaf and seed had the lowest number of identified metabolites of 37 each which indicates 
relatively lower activity of secondary metabolism in leaf and seed. (Fig. 1 E). A total of 15 fatty acids were identified in all six stages, 
leaf and seed out of which stage 2 pulp and stage 3 pulp had the highest number of identified fatty acids, this data can also be linked 
with the proximate fat content of stage 3 pulp which had highest fat of 6.43%. Heatmaps generate a matrix based on the higher and 
lower regulation of the metabolites present [37]. Metabolite’s relative up-regulation and down-regulation were represented in the 
form of heatmaps (Fig. 1 D), the red colour indicates the compound is down-regulated and blue indicates the up-regulation of com-
pounds, among all the 6 maturity stages of pulps including leaf and seed, phenolic compounds were the major class of metabolites 
followed by amino acids and sugars. The distribution of metabolites in different fruit pulp maturity stages was visualised in the form of 
a Venn diagram (Fig. 1F–G). The highest number of metabolites were present in stage 3 pulp followed by stage 6 and stage 5 pulps. Out 
of 133 metabolites identified 31 metabolites were common to all the stages of the pulp mainly, lysine, pallidal 3-glucoside, prodel-
phinidin A1, 4-coumaroylshikimate and dihydroferulic acid 4-O-glucuronide were present in all the stages. PCA, PLS-DA, (Partial least 
squares-discriminant analysis) sPLS-DA (Sparse PLS discriminant analysis) was used to determine the variation between the metab-
olites during various maturity stages of the fruit [38]. PCA is one of the common chemometric techniques used to determine the 
variation between multiple datasets [39]. Metabolite variation between the fruit maturity stages, leaves and was were low according to 
the PCA plot with PC1 (18.1%) and PC 2 (9.6%). PC 1 and PC 2 accounted for 27.7% variation between metabolites of different fruit 
pulp stages, seed and leaf. Which indicates there is a high similarity between the stages. However, the metabolites present in the seed 
showed high variation from that of other clusters in the datasets and had clear separation on the plot. The leaf metabolite cluster was 
also separated from the rest of the clusters. The stage 2 metabolites also had slight metabolite variation. Fruit pulp stages 4,5 and 6 and 
the highest similarities can be observed in (Fig. 2 I). Overall, there were similarities between datasets of different fruit pulp stages 
which indicates similar metabolomic makeup of fruit pulps. The identified metabolites were subjected to PLS-DA. For classification 
purposes, biomarker selection in metabolomics investigations, and variable importance in projection (VIP) value, partial least 
squares-discriminant analysis (PLS-DA) is utilized [40]. VIP value can describe the weight of the independent variable in explaining the 
dependent variable. The score plot showed low variability between the metabolites, represented by C1 (17.6% variance) and C2 (7.2% 
variance). The plot also represents considerable variation in the seed which is grouped away from the pulps and leaf (Fig. 2 J). Sparse 
PLS Discriminant Analysis (sPLS-DA) is used to categorise the samples, the sparse variant allows the determination of the best pre-
dictive or discriminative characteristics in the data [41]. Again, the sPLS-DA showed low variation between the stages except for the 
seed and stage 6 pulp. The plot showed (8.5% C1) and (9.8% C2) and stages 1 to stage 5 pulp metabolites formed a low variance cluster 
whereas stage 6 pulp and seed were highly dispersed from the cluster which shows the difference in the metabolite’s formation in seed 
and stage 6 pulp compared to other stages and leaf (Fig. 2 K). VIP score projection and coefficient analysis were performed on me-
tabolites to determine the different metabolite fold changes between the stages. Metabolites are considered differentially expressed if 
the VIP value is more than 1 and the p-value is less than 0.05 and the VIP value can describe the weight of the independent variable in 
explaining the dependent variable [42]. Fifteen different metabolites were found as a result of the comparison, with VIP >1, FDR less 
than 0.05, and FC > 1 as the criteria. Among the metabolites, 9 were phenolic compounds, 3 belonged to amino acids and 3 were of 
other classes. Dihydroferulic acid, 2,3-Di-O-methyl ellagic acid, N-Acetyl-DL-methionine exhibited major reduction. VIP score and 
coefficient analysis were represented in (Fig. 2 L-M, Table S2 & S3). 

