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					ABSTRACT  

					ARTICLE INFO  

					Endophytic fungi isolated from Nigeria Rainforest medicinal plants have been shown to possess  

					potentials as sources of novel therapeutic agents. In our effort to further explore the rainforest  

					medicinal plants in Nigeria for endophytic fungi populations, we investigated Cola nitida for the  

					isolation of novel fungal endophytes that can synthesize unique compounds of pharmaceutical and  

					industrial importance. The endophytic fungus was isolated from the leaves of Cola nitida using  

					standard protocols. The identification was carried out by DNA amplification and sequencing of  

					the internal transcribed spacer (ITS) region. The pure fungus was grown using solid fermentation  

					on a rice medium and the metabolites were extracted using ethyl acetate. The crude extract was  

					subjected to several chromatographic techniques to isolate compounds 1-4. The structures of these  
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					fungus was identified as Fusarium solani and the isolated compounds were elucidated as Javanicin  

					(1), Solaniol (2), 3-O-methyl fusarubin (3) and anhydrojavanicin (4). This study further  

					contributes to the plethora of endophytic fungi isolated from the leaves of Cola nitida. The isolated  

					naphthoquinones have potential for development into novel therapeutic agents as well as  

					applications as pigments in food, cosmetics, pharmaceutical, and textile industries.  

					Keywords: Fungal endophytes, Fusarium solani, Naphthoquinones, Cola nitida, Pigments.  

					Fusarium species were previously seen only as plant disease-causing  

					Introduction  

					agents; however, their endophytic nature is now explored.10 As fungal  

					In the past few decades, drug discovery from natural products  

					has consistently drifted from the investigation of whole medicinal  

					plants or parts to the microorganisms, known as endophytes, which  

					reside within the organs and tissues of these plants. 1 This new paradigm  

					has obvious advantages ranging from enhancing the chances of  

					generating new and novel chemical entities to the preservation of plant  

					endophytes, Fusarium species are present in a wide range of plant  

					species found in varying habitats, and they produce a large spectrum of  

					bioactive secondary metabolites and pigments that exhibit  

					antimicrobial, antioxidant, antiparasitic, immunosuppressing and  

					immunomodulating, antiviral and anticancer activities.11,12,13 Species of  

					this genus are also quite consistent with their production of  

					naphthoquinone derivatives,14 a class of natural pigments that exhibit  

					good inhibitory properties against bacterial, cancer cells, and malarial  

					parasites. The unique biological activities stem from the ability of these  

					naphthoquinones to form reactive oxygen species that target cellular  

					molecules which regulate various signalling pathways, thus leading to  

					the death of targeted cells.15 Naphthoquinones have also been isolated  

					from other fungal endophytes and their pharmacological properties  

					equally reported.16 In our continuous quest to explore Nigerian  

					medicinal plants for novel endophytic fungi, Fusarium solani, was  

					isolated from the healthy leaves of Cola nitida, and assessed for its  

					secondary metabolites. Cola nitida is an evergreen plant found in  

					tropical regions, whose seeds (kola nut) have traditional uses in many  

					Nigerian cultures. Extracts and compounds with antidiabetic,  

					antioxidant, anti-inflammatory, antimicrobial and antidiuretic  

					activities17,18 have been identified in different parts of the plant. Apart  

					from its medicinal uses, the pigmentation property of C. nitida has also  

					been reported,18 and it is also a host to different fungal endophytes.  

					Three fungal endophytes belonging to Acremonium, Aspergillus and  

					Trichophyton genera were previously isolated from healthy leaves of C.  

					nitida, and their extracts were shown to exhibit good activity against  

					Pseudomonas aeruginosa.19 Trichoderma species was also previously  

					isolated from the leaves of C. nitida and was shown to produce two  

					secondary metabolites with poor cytotoxic effect.20 Apart from their  

					potential therapeutic applications, naphthoquinones have been widely  

					used in the food, cosmetics and pharmaceutical industries as colorants  

					due to the increasing acceptance of natural pigments over those of  

					synthetic origins. This current trend has stimulated our interest to  

					species from over-exploitation, which could impart negatively on the  

					1,2  

					ecosystem.  

					Besides there is the possibility of performing genetic  

					modifications of these organisms, especially the unculturable ones,  

					modulating their culture conditions and co-cultivating with other  

					organisms so as to generate novel compounds and improve the yield of  

					2,3  

					their secondary metabolites.  

