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Abstract

:

Cajanus cajan L. (pigeon pea, locally known in the Philippines as kadios) seed is a functional food with health benefits that extend beyond their nutritional value. C. cajan seeds contain highly diverse secondary metabolites with enriched beneficial properties, such as antibacterial, anticancer, and antioxidant activities. However, the antibacterial activities of secondary metabolites from Philippine-grown C. cajan, against multidrug-resistant Staphylococcus aureus have not been thoroughly described. Here, we investigated the in vitro antibacterial properties of C. cajan seed against multidrug-resistant S. aureus ATCC BAA-44 (MDRSA) and three other S. aureus strains (S. aureus ATCC 25923, S. aureus ATCC 6538, and coagulase-negative S. aureus) and, subsequently, identified the antibiotic markers against S. aureus strains using mass spectrometry. Secondary metabolites from C. cajan seeds were extracted using acetone, methanol, or 95% ethanol. Antibacterial screening revealed antibiotic activity for the C. cajan acetone extract. Bioassay-guided purification of the C. cajan acetone extract afforded three semi-pure high-performance liquid chromatography (HPLC) fractions exhibiting 32–64 µg/mL minimum inhibitory concentration (MIC) against MDRSA. Chemical profiling of these fractions using liquid chromatography mass spectrometry (LCMS) identified six compounds that are antibacterial against MDRSA. High-resolution mass spectrometry (HRMS), MS/MS, and dereplication using Global Natural Products Social Molecular Networking (GNPS)™, and National Institute of Standards and Technology (NIST) Library identified the metabolites as rhein, formononetin, laccaic acid D, crotafuran E, ayamenin A, and biochanin A. These isoflavonoids, anthraquinones, and pterocarpanoids from C. cajan seeds are potential bioactive compounds against S. aureus, including the multidrug-resistant strains.
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1. Introduction


Antibiotics are utilized to inhibit or eliminate microbes that cause infections in humans. Unfortunately, the emergence of antibacterial resistance renders commercially available antibiotics ineffective [1,2]. One of the factors causing antibacterial resistance includes mutations, or the development of resistant genes induced by the misuse of antibiotic drugs. The alarming increase in the rate of bacterial resistance has triggered a global health security emergency and public health threat as new opportunities for antibiotics discovery and development are scarce [3].



Almost all recognized antibacterial compounds, including last-resort drugs, are becoming ineffective to their target pathogen, causing high morbidity and mortality due to infection [4]. The absence of new effective antibiotics further limits the preventive measures for infection during critical medical procedures, such as childbirth, organ transplant, management of diabetes, and chemotherapy [5].



Alarmingly, several bacterial strains have developed resistance against clinically useful and effective drugs, such as Escherichia coli, Klebsiella pneumoniae, and Methicillin-resistant Staphylococcus aureus (MRSA). The World Health Organization classified these pathogens as the three crucial bacterial strains of focus [5]. For E. coli and K. pneumoniae, resistance against β-lactam antibiotics, such as third-generation cephalosporins is already evident, complicating the treatment of diseases caused by these pathogens, such as urinary tract infection (UTI) [5]. For methicillin-resistant S. aureus (MRSA), the infection has now developed from hospital acquisition to community-acquired infections, such as through the skin or wounds. Thus, the imminent threats of antibiotic resistance caused by MRSA have prompted us to search for potentially novel antibiotics from various sources, such as plants.



The inherent secondary metabolites in plants have been studied to provide defense against phytopathogens [6], which could then be used against pathogenic bacteria in humans [7]. Their production is driven by evolution against animal predation by increasing resistance or defense [8]. Some examples include phenols, tannins, flavonoids, terpenes, and alkaloids, which exhibit antibacterial properties [9], thus, providing alternative sources of antibacterial compounds to combat pathogenic infections.



Recently, studies have indicated that plant-based foods and functional foods are not only a promising source of nutritional and health benefits [10,11] but could also provide secondary metabolites as natural antibiotics [12,13,14,15]. Functional foods are typically consumed for a normal diet [16] with added health benefits on top of their high nutritional value. In the Philippines, there are numerous claims regarding several functional foods with antibacterial properties. These include coconut (Cocos nucifera), malunggay (Moringa oleifera), papaya (Carica papaya), mungbeen (Vigna radiata), and kadios (pigeon pea, C. cajan) [17]. Despite numerous studies on these functional foods, further investigations on the active secondary metabolites and chemical properties to render such biological claims are lacking.



As part of our natural product drug discovery program [18,19,20,21], we investigated the seeds of a local plant, C. cajan, also known as “kadios” in the Philippines. The C. cajan plant is commonly grown as food, particularly for its seed, in selected locations in the Philippines as well as India, Indonesia, Myanmar, and Pakistan [22]. In Iloilo Province in the Philippines, C. cajan seed is a common ingredient in KBL (Kadios, Baboy, and Langka), a nutritional bean-based soup high in carbohydrate and protein [23]. Furthermore, there are limited studies regarding the antibacterial properties of C. cajan seeds. Although recently, secondary metabolites, such as an isoflavonoid cajanol [24] and a coumarin cajanuslactone [25] isolated from C. cajan roots and leaves, have shown antibacterial activities against S. aureus and E. coli.



Additionally, reports regarding C. cajan seeds from the Philippines are generally about their nutritional [26,27] and agricultural values [28,29]. One study reported that Philippine C. cajan seeds contain chemical components, such as amino acids, polyphenols, trypsin inhibitors, lectins or phytohemagglutinins, flatulence factors, and phytates [30]. No reports have indicated the antibacterial activities of these metabolites. Hence, this study investigates the antibacterial properties of C. cajan seed extracts and identifies metabolites eliciting the activity against strains of S. aureus, including a multidrug-resistant strain.




2. Results


2.1. Preliminary Antibacterial Screening of C. cajan Extracts


To determine the solvent that is efficient to extract the antibacterial metabolites in C. cajan, we extracted the seeds with acetone, methanol, or 95% ethanol using the method described in Section 4.4. The acetone extract (20 mg/well) named KADA showed a zone of inhibition (ZOI) of 13.2 ± 1.7 mm against MDRSA. Subsequent testing of the acetone extract against other S. aureus strains, showed antibacterial activity against S. aureus ATCC 25923 and S. aureus ATCC 6538, with average ZOIs of 11.8 and 11.7 mm, respectively (Table 1).



The antibacterial testing via agar well diffusion assay of the methanolic extract at 20 mg/well showed 13.3 ± 2.1 mm ZOI against MDRSA and 10.0 mm against S. aureus ATCC 25923. The 95% ethanol extract showed no activity at 20 mg/well and 40 mg/well but exhibited 12.8 mm ZOI at higher concentration of 90 mg/well. Due to its high inhibitory concentration against the multidrug-resistant strain, the ethanolic extract was not tested against the three other strains of S. aureus. Overall, the acetone extract revealed broader antibacterial properties against S. aureus strains compared to the methanolic and ethanolic extracts. Thus, we focused on acetone extract for subsequent bioassay guided purification.




2.2. Bioassay Guided Purification of Acetone Crude Extract


Purification of C. cajan seed acetone extract named KADA was guided by antibiotic assays, primarily against the multidrug-resistant S. aureus ATCC BAA-44 (MDRSA) (Figure S1). Partitioning of dried KADA between methanol and hexane separated the secondary metabolites from C. cajan seeds (Figure 1A) based on polarity. The KADAM fraction exhibited antibacterial activity against all S. aureus strains tested: (1) S. aureus ATCC BAA-44 (MDRSA), (2) S. aureus ATCC 25923, (3) S. aureus ATCC 6538, and (4) S. aureus coagulase (−) at a concentration of 20 mg/well, exhibiting ZOI between 11 to 16.5 mm (Figure 1B). No ZOI was evident in the KADAH fraction. (Figure S2A).



Moving to flash column chromatography as the next purification step, we attempted to reconstitute dried KADAM in polar and semi polar organic solvents, such as acetone, methanol, ethanol, dichloromethane, and ethyl acetate. However, the sample showed poor solubility with these solvents. Notably, KADAM completely dissolved in water, which led to another partitioning of the sample between water and ethyl acetate that resulted to ethyl acetate and aqueous fractions named KADAME and KADAMW, respectively. The antibacterial testing of both fractions against MDRSA at 20 mg/well via agar well diffusion assay showed 21.4 mm average ZOI in plates treated with fraction KADAME. The aqueous fraction KADAMW demonstrated no activity against MDRSA at 20 mg/well (Figure S2B).



Interestingly, the solvent partitioned extracts showed increasing antibacterial activity against MDRSA. The C. cajan seed extract KADA tested at 20 mg/well initially exhibited antibacterial properties against MDRSA, with an average of 13.2 mm ZOI (Figure 2A). Subsequently, solvent partitioning of KADA resulting to bioactive fraction KADAM and solvent partitioning of KADAM resulting to bioactive fraction KADAME showed clearing around the wells with 16.3 and 21.4 mm ZOIs, respectively (Figure 2A,B).




2.3. Purification of Ethyl Acetate Fraction (KADAME) by Flash Column Chromatography


The bioactive fraction KADAME obtained above was subjected to purification using normal phase flash column chromatography. The purification method described in Section 4.7 afforded 14 fractions. Early eluting fraction named KADAMEI3 (I3, annotated) (Figure 3A) was eluted at 95:5 DCM/MeOH and exhibited antibacterial activity against MDRSA as tested via TLC bioautography (Figure S3). Subsequently, the purification via the reversed phase flash column chromatography of fraction KADAMEI3 described in Section 4.8 afforded 8 fractions. Fraction KADAMEI3I7 (I7, annotated) (Figure 3B) was eluted at 2:8 H2O/MeOH and showed antibacterial activity against MDRSA as tested via TLC bioautography (Figure S4).




2.4. Antibiotic Kinetics Assay of KADAMEI3I7 Fraction


The antibiotic kinetic profile of fraction KADAMEI3I7 (64 µg/mL) showed immediate antibacterial action against MDRSA as compared to tetracycline (32 µg/mL) and vancomycin (2 µg/mL) (Figure 4). Fraction KADAMEI3I7 also exhibited sustained antibacterial activity against MDRSA for 24 h. Complete growth inhibition (>90%) against MDRSA after 24 h, was observed at a minimum inhibitory concentration (MIC) of 64 µg/mL for fraction KADAMEI3I7, 32 µg/mL for tetracycline, and 2 µg/mL for vancomycin.




