


Short Communication

Evaluation of glucosinolate variability across elite and exotic accessions of Moringa oleifera Lam.
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ABSTRACT	Comment by Muhannad Ayad: The abstract should state the importance of the research in one sentence. The research problem should be stated directly. How can the problem be addressed? The action plan should be included in the abstract. What has been achieved by the study compared to previous studies?

	Moringa oleifera Lam. is a nutritionally and medicinally important vegetable belonging to the family Moringaceae within the order Brassicales. The health-promoting properties of moringa are largely attributed to glucosinolates (GSLs), a group of sulphur and nitrogen containing secondary metabolites characteristic of the Brassicales. In M. oleifera, the predominant and unique GSL is rhamnobenzyl glucosinolate, commonly known as glucomoringin, which is responsible for many of its documented biological and therapeutic activities. Glucosinolate accumulation is known to vary substantially among genotypes and is influenced by environmental conditions. In the present study, GSL variability among cultivated and wild moringa accessions was quantified using high-performance liquid chromatography (HPLC). Significant genotype-dependent and tissue-specific variations in GSL content were observed, highlighting the combined influence of genetic makeup and developmental context. It was also observed that the elite accessions NPM/17-22, NAM/17-42, and TR local exhibited consistently higher levels of total GSLs, particularly glucomoringin, compared with exotic and wild accessions. These findings provide valuable insights into the biochemical diversity of moringa germplasm and identify elite accessions with superior GSL profiles. The results help to establish a foundation for targeted breeding, metabolic engineering, and cultivation strategies aimed at maximizing the health benefits and nutraceutical value of M. oleifera.
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1. INTRODUCTION 

The nutrient-rich and versatile indigenous tree moringa (Moringa oleifera Lam.) is well-known for its many health advantages. Moringa has demonstrated properties that are antipyretic, antiasthmatic, anti-inflammatory, antiarthritic, analgesic, hypocholesterolemic, antitumor, antioxidant, antiperoxidative, antihypertensive, and antihyperglycemic (Pandey et al., 2012). Glucosinolates (GSLs) are one such compound present in moringa, which have a number of therapeutic applications. GSLs are produced from sulphur- and nitrogen-rich amino acids that are unique to the order Brassicales. A variable side chain made up of amino acids, a sulfonated aldoxime group, and a β-D-thioglucose group make up the basic structure of GSLs. The breakdown of GSLs is caused by the enzyme myrosinase, the only known β-thioglucosidase. The end result, isothiocyanates (ITCs), has anticarcinogenic, fungicidal, bactericidal, nematocidal, and herbivore-deterrent properties (Fahey et al., 2001). Sulforaphane, the 4-methylsulfinylbutyl glucosinolate isothiocyanate derivative, has been demonstrated to stimulate phase II detoxifying enzymes in cancer cells. Quinone reductase, glutathione-S-transferase, and glucuronosyl transferases are some examples of these enzymes. Furthermore, by inhibiting the cell cycle and encouraging apoptosis, they may stop tumours from growing.
GSLs and the breakdown products of these molecules play a key role in controlling the interactions between plants, insects and herbivores. The Brassica GSL-myrosinase system is a powerful biopesticide that directs the oviposition and feeding of specialised insects while also acting as a major defence mechanism against microorganisms and generalist insects. Brassica vegetables have a distinctively pungent flavour that is caused by GSL hydrolytic products (Bhat, 2022). Over 200 GSLs have been discovered so far. These GSLs are categorised into three groups according to the precursor amino acid: aliphatic GSLs (tryptophan), indole GSLs (methionine, isoleucine, leucine, or valine), and aromatic GSLs (phenylalanine or tyrosine) (Sønderby et al., 2010). There are three stages in the synthesis of GSLs:(i) side-chain elongation of precursor amino acid, (ii) core-GSL structure formation and (iii) modification of side group (Halkier and Gershenzon, 2006; Wittstock and Halkier, 2002). The varieties of GSLs that have been identified thus far are the product of the interplay between the initial elongation of the amino acid precursor and additional side chain alterations post-synthesis (Mithen et al., 2010).
Glucosinolate content vary from genotype to genotype and also according to the environmental cues. The GSL present in M. oleifera is predominantly rhamnobenzyl glucosinolate or glucomoringin. This GSL is unique to moringa species. Glucomoringin is the compound which is responsible for health benefits of moringa. Hence it is important to investigate the variability of glucomoringin present in different cultivated and wild varieties if moringa accessions so that the benefits can be exploited to the maximum. 
 