					So far, a large number of fungal  

					endophytes have been isolated and their secondary metabolites, which  

					elicit a wide range of biologica activities, fully characterized.4,5,6,7 It is  

					now a common knowledge that every plant has at least one fungal  

					endophyte occupying its organs/tissues,8 which could easily be  

					identified and quantified with the invention of high-throughput  

					sequencing (HTS) techniques.9  
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					further explore the potentials of endophytic fungi of medicinal plant  

					origin as sources of novel naphthoquinone pigments. In the present  

					study, we isolated and characterized four naphthoquinone pigments  

					from F. solani, an endophyte associated with Cola nitida leaves. These  

					natural pigments have potential applications in the food, cosmetics,  

					pharmaceutical, and textile industries.  

					(100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70 20:80, 0:100).  

					About 100 g of the fraction eluted with hexane/EtOAc 70:30 was  

					separated with semipreparative HPLC to obtain compounds 1 (2 mg), 2  

					(2.1 mg) and 3 (2.4 mg). Similarly, about 30 mg of the fraction eluted  

					with hexane/EtOAc 60:40 was separated with semipreparative HPLC to  

					obtain compound 4 (1.5 mg). The purity of the isolated compounds was  

					assessed using analytical HPLC (Figures S1 to S4 in supplementary  

					data). The chemical structures of the compounds were elucidated by a  

					combination of 1-and 2-D NMR and mass spectrometry.  

					Materials and Methods  

					General Experimental Procedures  

					H-NMR spectra (1-and 2-D) were recorded with AVANCE DMX 300  

					or 600 NMR spectrometers (Bruker, Rheinstetten, Germany). MS (ESI)  

					data were obtained with Finnigan LCQ Deca mass spectrometers  

					(Thermoquest, Bremen, Germany). Analytical HPLC was carried out  

					with a Dionex P580HPLC system (Dionex Softron, Germering,  

					Germany) coupled to a photodiode array detector (UVD340S).  

					Detection was at 235, 254, 280 and 354 nm. Semipreparative HPLC  

					was performed with Merck Hitachi L-7100 (Merck/Hitachi, Germany)  

					coupled to a UV detector (L- 7400). A linear gradient of HPLC grade  

					methanol and nano-pure water was used in each case of separation. TLC  

					was performed on silica gel F254 coated plates (Merck) using the  

					following solvent systems: Hexane/Ethyl acetate (5:5). Vacuum Liquid  

					Chromatography (VLC) was carried out on silica gel (200–400 mesh,  

					Merck).  

					Results and Discussion  

					The endophytic fungus isolated from healthy leaves of Cola nitida was  

					identified as Fusarium solani. This identification was carried out at the  

					Institute of Pharmaceutical Biology, Universität Dusseldorf,  

					Dusseldorf, Germany and the sequence has been deposited in the  

					GenBank with accession number MG772815. Chromatographic  

					purification of the ethyl acetate extract of the fermentation products of  

					Fusarium solani, gave rise to four existing naphthoquinones viz.  

					javanicin (1), solaniol (2), 3-O-methyl fusarubin (3) and  

					anhydrojavanicin (4).  

					Javanicin (1). Dark orange crystal (2 mg); HPLC retention time: 38.23  

					min; UV λmax (PDA): 225.7, 304 and 502 nm; ESI-MS: 91.1 [M+1];  

					313 [M+23]; 602.9 [2M+23]; 289.3 [M-1]-; NMR (300MHz, MeOH-  

					d4) δH: 6.37 (1H, s H-3), 4.04 (2H, s, H2-10), 3.96 (3H, s, 2-MeO), 2.31  

					(3H, s, H3-9), 2.23 (3H, s, H3-12).  

					Plant Material  

					Fresh, healthy leaves of Cola nitida were collected from Awo-Idemili,  

					Orsu Local Government Area, Imo State, Nigeria in June, 2023. The  

					leaves were placed in a sealed cellophane bag and transported the same  

					day to the Pharmaceutical Microbiology laboratory of the Faculty of  

					Pharmaceutical Sciences, Nnamdi Azikiwe University, Awka, Nigeria  

					for use in the isolation of the endophytic fungi. The plant material was  

					Solaniol (2). Dark orange crystal (2.1 mg); HPLC retention time: 36.57  

					min; UV λmax (PDA): 226.2; 304 and 503.5; NMR (300MHz, MeOH-  

					d4) δH: 6.34 (1H, s, H-3), 4.08 (1H, s, H-11), 3.94 (3H, s, 2-MeO), 2.93  

					(2H, d, J= 7.1, H2-10), 2.34 (3H, s, H3-9), 1.24 (3H, d, J= 6.2, H3-12).  