2.5. High Performance Liquid Chromatography (HPLC) Purification of KADAMEI3I7 and Antibacterial Assay against MDRSA


KADAMEI3I7 was further purified using reversed-phase HPLC using the method described in Section 4.9. The HPLC purification separated the KADAMEI3I7 fraction into sixteen fractions, which were all detected at 254 nm, suggesting aromaticity (Figure 5).



The sixteen HPLC fractions obtained were tested at 64 µg/mL against MDRSA. The sample treated wells were compared with tetracycline (32 µg/mL) and vancomycin (2 µg/mL) as the positive control, and DMSO as the negative control. Three HPLC fractions exhibited complete growth inhibition (>90%) against MDRSA namely: (1) KADAMEI3I7H2, H3, and H4 (Figure 6), which corresponds to HPLC peaks highlighted in Figure 5. Fractions KADAMEI3I7H2, KADAMEI3I7H3, and KADAMEI3I7H4 exhibited complete growth inhibition after 24 h at minimum inhibitory concentration of 32 µg/mL for KADAMEI3I7H2 and 64 µg/mL for both KADAMEI3I7H3 and KADAMEI3I7H4.




2.6. Liquid Chromatography-Triple Quadrupole Mass Spectrometry Profiling, MS/MS Analysis, and Dereplication by Global Natural Products Molecular Networking Social (GNPS)


To gain insights into the identity of metabolites present in the three bioactive HPLC fractions, the chemical profile of fractions KADAMEI3I7H2, KADAMEI3I7H3, and KADAMEI3I7H4 was further investigated. The UV peaks from each of the bioactive fraction that eluted at the same retention time showed the same m/z values suggesting that these fractions contain six common metabolites (Figure S5), potentially eliciting the activity against MDRSA: Metabolite A (m/z 285.05 [M + H]+, RT 5.78 min), Metabolite B (m/z 269.10 [M + H]+, RT 5.86 min), Metabolite C (m/z 315.10 [M + H]+, RT 6.11 min), Metabolite D (m/z 355.15 [M + H]+, RT 6.4 min), Metabolite E (m/z 299.10 [M + H]+, RT 6.8 min), and Metabolite F (m/z 285.10 [M + H]+, RT 7 min).



MS/MS analysis of the six m/z detected and dereplication using the libraries in Global Natural Products Social Molecular Networking (GNPS), identified Metabolite F (Figure S6) and Metabolite B as isoflavones biochanin A and formononetin (also known as biochanin B) (Figure S7), respectively. The experimental MS/MS spectra of Metabolites F and B shared at least 10 MS/MS fragments with their corresponding library hits, which obtained a cosine similarity score of 0.98 and 0.92, respectively. The MS/MS of four other m/z detected have no corresponding hit in GNPS, suggesting that these metabolites are potentially unknown or no similar compounds are present in the GNPS database, which warrants further analyses to confirm and establish their chemical identities.




2.7. High Resolution Mass Spectrometry (LCMS), MS/MS, and Dereplication Analysis


The semi-pure HPLC fractions KADAMEI3I7H2 and KADAMEI3I7H3 were further investigated using High-Resolution Mass Spectrometry (HRMS) to support the above findings. The analysis accurately (<1.0 ppm) predicted the chemical formula of the measured m/z values of the six metabolites of interest in both fractions and provided their corresponding double bond equivalent (DBE) (Figures S8–S13), as presented in Table 2. Dereplication relying on ChemSpider database identified the six m/z values as anthraquinones: rhein (Metabolite A) and laccaic acid D (Metabolite C), isoflavones: isoformononetin (Metabolite B), biochanin A (Metabolite F), and ayamenin A (Metabolite E), and pterocarpanoid: crotafuran E (Metabolite D), in the HPLC fractions (Figures S14–S19).



Alternatively, dereplication using the NIST Library identified Metabolites B and F as formononetin and biochanin A (Figures S20 and S21), which corroborated our preliminary analysis using libraries in GNPS. The chemical IDs and structure of these compounds are presented in Figure 7.



To resolve the ambiguity of the mass spectrometry results for Metabolite B, we secured standards of the two isomers formononetin and isoformononetin and compared their MS/MS fragmentation using the method described in Section 4.10. MS/MS analysis with collision energy and concentration of standards and KADAMEI3I7H2 injected held constant, confirmed a similarity in fragmentation pattern between Metabolite B and formononetin, as isoformononetin showed distinct MS/MS spectra (Figure S22). Thus, the experiment unambiguously resolved Metabolite B as formononetin.





3. Discussion


Breakthroughs in natural products research have shifted the focus of drug-development efforts to mine antibacterial compounds derived from medicinal plants, such as C. cajan [31,32,33], as they display enriched bioactivities [34,35,36,37,38,39,40,41,42,43]. Plants as functional food offer metabolites with minimal side effects, making them advantageous for development as antibacterial agents [44,45].



Secondary metabolites produced by these plants arise from evolutionary processes to improve their protection against animal predation and pathogen invasion. Their production is derived from the interconnected metabolic pathways in plants [46], such as the phenylpropanoid [47], isoprenoid, and alkaloid metabolisms [48], which constitute a rich repertoire of chemical diversity that could be exploited for various applications, such as antibacterial agents for therapeutic purposes.



However, classical approaches in identifying small antibacterial molecules from complex matrices, such as plant extracts, have been proven a challenge. The small yield of active compounds limits the characterization of natural products from plants, which requires a large extraction throughput and laborious purification steps. Fortunately, the advent of state-of-the art technologies and novel techniques, such as mass spectrometry metabolomics, has expedited the dereplication or identification of these natural products even in minute amounts [49]. Metabolomics takes advantage of the presence of numerous chemical libraries and open-source databases, including proprietary platforms, developed to aid researchers in identifying these metabolites, such as NIST, ChemSpider, and GNPS, in the absence of spectroscopic techniques—the golden standard in natural product discovery.



In this study, we demonstrated that the Philippine grown C. cajan seeds showed antibacterial activity against S. aureus strains, including multidrug-resistant strain and coagulase-negative strain. The multidrug-resistant S. aureus ATCC BAA-44 was selected as the main test strain as this pathogen has grown resistant to 18 clinically effective antibiotics namely ampicillin, amoxicillin/clavulanic acid, ciprofloxacin, cephalothin, doxycycline, gentamicin, erythromycin, imipenem, methicillin, penicillin, tetracycline, oxacillin azithromycin, clindamycin, ceftriaxone, rifampin, amikacin, streptomycin, and tobramycin [50].



We also included a coagulase-negative strain S. aureus as one of the target organisms in the assay. Variants of coagulase-negative S. aureus have been isolated in many hospitals and are known to be virulent as those of S. aureus producing coagulase. The variants can colonize and spread infection among hospital patients [51,52,53]. Moreover, methicillin-resistant coagulase-negative S. aureus strains have been isolated from livestock industries [54,55,56] and pose risks in transmitting infection to humans.



Previously, a novel antibacterial isoflavone named cajanol was isolated from C. cajan roots, which exhibited antibacterial activity against S. aureus and E. coli by cell membrane damage and DNA cleavage [24]. Another novel coumarin cajanuslactone isolated from C. cajan leaves also exhibited antibacterial activity against S. aureus at 0.031 mg/mL minimum inhibitory concentration (MIC) [31]. However, these two antibiotic metabolites were not detected in this study.



Instead, six metabolites were identified using metabolomics from the semi-pure HPLC fractions that elicited the activity against MDRSA. Two metabolites, i.e., formononetin, also known as biochanin B, and biochanin A belonging to the class isoflavones, were unambiguously identified by MS, MS/MS, and dereplication analyses in comparison with the standard compounds. The putative identities of four metabolites revealed that these are known plant metabolites—namely, rhein and laccaic acid D belonging to the class anthraquinones, crotafuran E belonging to the class pterocarpanoids, and isoflavonoid ayamenin A as determined by MS, MS/MS, and dereplication analyses.



Confirmation of their identities requires nuclear magnetic resonance analysis or comparison with the standard compounds. Nonetheless, mass spectrometry and dereplication analyses enabled us to identify the antibiotic biomarkers in C. cajan seeds. The isoflavones biochanin A and biochanin B were known to be present in C. cajan leaves [57,58] and are not unique in C. cajan seeds. Biochanin A and biochanin B were also isolated from Trifolium baccarinii Chiov. [59] and red propolis [60], suggesting that these compounds are widely distributed among the Fabaceae family, including C. cajan.



Although plants in the Fabaceae family also produce anthraquinones [61] and pterocarpanoids [62], no reports on the isolation of rhein, laccaic acid D, crotafuran E, and ayamenin A from C. cajan were declared. In north-east India and southern Rajasthan, various tropical plants, such as Schleichera oleosa (Sapindaceae), Butea monosperma (Fabaceae) [63] and C. cajan (Fabaceae) are suitable breeding grounds for lac insect Kerria lacca (Kerr), which produce laccaic acid, also known as lac dye [64].



Interestingly, three of these compounds particularly, biochanin A, biochanin B, and rhein, were reported to exhibit antibacterial properties against a wide array of pathogens. In numerous in vitro studies, biochanin A, including formononetin, has been demonstrated to possess antibacterial properties [65,66] against E. coli, P. aeruginosa, S. enteritidis, K. pneumoniae, and S. aureus [67]. However, antibacterial treatment with biochanin A alone resulted in only moderate activity against these pathogens [67,68,69], which led older studies to focus mainly on synergistic approaches, utilizing this isoflavone for combination treatment to restore ineffective antibiotics, such as ciprofloxacin and ofloxacin [70,71].



In contrast, a more recent study showed promising antibacterial activity of biochanin A against MRSA clinical isolates, P. aeruginosa, and E. coli whereby biochanin A exhibited 32–128 µg/mL MIC against these pathogens [59]. Moreover, it was demonstrated previously that biochanin A exhibited 64 µg/mL minimum inhibitory concentration (MIC) against S. aureus ATCC 25923 [70], which corroborates the findings in our study.



Attempts to elucidate the mechanism of action of biochanin A against selected pathogens were also reported. In MRSA, biochanin A inhibited the production of α-hemolysin, which affects the capacity of bacteria to infect hosts, in a dose-dependent manner [72]. A recent report showed that biochanin A improved defense against Salmonella infection both in vivo and in vitro by activating AMPK/ULK1/mTOR-mediated autophagy and macrophage extracellular traps (METs) [73]. It was also found to inhibit DNA synthesis and flagella formation in Xanthomonas axonopodis pv. glycines (Xag), a known plant pathogen, and altered bacterial membrane composition [74].