3.6. Analysis of metabolic pathways and interactions 

Pathway enrichment studies of all the metabolites present in every stage, seed and leaf of M. koenigiie extracts were performed using 
MetaboAnalyst 5.0 to determine the metabolites belonging to different classifications and distribution. Among the classifications 
hydroxycinnamic acids, flavonoid glycosides and polypropionic acids had higher P values whereas amino acids, dipeptides and fla-
vones had low P values which indicate this class of metabolites is down-regulated in fruit pulps (Fig. 3 N) Pathway studies were utilized 
to compare the metabolite formation in the maturity stages of the fruit to understand the distribution of metabolites and to determine 
the biological role in the metabolic pathway. The Biosynthesis of M. koenigii fruit metabolite at different maturity levels was also 
studied using pathway studies (MetaboAnalyst, version 5.0). Metabolites that were identified using the METLIN database were 
incorporated into the column labelled compound list, MetaboAnalyst software was used to generate pathway analysis of compounds. 
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The results obtained were based on the upward and down-ward regulation of metabolites and their intensity. The significance cut-off 
was at a p-value of 0.05 to determine the metabolite trend in the fruits. The major metabolic pathway involving identified metabolites 
were represented in Figure (3 A-H). According to the results obtained, phenylpropanoid biosynthesis and aminoacyl-tRNA biosynthesis 
were the major pathways in the stage 1 fruit pulp. As the fruit matured biosynthesis of aminoacyl-tRNA was gradually reduced. 
Phenylpropanoid biosynthesis, flavonoid biosynthesis, stilbenoid, diarylheptanoid and gingerol biosynthesis were three major 
biosynthesis pathways common to all M. koenigii fruit stages including the leaves. A higher number of metabolic pathways were seen in 
stage 1 pulp and stage 6 pulp, these two stages contain a higher number of metabolites compared to other stages. Phenylpropanoids are 
a diverse class of secondary metabolites that originate from the amino acids phenylalanine or tyrosine. They undergo various enzy-
matic reactions to form different groups of compounds, such as flavonoids, monolignols, phenolic acids, stilbenes, and coumarins. 
These groups have distinct chemical structures and biological functions in plants and animals [43]. Light induces phenylpropanoid 
biosynthesis according to a previous report which indicates that there are increased secondary metabolites if the plants are grown in 
the presence of light, similarly, synthesis of light-inducible and light-independent anthocyanins was reported different genes are 
responsible for regulating light-inducible and light-independent anthocyanins [44,45]. Metabolites identified in this pathway are 
cis-2-hydroxycinnamate 2-coumarinate (C05838), chlorogenic acid (C00852) and ferulic acid (C01494) (Fig. 3 J). This pathway 
further gives rise to other secondary metabolite pathways such as flavonoid biosynthesis, coumarins, stilbenes and catechin pathways. 
The flavonoid biosynthesis pathway is a part of phenylpropanoid synthesis giving rise to mostly of flavonoids [46,47]. Flavonoids are 
compounds with a 15C structure that has two aromatic rings (A and B) and a pyrane ring (C). The C6–C3–C6 skeleton can vary in 
saturation, substitution and oxidation of the pyrane ring, leading to different flavonoid classes. Some examples are flavones (apigenin, 
luteolin), flavonols (kaempferol, quercetin, myricetin), flavanones (naringenin, hesperitin), flavanonols (dihydrokaempferol, dihy-
droquercetin), isoflavones (rotenone), aurones (sulphuretin), anthocyanidins (cyanidin), and proanthocyanidins. Flavones are formed 
by the chalcones specifically naringenin chalcone which is converted naringenin which is further converted to dihydroflavonol like 
dihydrokaempferol. Naringenin also gives rise to flavones. Dihydrokaempferol further gives rise to flavonols, dihydroquercetin and 
dihydromyricetin. This compound gives to anthocyanins through a series of enzymatic reactions [48]. Metabolites identified in this 
pathway are myricetin (C10107) (Fig. 3 I). Other pathways in the fruit pulps were purine metabolism with identified metabolites like 
IMP (C00130) and inosine (C00294) (Fig. 3 K) and flavone and flavonol biosynthesis with quercetin (C00389) (Fig. 3 L). Some of the 
minor pathways identified were isoquinoline alkaloid biosynthesis, pantothenate and CoA biosynthesis, lysine biosynthesis and 
tryptophan metabolism (Table S4). 