					authenticated by  

					a

					taxonomist, Mrs. Anthonia Emezie of the  

					3-O-methyl fusarubin (3). Wine-red coloured crystals (2.4 mg);  

					HPLC retention time: 43.01 min; UV λmax (PDA): 224.4; 301.5 and  

					595.3 nm; NMR (600MHz, MeOH-d4) δH: 12.92 (1H, s, 10-OH);  

					12.64 (1H, s, 5-OH), 6.16 (1H, s, H-8), 4.86 (1H, dd, J=19.3, H-1A),  

					4.55 (1H, d, J=17.8, H-1B), 3.91 (3H, s, 7-MeO), 3.30 (3H, s, 3-  

					MeO), 3.00 (1H, m, H-4A), 2.65 (1H, dd, J= 18.1, H-4B), , 1.53 (3H,  

					s, H-11).  

					Department of Pharmacognosy and Traditional Medicine, Faculty of  

					Pharmaceutical Sciences, Nnamdi Azikiwe University, Awka, Nigeria  

					and a voucher specimen (PCG/474/A/050) was deposited at the  

					herbarium of Department of Pharmacognosy and Traditional Medicine  

					of the same University.  

					Fungal Isolation, Purification and Identification  

					For fungal isolation, purification, and identification, a previously  

					validated protocol by our research group was adopted.4,5 The fresh,  

					healthy leaves of Cola nitida were washed carefully under running  

					water. They were subsequently surface-sterilized by soaking in 70%  

					ethanol, 2% NaClO and 70% ethanol for 1, 2 and 2 min, respectively.  

					Subsequently, the disinfected leaves were cut into small sizes, selected  

					and placed on petri dishes of malt extract agar (MEA) made up of 15  

					g/L malt extract, 15 g/L agar and supplemented with chloramphenicol  

					(200 mg/L) to prevent the growth of bacteria. The plates were incubated  

					at room temperature for the emergence of hyphal tips. The emerged  

					hyphal tips from the leaf segments were transferred to new plates of  

					MEA, and this process was repeated until pure colonies of fungi were  

					obtained. Fungal strain identification was done through DNA  

					amplification by Polymerase Chain Reaction (PCR) (Hot StarTag  

					Master Mix Taq polymerase and primer pairs ITS1 and ITS4),  

					sequencing, and subsequent BLAST searches of the NCBI GenBank  

					data.  

					Anhydrojavanicin (4). Red crystals (1.5 mg); HPLC retention time:  

					37.77 min; UV λmax (PDA): 224.5, 299.2 and 480.2 nm; ESI-MS:  

					275.1 [M+1] and 570.9 [2M+23]; 273.2 [M-1]; NMR (300MHz,  

					MeOH-d4) δH: 6.19 (1H, s, H-7), 5.15 (1H, m, H-2), 3.90 (3H, s, 8-  

					MeO), 3.37 (1H, m, H-3A), 2.84 (1H, dd, J = 19.5, H-3B), 2.24 (3H, s,  

					4-Me), 1.52 (3H, d, J = 6.3, 2-Me).  

					Compound 1 was isolated as a dark orange-coloured crystal. It showed  

					UV λmax at 225.7, 304 and 502 nm (Figure S1 in supplementary data),  

					which is characteristic of naphthoquinones or anthraquinones skeletons.  

					The ESI-MS exhibited strong peaks at m/z 291.1 [M+1]; 313 [M+23]  

					and 602.9 [2M+23] in the positive mode and at m/z 289.3 [M-1]- in the  

					negative mode. These pseudo-molecular ions supported the molar mass  

					of 290 g/mol and molecular formula of C15H14O6. The proton NMR  

					spectrum showed characteristic signals, which included an aromatic  

					proton singlet at δH 6.37 (s, 1H) assigned to H-3, a methyl singlet at δH  

					2.31 (s, 3H) suggestive of methyl group attached to aromatic ring and  

					assigned to H-9, a methylene singlet at δH 4.04 (s, 2H) assigned to H-  

					10, a methyl singlet at δH 2.23 suggestive of methyl group attached to  

					carbonyl assigned to H-12 and another methyl singlet at δH 3.86 (s, 3H)  