On the other hand, emerging studies on pharmacological effects of rhein suggested that it could provide alternative antisepsis [75], and antibacterial treatments to diseases caused by pathogenic infections [76,77,78]. Rhein was discovered to have promising antibacterial properties against various strains of MRSA, which exhibited a minimum inhibitory concentration of 62.5–250.0 µg/mL.



It suppressed the expression of mecA/mecI/mecR1 and blaZ/blaI/blaR1 genes in SCCmec, causing a decreased resistance of MRSA to β-lactam antibiotics [79]. In in vitro experiments, rhein showed good antibacterial activity against 21 S. aureus strains in which a total of 88 genes were identified to be differentially regulated by this compound [80]. Combination therapies using rhein with ampicillin and oxacillin was also found to exhibit synergistic or partially synergistic activity against MRSA [81].



The biological activities of laccaic acid D, ayamenin A and crotafuran E, have not been extensively studied, and no reports exist regarding their antibacterial properties. Laccaic acid D possesses intermediate antioxidant activity at 0.1, 0.2 and 0.5 mg/mL [82] as tested by DPPH assay. Its methylated derivative also has antifungal activity against some phytopathogenic fungi, such as Alternaria solani, Curvularia lunata, Erysiphe pisi, Helminthosporium oryzae, and Verticillium sp., which commonly cause foliar diseases in crop plants [83].



On the other hand, ayamenin A was recently isolated from Iris songarica belonging to the Iridiceae family, which exhibited estrogenic activity [84]. Whereas crotafuran E and its analogs isolated from Crotalaria pallida, a close relative of C. cajan in the Fabaceae family exhibited antioxidant and anti-inflammatory activities [62,85].



In summary, our bioassay guided fractionation of the C. cajan acetone extract isolated three HPLC fractions, which exhibited 32–64 µg/mL minimum inhibitory concentration against the multidrug-resistant S. aureus. Mass spectrometry, MS/MS, and dereplication using the ChemSpider database, NIST, and libraries in GNPS identified six metabolites common in these bioactive fractions.



These molecules are the isoflavones biochanin A, biochanin B, and ayamenin A; anthraquinones rhein and laccaic acid D; and pterocarpanoids crotafuran E. Our findings demonstrated that functional foods, such as pigeon pea, are a rich resource for mining antibiotic metabolites against pathogenic S. aureus, including the multidrug-resistant strains.




4. Materials and Methods


4.1. Plant Material


Drought-resistant and short-duration type C. cajan L. Millsp. seeds of the Monahan variety, was planted in Barangay Anabo, Lemery, Iloilo, Philippines in a 5000 m2 lot. The seeds were directly seeded in a raised bed soil with a depth of 1 in. at 1 × 1 m apart. To promote a healthy plant growth, the soil was enhanced with Nitrogen-Phosphorus-Potassium (NPK) fertilizer. Irrigation was performed twice weekly. The pods were handpicked on the fifth month when a pod color change from green to brown was observed. Then, the harvested pods were manually dehulled to recover the seeds. The collected seeds were authenticated by the Philippine National Museum Botany Division and transported to the University of San Agustin, Gen. Luna St., Iloilo City, Philippines.




4.2. Reagents and Standards


Standards formononetin and isoformononetin were secured from Changzhou Guiding Bio-Tech. Co., Ltd. (Changzhou, China). Tetracycline (Sigma-Aldrich Co.®, St. Louis, MO, USA) and vancomycin hydrochloride (United States Pharmacopeia Reference Standard) were used as a positive control for antibacterial assays. Acetone, methanol, ethanol, and hexane used for extraction and solvent partitioning were obtained from Sigma-Aldrich Co.® (St. Louis, MO, USA), while ethyl acetate was purchased from RCI Labscan® Limited (Bangkok, Thailand). Dichloromethane used in the flash column purification was purchased from Thermo Fisher Scientific® Co. (Waltham, MA, USA). Water and methanol (HPLC-grade) from RCI Labscan® Limited (Bangkok, Thailand) were used as mobile phase for HPLC purification. Water, acetonitrile, and formic acid (MS-grade) were purchased from Sigma-Aldrich Co. ® (St. Louis, MO, USA).




4.3. Test Pathogens


Four Staphylococcus strains: (1) S. aureus ATCC BAA-44 (MDRSA), (2) S. aureus ATCC 25923, (3) S. aureus ATCC 6538, and (4) S. aureus. coagulase (−) were used to test the antibacterial activity of C. cajan seed extracts. These test organisms were grown and maintained at 37 °C in tryptic soy agar for no more than 24 h until they were used for antibacterial assay.




4.4. Phytochemical Extraction


Fresh batch of C. cajan seeds was thoroughly washed with tap water five times and distilled water three times to remove soil, stem, leaves, and other unwanted materials. The washed seeds were air-dried at room temperature for 4 h, and then ground for 20 s using an industrial grinder to increase the surface area for an efficient maceration. Then, the powdered seeds were macerated using acetone, methanol, or 95% ethanol. A total of 47 kg C. cajan seeds was extracted with acetone.



Extraction was performed thrice to maximize the recovery of bioactive secondary metabolites. In the first extraction, 3 L of solvent was added per 1 kg of seeds, with a 1:1 plant-material-to-solvent ratio for the succeeding two extractions. The ground seeds were macerated in the solvents for 18–24 h prior to collection of extracts. The collected extracts were filtered twice, concentrated in vacuo using the rotary evaporator (35 °C and 180 rpm), then dried using the centrifugal evaporator and freeze dryer. The extract was then subjected for antibacterial screening through agar well diffusion assay.




4.5. Solvent Partitioning of C. cajan Seed Extracts


Dried C. cajan acetone extract KADA was dissolved in methanol and partitioned with equal volume of hexane. Addition of hexane and partitioning was repeated until a clear hexane layer was obtained. The resulting methanol and hexane fractions were named KADAM and KADAH, respectively. Then, the fractions were concentrated in vacuo using the rotary evaporator (35 °C and 180 rpm) and dried using the centrifugal evaporator to afford 654.79 g (1.39% yield) of the bioactive fraction KADAM and 35.26 g (0.08% yield) of non-active fraction KADAH.




4.6. Solvent Partitioning of C. cajan Methanol Fraction


Due to poor solubility of the resulting dried methanol fraction KADAM in organic solvents (acetone, methanol, 95% ethanol, dichloromethane, and ethyl acetate), another solvent partitioning with water and ethyl acetate was performed. The dried KADAM fraction was reconstituted in water to form a completely homogeneous solution. Then, the solution was added with ethyl acetate at 1:2 (solution/ethyl acetate), swirled, and allowed to partition for 3 min.



Partitioning was repeated until a clear ethyl acetate layer was obtained. The resulting ethyl acetate and aqueous fraction were then named KADAME, and KADAMW, respectively. Ethyl acetate fraction was concentrated in vacuo using the rotary evaporator (35 °C and 180 rpm) and dried using the centrifugal evaporator to afford 10.61 g (0.02% yield) KADAME. The aqueous fraction KADAMW was placed in a −80 °C freezer overnight and lyophilized in the freeze dryer. The fractions were then tested against S. aureus ATCC BAA-44, which revealed activity in fraction KADAME.




4.7. Purification of Ethyl Acetate Fraction by Accelerated Chromatographic Isolation (ACI™) Technology Biotage® Isolera Normal Phase Flash Column Chromatography


A 1.0 g C. cajan ethyl acetate fraction KADAME was reconstituted in EtOAc and loaded directly on the Biotage® SNAP Ultra 10 g normal phase samplet. The samplet was dried in a vacuum concentrator at 30 °C, then packed in a Biotage® SNAP Ultra 50 g cartridge (Biotage® HP-Sphere™ 25 µm, Biotage, Uppsala, Sweden). A flash chromatography method was developed based on the TLC profile of the KADAME fraction in different ratios of DCM and MeOH.



The mobile phase was pumped at 40 mL/min using the following elution scheme: (1) isocratic elution with 95:5 DCM/MeOH at 10 column volumes (CV), (2) linear gradient elution from 95:5 DCM/MeOH to MeOH (3CV), and (3) flushing with MeOH (6 CV). Fractions were collected based on the peaks generated at λmax 254 nm. A total of 14 fractions were obtained and subjected to TLC bioautography against S. aureus ATCC BAA-44. Pooled fractions were then concentrated in the rotary evaporator (35 °C and 180 rpm) and dried in the centrifugal evaporator. A total of 1.0019 g (0.002% yield) of the bioactive fraction named as KADAMEI3 was obtained.




4.8. Purification of Fraction KADAMEI3 by Accelerated Chromatographic Isolation (ACI™) Technology Biotage® Isolera Reversed Phase Flash Column Chromatography


A 100 mg of the fraction KADAMEI3 obtained above was reconstituted in methanol and loaded directly on a SNAP Ultra 1.2 g C18 samplet. The samplet was dried in a vacuum concentrator at 30 °C and then packed in a Biotage® SNAP Ultra 12 g C18 cartridge (Biotage® HP-Sphere C18 25 µm, Biotage, Uppsala, Sweden). A flash chromatography method was developed based on the TLC profile of KADAMEI3 in 100% methanol.



A constant flow rate at 12 mL/min of the mobile phase was used (H2O/MeOH), and a step gradient elution was conducted starting from: (1) 9:1 H2O/MeOH at 3 Column Volume (CV), (2) 8:2 H2O/MeOH at 3 CV, (3) 6:4 H2O/MeOH at 3 CV, (4) 4:6 H2O/MeOH at 3 CV, (5) 2:8 H2O/MeOH at 3 CV, and (6) Methanol at 10 CV. Fractions were collected in 12 mL test tubes and pooled based on the peaks generated at λmax 254 nm. A total of eight fractions were obtained and subjected to TLC bioautography against S. aureus ATCC BAA-44. Pooled fractions were then concentrated in the rotary evaporator at 35 °C and 180 rpm, and dried using the centrifugal evaporator. A total of 83.8 mg (0.0002% yield) of the bioactive fraction named KADAMEI3I7 was obtained.