3.7. Bioactive property prediction using in silico PASS software 

Myricetin is a flavonoid that is a major compound of M. koenigii and chlorogenic acid which is present in all the maturity stages of 
the fruits including seeds and leaves identified by targeted metabolomics. Bismurrayaquinone A, a member of carbazoles, prodel-
phinidin A1 an anthocyanin and pallidol 3-glucoside are present in most of the stages of the fruit pulps. These five compounds were 
subjected to in silico PASS software. According to previous reports, the PASS programme is an effective in silico method for predicting 
the bioactive properties of molecules [49]. Therefore, by entering the specifics of detected compounds from M. koenigii, biological 
activities were predicted utilising this computer algorithm. The results were obtained by clicking on the Mol file while uploading the 
compound’s structures which were downloaded from the PubChem database. A table with likely activity (Pa) and unlikely inactivity 
(Pi) values for a range of biological activities ranging from 0 to 1.0 was obtained by choosing the predict button once. To get the highest 
possible biological activity that might be taken into consideration for future experimental models, values were further fixed at Pa 0.7. 
The results obtained from the software exhibited that myricetin has (0.963 Pa) for antimutagenic and (0.924 Pa) for antioxidant 
properties. Myricetin has widespread cytotoxic effects, and its mechanisms are unique [50] Similarly, chlorogenic Acid (0.856 Pa) for 
free radical scavenging activity and (0.846 Pa) for anticarcinogenic. Bismurrayaquinone A had (0.844 Pa) for antineoplastic effect. 
Prodelphinidin A1 had a Pa of 0.766 for antimutagenic properties. Pallidol 3-glucoside showed (0.836 Pa) for anticarcinogenic 
properties, and all the selected metabolites showed Pa <0.7, indicating a high probability of their biological property. This information 
can be used for future experimental studies. 

4. Conclusion 

M. koenigii is an underutilized fruit found in the Indian subcontinent. The consumption of this fruit and its health benefits is not very 
well understood, and it has little or no scientific evidence. The current study has shown that the fruit has phytochemicals and nutrients, 
which can be attributed to nutritive value and health-promoting factors. TPC and TFC of the fruit pulps of different maturity stages, 
seed and leaf were performed and found that there was a parabolic trend in the phenolic and flavonoid concentration as the fruit 
matured. Targeted metabolomics of the different maturation stages of pulp revealed various phytochemicals, changes in their con-
centration during maturation stages, and the presence of phytochemicals in seed and leaf. Non-targeted metabolomics showed 
metabolite variation in different maturity stages and metabolite distribution. Heatmap represented the up-regulation and down- 
regulation of metabolites in different stages and pathway analysis showed the metabolites involved in different metabolic path-
ways. In vitro antioxidant activity was performed through ABTS and DPPH assays and the result showed considerable inhibition 
concentration. Finally, this study shows that M. koenigii fruits have nutritional, antioxidant properties due to the presence of phenolics 
and can be considered for edible and culinary purposes. 
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