					assigned to aromatic methoxy group, MeO-2. The MS and NMR data  

					(Table 1) compared favourably well with that of the previously reported  

					naphthoquinone, javanicin (Figure 1).10  

					Fermentation, Extraction, Isolation and Characterization of  

					Metabolites  

					Solid state fermentation of the pure fungus was carried out in 1 L  

					Erlenmeyer flasks containing Rice Medium (100 g of rice in 100 mL of  

					distilled water, autoclaved at 121ºC at 15 psi for 1 h and allowed to  

					cool). The flasks were inoculated with 3 mm diameter agar blocks of  

					the pure fungus and incubated at 28ºC for 21 days. After the  

					fermentation period, fungal secondary metabolites were exhaustively  

					extracted with EtOAc, pooled and concentrated using a rotary  

					evaporator.21  

					Compound 2 was also isolated as a dark orange-coloured crystal. It  

					showed a UV λmax at 226.2; 304 and 503.5 (Figure S2 in supplementary  

					data), which is very similar to that of compound 1. The major difference  

					was the presence of a spin system composed of signals at δH 2.93 (d,  

					J=7.1, 2H) assigned to H2-10, 4.08 (m, 1H) assigned to H-11 and 1.24  

					The extract was subjected to Vacuum Liquid Chromatography (VLC)  

					on silica gel (200–400 mesh) using the gradient of hexane/EtOAc  
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					Table 1: 1H-NMR Data of Compounds 1 and 2 and Reference Compounds  

					Position  

					δH Compound 1  

					δH Javanicin (CDCl3)10  

					δH Compound 2  

					δH Solaniol (CDCl3)10,27  

					(CD3OD)  

					(CD3OD)  

					1

					-

					2

					-

					3

					6.37 s (1H)  

					6.21 (s, 1H)  

					6.34 s (1H)  

					6.21 (s, 1H)  

					4

					-

					5

					-

					6

					-

					7

					-

					8

					-

					9

					2.31 s (3H)  

					2.30 (s, 3H)  

					3.91 (s, 2H)  

					-

					2.34 s (3H)  

					2.35 (s, 3H)  

					10  

					4.04 s (2H)  

					2.93 d (2H, J= 7.1)  

					2.97–2.93 (m, 2H)  

					4.21–4.05 (m, 1H)  

					1.32 (d, J = 6.2 Hz, 1H)  

					13.34 (s, 1H)  

					11  

					-

					4.08 m (1H)  

					12  

					2.23 s (3H)  

					2.24 (s, 3H)  

					13.26 (s, 1H)  

					12.86 (s, 1H)  

					3.94 (s, 3H)  

					1.24 d (3H, J= 6.2)  

					5-OH  

					8-OH  

					2-MeO  

					-

					-

					-

					-

					13.07 (s, 1H)  

					3.96 s (3H)  

					3.94 s (3H)  

					3.94 (s, 1H)  

					(d, J=6.2, 3H) assigned to CH3-12. This COSY system is consistent with  

					a substructure arising from the reduction of 11 carbonyl group in 1 to a  

					hydroxyl group. Compound 2 was thus deduced as a dihydro derivative  

					of compound 1 and the proton NMR compared favourably well with  

					that of the previously reported naphthoquinone, solaniol (Figure 1).10  

					O
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					Figure 1: Chemical Structures of the isolated compounds  

					Compound 3 was isolated as wine-red coloured crystals. It showed UV  

					λmax at 224.4; 301.5 and 595.3 (Figure S3 in supplementary data), which  

					is also characteristic of naphthoquinone skeleton. The NMR spectrum  

					of compound 3 showed signals suggestive a pyran moiety fused with  

					the naphthoquinone substructure. The pyran moiety was confirmed by  

					the presence of 2 diasotropic methylene protons. The first resulted in  

					the deshielded signals observed at δH 4.86 dd (1H, J=19.3) assigned to  

					H-1A and 4.55 (d, J=17.8, 1H) assigned to H-1B. The second  

					diasotropic methylene protons were observed at δH 3.00 (m, 1H, 1H)  

					assigned to H-4A and 2.65 (dd, J= 18.1, 1H) assigned to H-4B. Other  

					important signals include a methyl singlet at δH 1.53 (s, 3H) assigned to  

					CH3-11, two methoxy singlets at δH 3.30 (s, 3H) assigned to 3-MeO and  

					3.91 (s, 3H) assigned to 7-MeO and an aromatic proton singlet at δH  

					6.16 (s, 1H) assigned to H-8. The NMR data (Table 2) compared  
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					favourably well with that of the previously reported fusarubin, the major  

					difference being the presence of a methoxy singlet signal at position 3.  