4.9. High-Performance Liquid Chromatography (HPLC) Purification of Bioactive Fraction


The bioactive fraction KADAMEI3I7 at 70.8 mg was reconstituted in 1 mL HPLC-grade methanol. Then, syringe filtration was performed to remove undissolved samples using a Teflon disk syringe filter (0.2 µm). One hundred µL of the filtered solution was injected into the HPLC unit (Shimadzu LC-20AD, Shimadzu, Kyoto, Japan) equipped with a degasser, an autosampler, column oven, variable wavelength detector, and a fraction collector. In total, ten sample injections were performed. A phenyl hexyl column (Phenomenex Luna® 10 μm PREP Phenyl Hexyl 10, 250 × 10 mm) preceded by a guard column was used as the stationary phase.



The column was held in the oven at 30 °C. The HPLC method was developed based on the retention of KADAMEI3I7, which was eluted at 2:8 H2O/MeOH from the step-gradient elution in the reversed phase flash column chromatography. The mobile phase was therefore, pumped at 5 mL/min starting with isocratic elution of 70% MeOH for 15 min then followed by 70–100% MeOH for 13 min, 100% MeOH for 7 min, 70–100% MeOH for 1 min, and back to 70% MeOH for 9 min. The fraction collector was simulated to pool fractions based on the retention of peaks generated at λmax 254 nm. Pooled fractions were then dried using the centrifugal evaporator. The total run time covered 45 min and afforded 16 HPLC fractions.




4.10. Liquid Chromatography-Triple Quadrupole Mass Spectrometry (LC-TqMS) Profiling and Dereplication by Global Natural Products Social Molecular Networking (GNPS)


The chemical profile of the bioactive HPLC fractions named KADAMEI3I7H2, KADAMEI3I7H3, and KADAMEI3I7H4, was investigated by Liquid Chromatography-Triple Quadrupole Mass Spectrometry (LC-TqMS). A 100 µL solution of the sample (<100 µg) in 7:3 MeOH/H2O was prepared in a 0.2 mL micro-insert contained in an LC-MS clear screw vial. Two µL of each fraction was then injected into the LC-system (Shimadzu LCMS-8045, Kyoto, Japan) where the oven temperature was set at 40 °C, and UV detection of the eluted compounds was set and monitored at λmax 254 nm.



The separation of compounds based on their polarity was conducted using the Phenomenex Synergi™ (4 µm Hydro 80 Å, 2 × 100 mm) C18 column as the stationary phase through a gradient elution with water (Solvent A) and acetonitrile (MeCN) (Solvent B), each containing 0.1% formic acid (FA). The mobile phase at 20% MeCN was pumped for 1 min at a constant flow rate of 0.3 mL/min to the column to start the elution. Then, the MeCN concentration was ramped up linearly to 100% for 13 min. Flushing was set at 3 min, and reconditioning of the column by gradually decreasing the % MeCN to 20% was performed at 2 min, which was followed by a re-equilibration with 20% MeCN for 1 min.



The compounds eluted at different retention times were then subjected for mass scanning by a mass spectrometer equipped with an Electrospray Ionization (ESI) and a triple-quadrupole mass analyzer. Third quadrupole (Q3) scans of the positive and negative ions covering a mass ion range of m/z 200–800 were then conducted to generate the mass spectra of the chemical constituents in the sample.



The MS parameters were set as follows: the nebulizing gas flow was set at 2.0 L/min, while the heating and drying gas flows were set at 10 L/min. The desolvation line temperature, interface temperature, and heat block temperature were set at 250, 300, and 400 °C, respectively. The event time was set at 0.20 s, and the total run time covered 20 min.



MS/MS analyses for selected mass ions in the positive mode detected in fractions KADAMEI3I7H2 and KADAMEI3I7H3 were then conducted at varying Collision Induced Dissociation (CID) Energy. Acquired MS/MS data files (.lcd) were converted to .mzML using MSConvert [86] to transform spectra from profile to centroid mode. The .mzML files were then uploaded to the Global Natural Products Social Molecular Networking (GNPS) through the Library Match Tool where, the precursor ion tolerance was set at 1 Da, MS/MS fragment ions at 0.5 Da with at least six minimum fragments shared and a cosine score >0.70 [87]. Two separate dereplication jobs are available from the Reference list [88,89].




4.11. Liquid Chromatography-Quadrupole Time-of-Flight (LC-QToF) Mass Spectrometry and MS/MS


Chemical profiling of fractions KADAMEI3I7H2 and KADAMEI3I7H3 by High-Resolution Mass Spectrometry (HRMS) was performed using Shimadzu LCMS-9030 Quadrupole-Time-of-Flight (Q-TOF) mass spectrometer equipped with dual-pump delivery system (LC-30AD), degasser (DGU-20A5R), auto-injector (SIL-30AC), and column oven (CTO-20AC). Five µg of sample was reconstituted in 500 µL 7:3 MeOH/H2O. Twenty µL of the analyte was injected into the LC system.



The separation of compounds based on their polarity was conducted using the Phenomenex Synergi™ 2.5 µm Hydro-RP 100 Å (3.0 × 100 mm) as the stationary phase through a gradient elution with water (Solvent A) and methanol (MeOH) (Solvent B), each containing 0.1% formic acid (FA). The column was held in an oven at 40 °C. The mobile phase at 20% MeOH was pumped for 1 min at a constant flow rate of 0.65 mL/min to start the elution. Then, the MeOH concentration was ramped up linearly to 100% for 13 min.



Flushing was set at 3 min, and reconditioning of the column by gradually decreasing the % MeOH to 20% was conducted at 2 min, which was followed by a re-equilibration step with 20% MeOH for 1 min. The compounds eluted at different retention times were ionized using the Heated Electrospray Ionization (HESI). The MS parameters were set as follows: the nebulizing gas flow was set at 2.0 L/min, while the heating and drying gas flow were set at 10 L/min. The desolvation line temperature, interface temperature, and heat block temperature were set at 250, 300, and 400 °C, respectively.



Mass scans in the positive mode covering a mass ion range of m/z 100–500 was performed to generate the mass spectra of the chemical constituents in the sample. Six precursor ions were subjected for MS/MS analysis at Collision Energy (CE) of −30 to −40 V spread 17 V. The dwell time and loop time were set at 0.02 s/event and 0.37 s/data point, respectively. The total acquisition covered 20 min. Chemical ID of MS/MS fragments were dereplicated using LabSolutions Insight Explore® software, which rely on ChemSpider database and fragment peak annotation (Assign®). Dereplication using The National Institute of Standards and Technology (NIST) Library was also conducted.




4.12. Antibacterial Testing


4.12.1. Agar Well Diffusion Assay


The antibacterial activity against the multidrug-resistant S. aureus ATCC BAA-44, S. aureus ATCC 25923, S. aureus ATCC 6538, and S. aureus coagulase (−) of the C. cajan seed extracts was evaluated by agar-well diffusion assay. Overnight grown bacterial culture was inoculated in 5 mL Mueller–Hinton Broth (MHB) and adjusted to an optical density of 1 × 106 CFU/mL as measured using a microplate reader (ELx808IU/BioTek Instruments, Inc., Winooski, VT, USA). The bacterial suspensions were then mixed with 1% Mueller–Hinton Agar (MHA) and dispensed into sterile Petri dishes. The mixture was allowed to solidify, and wells were made using a sterile borer. The seed extract (20 mg/well), DMSO (negative control) and tetracycline 5 mg/mL (positive control) were dispensed into the wells. The plates were then incubated at 37 °C for 18–24 h. The zones of inhibition were measured in millimeters (mm) using a caliper.




4.12.2. Thin Layer Chromatography (TLC) Bioautography


TLC bioautography was conducted to qualitatively determine and investigate which of the fractions from the flash chromatography purification have an activity against S. aureus ATCC BAA-44. A 1 mL aliquot of each of the pooled fractions was dried using the centrifugal evaporator and then reconstituted in 10 µL of methanol for antibacterial screening against S. aureus ATCC BAA-44. Each of the 10 µL solution was loaded at 1.4 cm × 2.3 cm apart on a 7 cm × 7 cm normal phase silica TLC plate using a micropipette.



The loaded plate was placed in a Petri dish and overlaid with 0.8% Mueller–Hinton Agar (MHA) containing bacterial cells (ca. 1 × 106 CFU/mL) from overnight grown bacterial cultures. The plate was then incubated at 37 °C for 18–24 h. Three mL of resazurin (1.5 mg/mL) was flooded on the TLC plate to visualize the zone of inhibition. A blue coloration indicates antibacterial activity.




4.12.3. Minimum Inhibitory Concentration (MIC) Assay


The guidelines and interpretation of the Clinical and Laboratory Standards Institute (CLSI) were followed for the minimum inhibitory concentration (MIC) determination. Isolated colonies of the multidrug-resistant S. aureus ATCC BAA-44 were transferred to Mueller–Hinton Broth (MHB), and cultures were grown then adjusted to a cell density of approximately 106 CFU/mL. A 10-fold dilution of the sample was conducted in a 96-well plate, which was subsequently inoculated with MHB containing the pathogen to achieve a starting concentration equal to 512 µg/mL. The inoculated 96-well plate was then incubated at 37 °C. The optical density was measured at 600 nm using a microplate reader after 24 h. The % growth of inhibition was then calculated using Equation 1,


   %   growth   of   inhibition  =  (     (  N e g a t i v e   C o n t r o l − S a m p l e  )    N e g a t i v e   C o n t r o l    )  ∗ 100 ,  



(1)







The lowest sample concentration that exhibited a complete growth inhibition (>90%) was taken as the MIC of the sample.




4.12.4. Antibiotic Kinetics Assay


Following the same procedure as the minimum inhibitory concentration assay, the antibiotic kinetics of the bioactive fraction KADAMEI3I7 was tested against the S. aureus ATCC BAA-44. Tetracycline and vancomycin were used as positive controls, while DMSO was used as the negative control. Bacterial densities were measured every 3 h (0, 3, 6, 9, 12, 15, 18, 21, 24) within a period of 24 h using a microplate reader at 600 nm.




4.12.5. Microbroth Susceptibility Assay


Sixteen dried HPLC fractions were tested against the multidrug-resistant S. aureus ATCC BAA-44 based on the minimum inhibitory concentration of fraction KADAMEI3I7 (64 µg/mL). A 2.56 mg/mL stock concentration of each fraction was prepared by adding 78 µL of DMSO to 200 µg samples. Five µL of the stock solution was dispensed in a 96-well plate in triplicates. Then, 195 µL of bacterial cell suspension was added to each plate to achieve 64 µg/mL.