2. material and methods	Comment by Muhannad Ayad: The optimal conditions for working with HPLC should be noted, which are as follows:
Sample Preparation:
The sample must be free of particles and sediment.
Filter it using a 0.22 µm filter.
Typical concentration: Approximately 1 mg/mL, preferably increasing the concentration rather than the injection volume to increase efficiency.
Mobile Phase (Solvent):
Use HPLC-grade purified solvents, and avoid "pro-analysis" solvents if the detection is sensitive.
Degassing and filtering the mobile phase reduces baseline noise and increases stability.
Optimize the mobile phase composition (especially in step washing) to ensure thorough separation of all components.
Column:
Use smaller particle sizes for better separation and higher sensitivity (especially in UHPLC), paying attention to increasing pressure.
Pot size is important for particle penetration and interaction with the internal surface.
Maintain a constant column temperature (typically 25–35°C) to ensure reproducibility. Flow Rate:
Must be constant and repeatable.

It typically ranges from 0.4–1 mL/min for standard systems, but varies depending on the particle size used in the column.
Injection Volume:
Must be small (less than 2% of the column volume) for higher efficiency and accuracy, and must not exceed the recommended limits.
Pressure:
Monitor the back pressure of the column and avoid exceeding the pump's maximum recommended limits.
System and Detector:
Ensure the system is clean and free of air and impurities, and regularly maintain components (such as the detector lamp and detector cell).

Select the appropriate detector wavelength and avoid interference from solvents.

2.1 Plant materials
Elite and exotic accessions of moringa was collected from NBPGR regional station, Thrissur and Issapur, farm, New Delhi respectively. Different accessions of moringa were used for GSL profiling. 12 elite and exotic accessions each were used for the study. From these accessions different tissue types like leaf and stem were collected and analyzed for GSLs using HPLC. 

2.2 Estimation of glucosinolates by HPLC analysis	Comment by Muhannad Ayad: Additional analyses are recommended to confirm the validity of the separation, including:

LC-MS/LC-MS-MS Mass Spectrometry:

Provides molecular weight and ion fractionation information, confirming the identity of the compound and accurately identifying unknown impurities.

Used in conjunction with LC-DAD-UV to enhance component identification.

LC-DAD-UV Photodiode Array Detector:
Gives a full absorption spectrum, aiding in verifying peak purity and identifying impurities that may interfere with the main peak.

Allows verification of the method's linearity over a wide concentration range.
The tissue samples were freeze-dried in LAB-KITS FD-10-MR Freeze dryer machine before GSL extraction. The desulpho-GSL extraction was performed by modifying the protocol described by Augustine et al. (2013) with minor modifications. Around 20 mg of the pulverised plant sample was extracted with 950 µL of 70% HPLC grade hot methanol (75 °C). Sinigrin hydrate (2-propenyl GSL, 1mM, Sigma-Aldrich) was used as the internal standard. 50 µL of 1.0 mM sinigrin was added to each sample. Samples were heated in a water bath maintained at 75 °C for 10 min. with intermittent mixing by inverting the tubes. The samples were centrifuged at 12,000 rpm for 10 min., and the supernatant was collected in a fresh tube. The supernatant containing GSLs was desulphated on Thermoscientific NuncTM 96-well fritted filter plate. Uniform loading of supernatants (~700 µL) was done. Filter plates were conditioned prior to loading of samples with DEAE Sephadex-A25, chloride form. After loading the samples, columns were washed two times with 1.0 mL HPLC grade water. The samples were then treated with 50 µL sulphatase solution (25 mgmL-1). 
Loaded columns were sealed and left to incubate at 20°C overnight. The following day, the columns were washed with 500µL HPLC grade water twice to elute the desulpho-glucosinolates. Elutes were stored at 4°C until use. Approximately 10 µL of eluent was analyzed using a ShimadZu Prominence i LC2030C HPLC system and RP-C18 column. The program was set at solvent B (acetonitrile) gradient of 1-19% with respect to solvent A (water) through a 25 min cycle. The flow rate was maintained at 1 mL/min with an oven temperature of 35 °C and detection was made at 229 nm. Glucosinolate peaks were identified by referring to the literature. Glucosinolates concentration was determined by identifying the substrate peaks of unknown glucosinolates and referencing them with known internal standard peaks and applying the relative response factors. The concentration of GSL was calculated using standard formula.