For comparison, tetracycline (32 µg/mL) and vancomycin (2 µg/mL) were used as positive controls, while DMSO was used as the negative control. Mueller–Hinton Broth (MHB) was dispensed in the wells and used as the blank. The plate was then incubated for 18–24 h at 37 °C. The optical density was measured at 600 nm using a microplate reader, and the % growth inhibition was then calculated using Equation 1. The samples with greater than 90% growth inhibition were identified as the bioactive HPLC fractions.






5. Conclusions


Our study demonstrated that extracts from Philippine-grown pigeon pea seeds (C. cajan L.) were antibacterial against S. aureus, including the multidrug-resistant strain, which provides treatment possibilities for diseases caused by these pathogens, such as persistent skin infections. The presence of antibacterial activity against all four test S. aureus strains suggests that the isoflavones biochanin A, biochanin B, and ayamenin A; anthraquinones rhein and laccaic acid D; and pterocarpanoids crotafuran E from pigeon pea seeds are potential antibiotics against pathogenic S. aureus bacteria.



Furthermore, the untapped potential of pigeon pea seeds as a rich resource of antibacterial metabolites is a potential reinforcement for our antimicrobial arsenal amidst the depleting antibiotic pipeline, providing alternative sources, i.e., functional foods for mining metabolites of medical importance. Thus, the exploration of other functional foods for bioactive metabolites is vital in drug discovery and development.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/metabo12040279/s1. Figure S1: Isolation tree showing the bioassay-guided purification of C. cajan acetone extract. Figure S2: Antibacterial testing against the multidrug-resistant S. aureus (MDRSA). Figure S3. Qualitative antibacterial activity evaluation of fractions obtained from the purification of the ethyl acetate fraction KADAME. Figure S4: Qualitative antibacterial activity evaluation of fractions obtained from the purification of fraction KADAMEI3. Figure S5: LC-MS Profile of the bioactive HPLC fractions. Figure S6: Dereplication of Metabolite F using LC-TqMS data and Global Natural Products Social Molecular Networking (GNPS). Figure S7: Dereplication of Metabolite B using LC-TqMS data and Global Natural Products Social Molecular Networking (GNPS). Figure S8: Chemical formula prediction of Metabolite A. Figure S9: Chemical formula prediction of Metabolite B. Figure S10: Chemical formula prediction of Metabolite C. Figure S11: Chemical formula prediction of Metabolite D. Figure S12: Chemical formula prediction of Metabolite E. Figure S13: Chemical formula prediction of Metabolite F. Figure S14: Dereplication of Metabolite A using High-Resolution Mass Spectrometry (HRMS) data and ChemSpider database. Figure S15: Dereplication of Metabolite B using High-Resolution Mass Spectrometry (HRMS) data and ChemSpider database. Figure S16: Dereplication of Metabolite C using High-Resolution Mass Spectrometry (HRMS) data and ChemSpider database. Figure S17: Dereplication of Metabolite D using High-Resolution Mass Spectrometry (HRMS) data and ChemSpider database. Figure S18: Dereplication of Metabolite E using High-Resolution Mass Spectrometry (HRMS) data and ChemSpider database. Figure S19: Dereplication of Metabolite F using High-Resolution Mass Spectrometry (HRMS) data and ChemSpider database. Figure S20: Dereplication of Metabolite F using High-Resolution Mass Spectrometry (HRMS) data and the National Institute of Standards and Technology (NIST) Library. Figure S21: Dereplication of Metabolite B using High-Resolution Mass Spectrometry (HRMS) data and the National Institute of Standards and Technology (NIST) Library. Figure S22: Comparison of MS/MS Fragmentation Pattern of Metabolite B from fraction KADAMEI3I7H2 with standards of isomers formononetin and isoformononetin.





Author Contributions


Conceptualization, J.V.N.S., Z.M.V., J.P.S. and D.S.D.; methodology, J.P.S., Z.S., Z.Q.Z. and D.S.D.; software, L.A.P.B., J.T.A.R., J.J.R.T., K.A.H.D., J.M.D.B., Z.S., Z.Q.Z., J.P.S. and D.S.D.; validation, L.A.P.B., J.T.A.R., J.J.R.T., K.A.H.D., Z.S., Z.Q.Z., J.P.S. and D.S.D.; formal analysis, L.A.P.B., J.T.A.R., J.J.R.T., K.A.H.D., J.M.D.B., Z.S., Z.Q.Z., J.P.S. and D.S.D.; investigation, L.A.P.B., J.T.A.R., J.J.R.T., K.A.H.D., Z.S., Z.Q.Z., J.P.S. and D.S.D.; validation, J.P.S., Z.S., Z.Q.Z. and D.S.D.; resources, J.V.N.S., Z.M.V., J.P.S., Z.S., Z.Q.Z. and D.S.D.; data curation, L.A.P.B., J.T.A.R., J.J.R.T., K.A.H.D., J.M.D.B., Z.S., Z.Q.Z., J.P.S. and D.S.D.; writing—original draft preparation, L.A.P.B., J.T.A.R., J.J.R.T., K.A.H.D., Z.S., Z.Q.Z., J.P.S. and D.S.D.; validation, J.P.S., Z.S., Z.Q.Z. and D.S.D.; writing—review and editing, J.P.S., Z.S., Z.Q.Z. and D.S.D.; supervision, J.P.S., Z.S., Z.Q.Z. and D.S.D.; project administration, J.P.S. and D.S.D.; funding acquisition, J.V.N.S., J.P.S. and D.S.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Department of Science and Technology Philippine Council for Health Research and Development (DOST PCHRD) under the grant number FP 200022 and PCHRD Tuklas Lunas Development Center Program for the instruments used in this study.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in the article and supplementary materials.




Acknowledgments


The authors acknowledge the invaluable support of Julius Tagomata for supplying the C. cajan seeds. In addition, Dalisay and Saludes wish to acknowledge the Balik Scientist Program of the Philippines Department of Science and Technology (DOST), through the Philippine Council for Health Research and Development (PCHRD), for the opportunity to serve the Filipino community through science, technology, and innovation. The Balik (Filipino word for returning) Scientist Program (BSP) seeks highly trained Filipino scientists, technologists, experts, and professionals residing abroad to return to the Philippines and transfer their expertise to the local community for the acceleration of the scientific, agro-industrial, and economic development of the country. Special thanks to Josephine Baylon and Suzanne Yñion for administrative support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Barrett, T.C.; Mok, W.W.K.; Murawski, A.M. Enhanced antibiotic resistance development from fluoroquinolone persisters after a single exposure to antibiotic. Nat. Commun. 2019, 10, 1177. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, J.; Raisen, C.L.; Ba, X.; Sadgrove, N.J.; Padilla-Gonzalez, G.F.; Simmonds, M.; Loncaric, I.; Kerschner, H.; Apfalter, P.; Hartl, R.; et al. Emergence of methicillin resistance predates the clinical use of antibiotics. Nature 2022, 602, 135–141. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Worldwide Country Situation Analysis: Response to Antimicrobial Resistance. 2015. Available online: https://apps.who.int/iris/handle/10665/163473 (accessed on 31 July 2021).

	



Freiri, M.; Kumar, K.; Boutin, A. Antibiotic Resistance. J. Infect. Pub. Health 2017, 10, 369–378. [Google Scholar] [CrossRef]

	



World Health Organization. Antimicrobial Resistance Global Report on Surveillance. 2014. Available online: https://www.who.int/publications/i/item/9789241564748?msclkid=829eb582a8b911ec8eb8488f3ce19156 (accessed on 31 July 2021).

	



Ramirez-Gomez, X.; Jimenez-Garcia, S.; Campos, V.B.; Campos, M.G. Plant metabolites in plant defense against pathogens. In Plant Diseases—Current Threats and Management Trends, 1st ed.; Topolovec-Pintaric, S., Ed.; IntechOpen: London, UK, 2019; pp. 2–10. [Google Scholar]

	



Mazid, M.; Khan, T.; Mohammad, F. Role of secondary metabolites in defense mechanisms of plants. Biol. Med. 2011, 3, 232–249. [Google Scholar]

	



Dixon, R.A. Natural products and plant disease resistance. Nature 2001, 411, 843–847. [Google Scholar] [CrossRef]

	



Gonelimali, F.D.; Lin, J.; Miao, W.; Xuan, J.; Charles, F.; Chen, M.; Hatab, S.R. Antimicrobial properties and mechanism of action of some plant extracts against food pathogens and spoilage microorganisms. Front. Microbiol. 2018, 9, 10–12. [Google Scholar] [CrossRef]

	



Boggia, R.; Zunin, P.; Turrini, F. Functional foods and food supplements. Appl. Sci. 2020, 10, 8538. [Google Scholar] [CrossRef]

	



Fardet, A.; Chardigny, J.M. Plant-based foods as a source of lipotropes for human nutrition: A survey of in vivo studies. Crit. Rev. Food Sci. Nutr. 2013, 53, 535–590. [Google Scholar] [CrossRef]

	



Kaur, R.; Tiwari, A.; Manish, M.; Mauurya, I.; Bhatnagar, R.; Singh, S. Common garlic (Allium sativum L.) has potent Anti-Bacillus anthracis activity. J. Ethnopharmacol. 2021, 264, 113230. [Google Scholar] [CrossRef]

	



Peixoto Araujo, N.M.; Arruda, H.S.; Marques, D.R.P.; de Oliveira, W.Q.; Pereira, G.A.; Pastore, G.M. Functional and nutritional properties of selected Amazon fruits: A review. Food Res. Int. 2021, 147, 110520. [Google Scholar] [CrossRef]

	



Souid, A.; Croce, C.M.D.; Frassinetti, S.; Gabriele, M.; Pozzo, L.; Ciardi, M.; Abdelly, C.; Hamed, K.B.; Magne, C.; Longo, V. Nutraceutical potential of leaf hydro-ethanolic extract of the edible halophyte. Molecules 2021, 26, 5380. [Google Scholar] [CrossRef] [PubMed]

	



Mokhtar, M.; Bouamar, S.; Di Lorenzo, A.; Temporini, C.; Daglia, M.; Riazi, A. The Influence of ripeness on the phenolic content, antioxidant and antimicrobial activities of pumpkins (Cucurbita moschata Duchesne). Molecules 2021, 26, 3623. [Google Scholar] [CrossRef] [PubMed]

	



Honkanen, P. Consumer Acceptance of (Marine) Functional Food. In The Nordic Network on Marine Functional Food, 1st ed.; Luten, J., Ed.; Wageningen Academic Publishers: Wageningen, The Netherlands, 2009; Volume 1, pp. 141–154. [Google Scholar]

	



Tecson-Mendoza, E.M. Development of functional foods in the Philippines. Food Sci. Technol. Res. 2007, 13, 179–186. [Google Scholar] [CrossRef]

	



Suarez, A.F.L.; Tirador, A.D.G.; Villorente, Z.M.; Bagarinao, C.F.; Sollesta, J.V.N.; Dumancas, G.G.; Sun, Z.; Zhan, Z.Q.; Saludes, J.P.; Dalisay, D.S. The Isorhamnetin-containing fraction of Philippine honey produced by the stingless bee Tetragonula biroi is an antibiotic against multidrug-resistant Staphylococcus aureus. Molecules 2021, 26, 1688. [Google Scholar] [CrossRef]

	



Sabido, E.M.; Tenebro, C.P.; Suarez, A.F.L.; Ong, S.D.C.; Trono, D.J.V.L.; Amago, D.S.; Evangelista, J.E., Jr.; Reynoso, A.M.Q.; Villalobos, I.G.M.; Alit, L.D.D.; et al. Marine sediment-derived Streptomyces strain produces angucycline antibiotics against multidrug-resistant Staphylococcus aureus harboring SCCmec type 1 gene. J. Mar. Sci. Eng. 2020, 8, 734. [Google Scholar] [CrossRef]

	



Sabido, E.M.; Tenebro, C.P.; Trono, D.J.V.L.; Vicera, C.V.B.; Leonida, S.F.L.; Maybay, J.J.W.B.; Reyes-Salarda, R.; Amago, D.S.; Aguadera, A.M.V.; Octaviano, M.C.; et al. Insights into the variation in bioactivities of closely related Streptomyces Strains from marine sediments of the Visayan Sea against ESKAPE and ovarian cancer. Mar. Drugs 2021, 19, 441. [Google Scholar] [CrossRef]

	



Tenebro, C.P.; Trono, D.; Vicera, C.; Sabido, E.M.; Ysulat, J.A., Jr.; Macaspac, A.; Tampus, K.A.; Fabrigar, T.; Saludes, J.P.; Dalisay, D.S. Multiple strain analysis of Streptomyces species from Philippine marine sediments reveals intraspecies heterogeneity in antibiotic activities. Sci. Rep. 2021, 11, 19046. [Google Scholar] [CrossRef]

	



Orwa, C.; Mutua, A.; Kindt, R.; Jamnadass, R.; Anthony, S. Agroforestree Database: A Tree Reference and Selection Guide Version 4.0. 2009. Available online: http://apps.worldagroforestry.org/treedb2/speciesprofile.php?Spid=408 (accessed on 31 July 2021).

	



Saxena, K.B.; Mula, M.G.; Sugui, F.P.; Layaoen, H.L.; Domoguen, R.L.; Pascua, M.E.; Mula, R.P.; Dar, W.D.; Gowda, C.L.L.; Kumar, R.V.; et al. Pigeonpea—A Resilient Crop for the Philippine Drylands; International Crops Research Institute for the Semi-Arid Tropics Bulletin No. 85: Andhra Pradesh, India, 2010. [Google Scholar]

	



Liu, X.L.; Zhang, X.J.; Fu, Y.J.; Zu, Y.G.; Wu, N.; Liang, L.; Efferth, T. Cajanol inhibits the growth of Escherichia coli and Staphylococcus aureus by acting on membrane and DNA damage. Planta Med. 2011, 77, 158–163. [Google Scholar] [CrossRef]

	



Zu, Y.G.; Liu, X.L.; Fu, Y.J.; Wu, N.; Kong, Y.; Wink, M. Chemical composition of the SFE-CO extracts from Cajanus cajan (L.) Huth and their antimicrobial activity in vitro and in vivo. Phytomedicine 2010, 17, 1095–1101. [Google Scholar] [CrossRef]

	



Panlasigui, L.N.; Panlilio, L.M.; Madrid, J.C. Glycaemic response in normal subjects to five different legumes commonly used in the Philippines. Int. J. Food Sci. Nutr. 1995, 46, 155–160. [Google Scholar] [CrossRef]

	



Rama, R.L.C.M.; Fabi, J.C.Q.; Mateo, G.C.M.; Catubag, J.A.C.; Lozada, L.L.; Malimban, R.C.; Bulleceer, E.R. Protein efficiency ratio of pigeon pea (Cajanus cajan) and lima bean (Phaseolus lunatus): A sprague-dawley rat growth assay. Acta Med. Philipp. 2018, 52, 4–29. [Google Scholar] [CrossRef]

	



Ayenan, M.A.T.; Ofori, K.; Ahoton, L.E.; Danquah, A. Pigeonpea [(Cajanus cajan (L.) Millsp.)] production system, farmers’ preferred traits and implications for variety development and introduction in Benin. Agric. Food Sec. 2017, 6, 48. [Google Scholar] [CrossRef]

	



Contreras, S.M.; Urriza, G.I.P.; Nagumo, F.; Tejada, S.Q.; Gesite, A.; Creencia, R.P.; Dimaano, R.A.A. Evaluation of pigeon pea (Cajanus cajan) cover cropping and “no-till” as a soil and crop management practice in corn (Zea Mays) areas of Isabela, Philippines. Trop. Agric. Dev. 2014, 58, 66–74. [Google Scholar]

	



Mendoza, E.M. Biochemical and nutritional qualities of several philippine indigenous food legumes. NAST 1991, 13, 841–857. [Google Scholar]

	



Kong, Y.; Fu, Y.J.; Zu, Y.; Chang, F.; Chen, Y.; Liu, X.; Stelten, J.; Schiebel, H. Cajanuslactone, a new coumarin with anti-bacterial activity from pigeon pea [Cajanus cajan (L.) Millsp.] leaves. Food Chem. 2010, 121, 1150–1155. [Google Scholar] [CrossRef]

	



Wu, J.; Li, B.; Xiao, W.; Hu, J.; Xie, J.; Yuan, J.; Wang, L. Longistylin A, a natural stilbene isolated from the leaves of Cajanus cajan, exhibits significant anti-MRSA activity. Int. J. Antimicrob. Agents 2020, 55, 105821. [Google Scholar] [CrossRef]

	



Shamsi, T.N.; Parveen, R.; Afreen, S.; Azam, M.; Sen, P.; Sharma, Y.; Haque, Q.; Fatma, T.; Manzoor, N.; Fatima, S. Trypsin inhibitors from Cajanus cajan and Phaseolus limensis possess antioxidant, anti-inflammatory, and antibacterial activity. J. Diet. Suppl. 2018, 15, 939–950. [Google Scholar] [CrossRef]

	



Sarkar, R.; Hazra, B.; Mandal, N. Anti-oxidative protection against iron overload-induced liver damage in mice by Cajanus cajan (L.) Millsp. leaf extract. Indian J. Exp. Biol. 2013, 51, 165–173. [Google Scholar]

	



Hassan, E.M.; Matloub, A.A.; Aboutabl, M.E.; Ibrahim, N.A.; Mohamed, S.M. Assessment of anti-inflammatory, antinociceptive, immunomodulatory, and antioxidant activities of Cajanus cajan L. seeds cultivated in Egypt and its phytochemical composition. Pharm. Biol. 2015, 54, 1380–1391. [Google Scholar] [CrossRef]

	



Pal, D.; Mishra, P.; Sachan, N.; Ghosh, A.K. Biological activities and medicinal properties of Cajanus cajan (L) Millsp. J. Adv. Pharm. Technol. Res. 2011, 2, 207–214. [Google Scholar] [CrossRef]

	



Fu, Y.; Kadioglu, O.; Wiench, B.; Wei, Z.; Gao, C.; Luo, M.; Gu, C.; Zu, Y.; Efferth, T. Cell cycle arrest and induction of apoptosis by cajanin stilbene acid from Cajanus cajan in breast cancer cells. Phytomedicine 2015, 22, 462–468. [Google Scholar] [CrossRef] [PubMed]

	



Zu, Y.; Fu, Y.; Wang, W.; Wu, N.; Liu, W.; Kong, Y.; Schiebel, H.M.; Schwarz, G.; Schnitzler, P.; Reichling, J. Comparative study on the antiherpetic activity of aqueous and ethanolic extracts derived from Cajanus cajan (L.) Millsp. Forsch Komplementmed. 2010, 17, 15–20. [Google Scholar] [CrossRef] [PubMed]

	



Dai, F.J.; Hsu, W.H.; Huang, J.J.; Wu, S.C. Effect of pigeon pea (Cajanus cajan L.) on high-fat diet-induced hypercholesterolemia in hamsters. Food Chem. Toxicol. 2013, 53, 384–391. [Google Scholar] [CrossRef] [PubMed]

	



Brito, S.A.; Rodrigues, F.F.; Campos, A.R.; da Costa, J.G. Evaluation of the antifungal activity and modulation between Cajanus cajan (L.) Millsp. leaves and roots ethanolic extracts and conventional antifungals. Pharmacogn. Mag. 2012, 8, 103–106. [Google Scholar] [PubMed]

	



Ezike, A.C.; Akah, P.A.; Okoli, C.C.; Okpala, C.B. Experimental evidence for the antidiabetic activity of Cajanus cajan leaves in rats. J. Basic Clin. Pharm. 2010, 1, 81–84. [Google Scholar]

	



Mahitha, B.; Archana, P.; Ebrahimzadeh, M.H.; Srikanth, K.; Rajinikanth, M.; Ramaswamy, N. In vitro antioxidant and pharmacognostic studies of leaf extracts of Cajanus cajan (L.) Millsp. Indian J. Pharm. Sci. 2015, 77, 170–177. [Google Scholar]

	



Nwodo, U.U.; Ngene, A.A.; Iroegbu, C.U.; Onyedikachi, O.A.; Chigor, V.N.; Okoh, A.I. In vivo evaluation of the antiviral activity of Cajanus cajan on measles virus. Arch. Virol. 2011, 156, 1551–1557. [Google Scholar] [CrossRef]