3. results and discussion

The coding used for elite and exotic accessions and their original nomenclature are given in Table 1. The analysis revealed significant variation in GSL content among different moringa accessions.  Predominant glucosinolate detected was 4-rhamnobenzyl GSL ($RBGS). In general, elite accessions exhibited higher GSL concentrations in leaf and stem compared to exotic accessions.  This may be due to the positive selection towards high beneficial GSL. In elite cultivars the leaf 4RBGS levels ranged from 23.49 µmoles/g dry weight to 135.88 µmoles/g dry weight. Among the elite accessions, NPM/17-22 recorded the highest 4RBGS level in leaf and, NPM/17-25 showed lowest level.  Among exotic accessions, leaf 4RBGS levels ranged from 17.67 µmoles/g dry weight to 83.35 µmoles/g dry weight. The highest concentration was observed in IC613368.
Glucosinolate content in stem tissue was found to be higher compared to leaf tissues except for few accessions. In elite cultivars, 4RBGS content ranged from 40.19 µmoles/g dry weight to 157.37 µmoles/g dry weight. The highest level of 4RBGS was observed in NPM/17-22 and NPM/17-25 showed lowest concentration. This was in agreement with the leaf 4RGBS content observed. Among exotic accessions 4RGBS concentration ranged between 19.42 µmoles/g dry weight to 60.82 µmoles/g dry weight (Figure 1). The highest concentration was observed in IC613368 which showed highest level of leaf 4RBGS. NPM/17-22 consistently exhibited high GSL levels across multiple tissues, making it a strong candidate for further research.
[image: ]
Figure 1. Glucosinolate variability across various elite and exotic accessions of M. oleifera. Glucosinolates were estimated using HPLC. 4RGBS GSL, which is the major GSL in moringa is shown here. Two replicates were done to finalize the data. Code for acessions are given in graphs. 

Table 1. Accessions used for analysis with their code and original nomenclature
	Elite
	Exotic

	Code 
	Accession
	Code 
	Accession

	EL-1
	N/17-49
	EX-1
	IC613368

	EL-2
	NPM/17-20
	EX-2
	RTS-77

	EL-3
	NPM/17-29
	EX-3
	RTS-85

	EL-4
	NAM/17-37
	EX-4
	RTS-58

	EL-5
	SM-18
	EX-5
	RTS-55

	EL-6
	NPM/17-28
	EX-6
	Tag 97

	EL-7
	NAM/17-42
	EX-7
	AC-613

	EL-8
	N/17-50
	EX-8
	RTS-86

	EL-9
	TCR local
	EX-9
	RTS-57

	EL-10
	NPM/17-11
	EX-10
	IC613365

	EL-11
	NPM/17-25
	EX-11
	RTS-75

	EL-12
	NPM/17-22
	EX-12
	AC-22



According to earlier research by Amaglo et al. (2010), M. oleifera's stem, leaves, flowers, pods, and seeds had higher concentrations of 4RBGS than other GSLs. According to Maldini et al. (2014), who conducted investigations based on mass spectrometry, 4RBGS is the most prevalent GSL in all of M. oleifera's components, particularly the pulp seed, with 4-OHBGS coming in second. When Sibhat et al. (2023) performed reversed-phase high-performance liquid chromatography (RP-HPLC) on Moringa stenopetala, a close relative of M. oleifera, they discovered that the most common GSL among phenolics was 4RBGS (0.2–4.2 mgg-1). A study by Feng et al. (2022) examined the composition and GSL content of the leaf, stem, and flower bud of Chinese flowering cabbage. Their results showed that the total GSL content of flower buds were significantly higher than that of leaves and stalks. When Zhu et al. (2013) examined GSLs in a number of pak choi organs, they discovered that the roots had a significantly greater GSL concentration than the leaves. According to Brown et al. (2003), the quantity of GSLs varies across tissues and developmental stages in A. thaliana. Therefore, it has been demonstrated that the types and amounts of GSL vary among species, cultivars, and even within the same plant's tissues. 
This study provides valuable insights into the variability of glucosinolate (GSL) accumulation in moringa, shaped by both genetic differences among accessions and distinct tissue-specific patterns. The elite accessions NPM/17-22, NAM/17-42, and TR local exhibited notably high GSL levels, making them promising candidates for further research and potential metabolic enhancement.  Across all accessions and tissues, 4RBGS consistently emerged as the dominant glucosinolate, pointing to a genetically conserved biosynthetic pathway in moringa. These findings demonstrate that GSL accumulation is influenced by both genetic background and tissue-specific regulation. Understanding these patterns provides a strong foundation for targeted metabolic engineering to enhance GSL production, particularly in high-yield tissues. With strategic optimization, these insights could pave the way for improved commercial extraction, strengthening moringa’s potential in pharmaceutical and nutraceutical applications.
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