	



Tyavambiza, C.; Dube, P.; Goboza, M.; Meyer, S.; Madiehe, A.M.; Meyer, M. Wound healing activities and potential of selected african medicinal plants and their synthesized biogenic nanoparticles. Plants 2021, 10, 2635. [Google Scholar] [CrossRef]

	



Maroyi, A. An ethnobotanical survey of medicinal plants used by the people in Nhema communal area, Zimbabwe. J. Ethnopharmacol. 2011, 136, 347–354. [Google Scholar] [CrossRef]

	



Ahuja, I.; Kissen, R.; Bones, A.M. Phytoalexins in defense against pathogens. Trends Plant Sci. 2012, 17, 73–90. [Google Scholar] [CrossRef]

	



Ng, T.B.; Ye, X.J.; Wong, J.H.; Fang, E.F.; Chan, Y.S.; Pan, W.; Ye, X.Y.; Sze, S.C.; Zhang, K.Y.; Liu, F.; et al. Glyceollin, a soybean phytoalexin with medicinal properties. Appl. Microbiol. Biotechnol. 2011, 90, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Pedras, M.S.; Okanga, F.I.; Zaharia, I.L.; Khan, A.Q. Phytoalexins from crucifers: Synthesis, biosynthesis, and biotransformation. Phytochemistry 2000, 53, 161–176. [Google Scholar] [CrossRef]

	



Dinore, J.M.; Farooqui, M. GC-MS and LC-MS: An integrated approach towards the phytochemical evaluation of methanolic extract of Pigeon Pea. Nat. Prod. Res. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Staphylococcus aureus subsp. aureus Rosenbach (ATCC® BAA-44™). 2021. Available online: https://www.atcc.org/products/baa-44 (accessed on 31 July 2021).

	



Al Obaid, I.A.; Udo, E.E.; Jacob, L.E.; Johny, M. Isolation and characterization of coagulase-negative methicillin-resistant Staphylococcus aureus from patients in an intensive care unit. Med. Princ. Pract. 1999, 8, 230–236. [Google Scholar] [CrossRef]

	



Olver, W.J.; Carmichael, I.C.; Ziglam, H.M.; Morrison, D. Bacteraemia with tube-coagulase-negative methicillin-resistant Staphylococcus aureus. J. Hosp. Infect. 2005, 60, 87–88. [Google Scholar] [CrossRef]

	



Bayston, R. Coagulase-negative methicillin-resistant Staphylococcus aureus. J. Hosp. Infect. 2006, 62, 127. [Google Scholar] [CrossRef]

	



Bonvegna, M.; Grego, E.; Sona, B.; Stella, M.C.; Nebbia, P.; Mannelli, A.; Tomassone, L. Occurrence of methicillin-resistant coagulase-negative staphylococci (MRcons) and methicillin-resistant Staphylococcus aureus (MRSA) from pigs and farm environment in northwestern Italy. Antibiotics 2021, 10, 676. [Google Scholar] [CrossRef]

	



Sinlapasorn, S.; Lulitanond, A.; Angkititrakul, S.; Chanawong, A.; Wilailuckana, C.; Tavichakorntrakool, R.; Chindawong, K.; Seelaget, C.; Krasaesom, M.; Chartchai, S.; et al. SCCmec IX in methicillin-resistant Staphylococcus aureus and methicillin-resistant coagulase-negative staphylococci from pigs and workers at pig farms in Khon Kaen, Thailand. J. Med. Microbiol. 2015, 64, 1087–1093. [Google Scholar] [CrossRef]

	



Akineden, Ö.; Hassan, A.; Schneider, E.; Usleber, E. A coagulase-negative variant of Staphylococcus aureus from bovine mastitis milk. J. Dairy Res. 2011, 78, 38–42. [Google Scholar] [CrossRef]

	



Wei, Z.; Zu, Y.; Fu, Y.; Wang, W.; Luo, M.; Zhao, C.; Pan, Y. Ionic liquids-based microwave-assisted extraction of active components from pigeon pea leaves for quantitative analysis. Sep. Purif. Technol. 2013, 102, 75–81. [Google Scholar] [CrossRef]

	



Nix, A.; Paull, C.A.; Colgrave, M. The flavonoid profile of pigeonpea, Cajanus cajan: A review. SpringerPlus 2015, 4, 125. [Google Scholar] [CrossRef] [PubMed]

	



Tsamo, D.; Tamokou, J.D.; Kengne, I.C.; Ngnokam, C.; Djamalladine, M.D.; Voutquenne-Nazabadioko, L.; Ngnokam, D. Antimicrobial and antioxidant secondary metabolites from Trifolium baccarinii Chiov. (Fabaceae) and their mechanisms of antibacterial action. Biomed. Res. Int. 2021, 2021, 3099428. [Google Scholar] [PubMed]

	



Rufatto, L.C.; Luchtenberg, P.; Garcia, C.; Thomassigny, C.; Bouttier, S.; Henriques, J.A.P.; Moura, S. Brazilian red propolis: Chemical composition and antibacterial activity determined using bioguided fractionation. Microbiol. Res. 2018, 214, 74–82. [Google Scholar] [CrossRef] [PubMed]

	



Kuo, Y.H.; Lee, P.H.; Wein, Y.S. Four new compounds from the seeds of Cassia fistula. J. Nat. Prod. 2002, 65, 1165–1167. [Google Scholar] [CrossRef]

	



Weng, J.R.; Tsao, L.T.; Yen, M.H.; Wang, J.P.; Lin, C.N. Anti-inflammatory constituents and new pterocarpanoid of Crotalaria pallida. J. Nat. Prod. 2003, 66, 404–407. [Google Scholar] [CrossRef]

	



Gosh, J.; Lohot, V.; Singhal, V.; Ghosal, S.; Sharma, K.K. Pigeon pea-Lac insect interaction: Effect of lac culture on grain yield and biochemical parameters in pigeonpea. Indian J. Genet. 2014, 74, 644–650. [Google Scholar] [CrossRef]

	



Regar, N.L.; Lekha, H.S.; Ahir, K.C. Biology of lac insect, Kerria lacca (Kerr) on pigeonpea, Cajanus cajan (L.). J. Entomol. Zool. Stud. 2021, 9, 5. [Google Scholar]

	



Lechner, D.; Gibbons, S.; Bucar, F. Plant phenolic compounds as ethidium bromide efflux inhibitors in Mycobacterium smegmatis. J. Antimicrob. Chemother. 2008, 62, 345–348. [Google Scholar] [CrossRef]

	



Sklenickova, O.; Flesar, J.; Kokoska, L.; Vlkova, E.; Halamova, K.; Malik, J. Selective growth inhibitory effect of biochanin A against intestinal tract colonizing bacteria. Molecules 2010, 15, 1270–1279. [Google Scholar] [CrossRef]

	



Nikolic, I.L.; Savic, I.M.; Popsavin, M.M.; Rakic, S.J.; Mihajilov-Krstev, T.M.; Ristic, I.S.; Eric, S.P.; Savić-Gajic, I.M. Preparation, characterization and antimicrobial activity of inclusion complex of biochanin A with (2-hydroxypropyl)-β-cyclodextrin. J. Pharm. Pharmacol. 2018, 70, 1485–1493. [Google Scholar] [CrossRef]

	



Dastidar, S.G.; Manna, A.; Kumar, K.A.; Mazumdar, K.; Dutta, N.K.; Chakrabarty, A.N.; Motohashi, N.; Shirataki, Y. Studies on the antibacterial potentiality of isoflavones. Int. J. Antimicrob. Agents 2004, 23, 99–102. [Google Scholar] [CrossRef] [PubMed]

	



Kuete, V.; Nono, E.C.; Mkounga, P.; Marat, K.; Hultin, P.G.; Nkengfack, A.E. Antimicrobial activities of the CH2Cl2-CH3OH (1:1) extracts and compounds from the roots and fruits of Pycnanthus angolensis (Myristicaceae). Nat. Prod. Res. 2011, 25, 432–443. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Liang, J.C.; Wang, X.L.; Li, Z.H.; Wang, W.; Guo, N.; Wu, X.P.; Shen, F.G.; Xing, M.X.; Liu, L.H.; et al. In vitro synergy of biochanin a and ciprofloxacin against clinical isolates of Staphylococcus aureus. Molecules 2011, 16, 6656–6666. [Google Scholar] [CrossRef] [PubMed]

	



Jin, H.; Qi, C.; Zou, Y.; Kong, Y.; Ruan, Z.; Ding, H.; Xie, X.; Zhang, J. Biochanin A partially restores the activity of ofloxacin and ciprofloxacin against topoisomerase IV mutation-associated fluoroquinolone-resistant Ureaplasma species. J. Med. Microbiol. 2017, 66, 1545–1553. [Google Scholar] [CrossRef]

	



Feng, J.; Sun, D.; Wang, L.; Li, X.; Guan, J.; Wei, L.; Yue, D.; Wang, X.; Zhao, Y.; Yang, H.; et al. Biochanin A as an α-hemolysin inhibitor for combating methicillin-resistant Staphylococcus aureus infection. World J. Microbiol. Biotechnol. 2021, 38, 6. [Google Scholar] [CrossRef]

	



Zhao, X.; Tang, X.; Guo, N.; An, Y.; Chen, X.; Shi, C.; Wang, C.; Li, Y.; Li, S.; Xu, H.; et al. Biochanin A enhances the defense against Salmonella enterica Infection Through AMPK/ULK1/mTOR-Mediated autophagy and extracellular traps and reversing spi-1-dependent macrophage (MΦ) M2 polarization. Front. Cell Infect. Microbiol. 2018, 8, 318. [Google Scholar] [CrossRef]

	



Hu, K.X.; Shi, X.C.; Xu, D.; Laborda, P.; Wu, G.C.; Liu, F.Q.; Laborda, P.; Wang, S.Y. Antibacterial mechanism of Biochanin A and its efficacy for the control of Xanthomonas axonopodis pv. glycines in soybean. Pest. Manag. Sci. 2021, 77, 1668–1673. [Google Scholar] [CrossRef]

	



Liu, X.; Cheng, J.; Zheng, X.; Chen, Y.; Wu, C.; Li, B.; Fu, J.; Cao, H.; Lu, Y.; Li, J.; et al. Targeting CpG DNA to screen and isolate anti-sepsis fraction and monomers from traditional Chinese herbs using affinity biosensor technology. Int. Immunopharmacol. 2009, 9, 1021–1031. [Google Scholar] [CrossRef]

	



Zhou, Y.X.; Xia, W.; Yue, W.; Peng, C.; Rahman, K.; Zhang, H. Rhein: A Review of Pharmacological Activities. Evid. Based Complement. Alternat. Med. 2015, 20, 578107. [Google Scholar] [CrossRef]

	



Chung, J.G.; Tsou, M.F.; Wang, H.H.; Lo, H.H.; Hsieh, S.E.; Yen, Y.S.; Wu, L.T.; Chang, S.H.; Ho, C.C.; Hung, C.F. Rhein affects arylamine N-acetyltransferase activity in Helicobacter pylori from peptic ulcer patients. J. Appl. Toxicol. 1998, 18, 117–123. [Google Scholar] [CrossRef]

	



Zhang, H.; Liu, S.; Yue, J.; Sun, S.; Lv, Q.; Jian, S.; Xie, Y.; Han, L.; Zhang, F.; Dai, Y.; et al. Antimicrobial activity of diacerein on 76 isolates of gram-positive cocci from bacterial keratitis patients and and in vivo study of diacerein eye drops on Staphylococcus aureus keratitis in mice. Antimicrob. Agents Chemother. 2019, 63, 1874–1918. [Google Scholar] [CrossRef] [PubMed]

	



Gong, R.; Lee, D.Y.; Lee, J.W.; Choi, D.J.; Kim, G.S.; Lee, S.H.; Lee, Y.S. Potentiating activity of rhein in targeting of resistance genes in methicillin-resistant Staphylococcus aureus. Asian Pac. J. Trop. Med. 2018, 2, 14. [Google Scholar]

	



Yu, L.; Xiang, H.; Fan, J.; Wang, D.; Yang, F.; Guo, N.; Deng, X. Global transcriptional response of Staphylococcus aureus to rhein, a natural plant product. J. Biotechnol. 2008, 135, 304–308. [Google Scholar] [CrossRef] [PubMed]

	



Joung, D.K.; Joung, H.; Yang, D.W.; Kwon, D.Y.; Choi, J.G.; Woo, S.; Shin, D.W. Synergistic effect of rhein in combination with ampicillin or oxacillin against methicillin-resistant Staphylococcus aureus. Exp. Ther. Med. 2012, 3, 608–612. [Google Scholar] [CrossRef] [PubMed]

	



Jimtaisong, A.; Janthadee, R.; Nakrit, T. In vitro antioxidant activities of laccaic acids and its aluminum lake. Food Sci. Biotechnol. 2013, 22, 1055–1061. [Google Scholar] [CrossRef]

	



Srivastava, S.; Chowdhury, A.R.; Maurya, S. Antimicrobial efficacy of methylated lac dye, an anthraquinone derivative. Indian J. Microbiol. 2017, 57, 470–476. [Google Scholar] [CrossRef]

	



Moein, M.R.; Khan, S.I.; Ali, Z.; Ayatollahi, S.A.; Kobarfard, F.; Nasim, S.; Khan, I.A. Flavonoids from Iris songarica and their antioxidant and estrogenic activity. Planta Med. 2008, 74, 1492–1495. [Google Scholar] [CrossRef]

	



Lin, M.W.; Tsao, L.T.; Huang, L.J.; Kuo, S.C.; Weng, J.R.; Ko, H.H.; Wang, J.P. Inhibition of lipopolysaccharide-stimulated NO production by crotafuran B in RAW 264.7 macrophages involves the blockade of NF-kappaB activation through the increase in IkappaBalpha synthesis. Toxicol. Appl. Pharmacol. 2006, 210, 108–115. [Google Scholar] [CrossRef]

	



ProteoWizard. Available online: http://proteowizard.sourceforge.net (accessed on 29 September 2021).

	



Wang, M.; Carver, J.J.; Phelan, V.V.; Sanchez, L.M.; Garg, N.; Peng, Y.; Nguyen, D.D.; Watrous, J.; Kapono, C.A.; Luzzatto-Knaan, T.; et al. Sharing and community curation of mass spectrometry data with Global Natural Products Social Molecular Networking. Nat. Biotechnol. 2016, 34, 828–837. [Google Scholar] [CrossRef]

	



GNPS: Global Natural Products Social Molecular Networking. Available online: http://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=51db892e72684fab80aa723b37829fbd (accessed on 28 October 2021).

	



GNPS: Global Natural Products Social Molecular Networking. Available online: http://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=97aaa037ef734d0fae9e3a4bddaa1928 (accessed on 30 October 2021).








[image: Metabolites 12 00279 g001 550] 





Figure 1. Antibacterial screening of C. cajan methanol fraction against four S. aureus strains. (A) Photo of C. cajan seeds. (B) Zone of inhibition (±SD) of KADAM fraction at 20 mg/well against the multidrug-resistant S. aureus ATCC BAA-44, S. aureus ATCC 25923, S. aureus ATCC 6538, and S. aureus coagulase (concentration of 20 mg/well, exhibiting), evaluated using agar well diffusion assay. Tetracycline was used as the positive control at a concentration of 0.25 mg/well against S. aureus ATCC BAA-44, S. aureus ATCC 25923, and S. aureus ATCC 6538 and 0.05 mg/well against S. aureus coagulase (concentration of 20 mg/well, exhibiting). DMSO was used as the negative control. Error bars represent the standard deviation. The assay was conducted in triplicates. 
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Figure 2. Antibacterial activity of solvent-partitioned extracts against the multidrug-resistant S. aureus. (A) Plates of agar well diffusion assay showing the clearing zone when treated with C. cajan seed acetone extract KADA (A1–A3), methanol fraction KADAM (M1–M3), and ethyl acetate fraction KADAME (E1–E3) at 20 mg/well against MDRSA. Tetracycline (0.25 mg/well) and DMSO were used as positive and negative controls, respectively. (B) Zones of inhibition of the samples in mm (±SD) against S. aureus ATCC BAA-44. Error bars represent the standard deviation. 
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Figure 3. Bioassay-guided fractionation using flash column chromatography. (A) Chromatogram from the purification of KADAME fraction using normal phase chromatography. Peak annotated with black arrow as I3 in blue circle corresponds to the early eluting fraction KADAMEI3, which exhibited bioactivity against MDRSA. (B) Chromatogram from the subsequent purification of fraction KADAMEI3 using reversed phase flash column chromatography. Peak annotated with black arrow as I7 in blue circle corresponds to fraction KADAMEI3I7, which exhibited activity against MDRSA. UV λmax 254 nm (red curve) and λmax 365 nm (black curve). 
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Figure 4. Antibiotic kinetics assay against MDRSA. The data illustrated are the % growth inhibition (± SD) of KADAMEI3I7 (64 µg/mL), tetracycline (32 µg/mL, positive control), vancomycin (2 µg/mL, positive control), and DMSO against S. aureus ATCC BAA-44 at different time interval. Bacterial density was measured every 3 h from 0 to 24 h. Assay was conducted in triplicates. Error bars represent the standard deviation. 
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Figure 5. HPLC Chromatogram of KADAMEI3I7 (UV λmax 254 nm, black curve line). HPLC Fractions H2, H3, and H4 (highlighted broken line) showed antibacterial activity against MDRSA. 
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Figure 6. Microbroth susceptibility assay of sixteen KADAMEI3I7 HPLC fractions (64 µg/mL), tetracycline (32 µg/mL, positive control), and vancomycin (2 µg/mL, positive control) against MDRSA. The data illustrated are average % growth inhibition (± SEM) of the samples against S. aureus ATCC BAA-44. Error bars are standard error of the mean. Assay was conducted in three replicates and in three trials. KADAMEI3I7 is the mother fraction of the sixteen HPLC fractions tested. 
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Figure 7. Putative identities and chemical structures of the six antibiotic metabolites of interest from C. cajan seeds. 
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Table 1. Antibacterial screening of C. cajan seed extracts against S. aureus strains.
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Solvent/

Sample

	
Zone of Inhibition, mm




	
S. aureus

ATCC BAA-44

	
S. aureus

ATCC 25923

	
S. aureus

ATCC 6538

	
S. aureus

Coagulase (−)






	
Acetone a

	
13.2 ± 1.7

	
11.8 ± 1.1

	
11.7 ± 0.5

	
–




	
Methanol a

	
13.3 ± 2.1

	
10.0

	
–

	
–




	
95% Ethanol b

	
12.8 ± 0.3

	
Not Tested

	
Not Tested

	
Not Tested




	
Tetracycline

	
23.5 ± 2.7 c

	
29.0 ± 2.5 c

	
26.8 ± 1.0 c

	
14.0 d




	
DMSO

	
–

	
–

	
–

	
–








Samples or control tested at a 20 mg/well, b 90 mg/well, c 0.25 mg/well, and d 0.05 mg/well, (–) No activity.
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Table 2. HRMS profile of the six C. cajan seed metabolites showing the retention time, exact masses, chemical formulae, double bond equivalent, and putative identities.
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Compound

	
Retention Time (min)

	
Measured Mass m/z

	
Ion

	
Formula Predictor

	
Δppm

	
DBE *

	
Chemical ID by MS/MS






	
A

	
5.78

	
285.0392

	
[M + H]+

	
C15H8O6

	
−0.47

	
12

	
Rhein a




	
B

	
5.86

	
269.0809

	
[M + H]+

	
C16H12O4

	
0.16

	
11

	
Formononetin b,c




	
[M + H]+

	
0.16

	
11

	
Isoformononetin a




	
C

	
6.11

	
315.0499

	
[M + H]+

	
C16H10O7

	
0.06

	
12

	
Laccaic acid D a




	
D

	
6.4

	
355.1178

	
[M + H]+

	
C20H18O6

	
0.49

	
12

	
Crotafuran E a




	
E

	
6.8

	
299.0549

	
[M + H]+

	
C16H10O6

	
-0.23

	
12

	
Ayamenin A a




	
F

	
7

	
285.0757

	
[M + H]+

	
C16H12O5

	
-0.16

	
11

	
Biochanin A a,b,c








* Double Bond Equivalent (DBE), a ChemSpider and Fragment Peak annotation (Assign®), b National Institute of Standards and Technology (NIST), c Global Natural Products Social Molecular Networking (GNPS).
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