					Thus compound 3 is elucidated as 3-O-methyl fusarubin (methyl ether  

					fusarubin) (Figure 1).14  

					naphthoquinone nucleus.23 Understanding the biogenetic origin of  

					secondary metabolites isolated from fungi endophytes is very crucial  

					for several reasons particularly in the context of natural product drug  

					discovery and development. From the knowledge of biogenetic origin,  

					one can gain insight into plausible approaches to adopt in modifying or  

					enhancing the scalable production of novel compounds for improved  

					pharmaceutical or industrial applications. One can also gain insight into  

					the possibility of a metabolic partnership between the isolated fungal  

					endophyte and the host plant.  

					Table 2: NMR Data of compound 3 and reference compound  

					Position  

					δH Compound 3  

					(CDCl3)  

					δH Fusarubin methyl  

					ether14 (CDCl3)  

					4.85 dd (1H, J=17.8,  

					H-1A)  

					Javanicin originally isolated from Fusarium javanicum, a soil fungus,  

					has been discovered in other Fusarium species.24 Javanicin from F.  

					solani of Glycyrrhiza glabra, showed good antibacterial, but moderate  

					anti-tuberculosis activity.25 This is consistent with the earlier report of  

					the moderate antimycobacterial activity of javanicin isolated from  

					Fusarium sp. BCC14842, which in addition showed good antifungal  

					activity and moderate cytotoxicity against human cancer cell lines.14  

					Javanicin has also been isolated from Phomopsis sp. obtained from  

					fresh stem of Radix Stephaniae Japonicae, and it showed anti-HIV and  

					cytotoxic activities.26 Chloridium sp. from the root of Azadirachta  

					indica has also yielded javanicin, which gave good antimicrobial  

					activities against human pathogens.24  

					1

					4.86 dd (1H, J=19.3,  

					H-1A)  

					4.55 (d, J=17.8, 1B)  

					4.54 (1H, (d, J=17.8,  

					1B)  

					2

					3

					4

					-

					-

					3.00 m (1H, H-4A)  

					2.65 dd (1H, J= 18.1,  

					H-4B)  

					2.99 dd (1H, (1H, J=  

					18.0, H-4A); 2.65 dt  

					(1H, (1H, J= 18.0, H-  

					4B)  

					Solaniol was first isolated from the culture of a strain of F. solani as  

					dark-red crystals, in the company of other coloured naphthoquinones −  

					fusarubin, javanicin (red crystals) and bostrycoidin (dark-brown  

					crystals) − and was given the name solaniol.27 F. solani JS-0169 from  

					the leaves of Morus alba has also yielded Solaniol, together with  

					javanicin and other naphthoquinones, and Solaniol showed no  

					cytotoxicity against the human cancer cell lines.28  

					5

					-

					6

					-

					7

					-

					8

					6.16 s (1H)  

					-

					6.15 (1H, s, H-8)  

					3-O-methyl fusarubin belongs to a group of compounds known as  

					pyranonaphthoquinones, which possess a wide range of biological  

					activities.29,30 It has earlier been isolated from F. solani of Glycyrrhiza  

					glabra, and exhibited good antibacterial and moderate  

					antimycobacterial activities.25 Similarly, 3-O-methylfusarubin obtained  

					from Fusarium sp. BCC14842 showed moderate antimycobacterial as  

					well as cytoxic activities.14 In another report, a soil Fusarium sp yielded  

					3-O-methyl fusarubin, which exhibited significant antiplasmodial  

					activity against a strain of P. falciparum.31 3-O-methyl fusarubin,  

					anhydrofusarubin and its analogue fusarubin have been reported to  

					exhibit an outstanding broad-spectrum antimicrobial activities against  

					human pathogens as well as good radical scavenging properties.  

					9

					10  

					-

					11  

					1.53 s (3H)  

					12.64 s (1H)  

					12.92 s (1H)  

					3.30 s (3H)  

					3.91 s (3H)  

					1.53 s (3H)  

					12.63 s (1H)  

					12.91 s (1H)  

					3.30 s (3H)  

					3.91 s (3H)  

					5-OH  

					10-OH  

					3-MeO  

					7-Meo  

					Table 3: NMR Data of Compound 4 and Reference  

					Compound  

					Compound 4 was isolated as red crystals. It showed UV λmax at 224.5,  

					299.2 and 480.2 (Figure S4 in supplementary data), which is  

					characteristic of naphthoquinones. The ESI-MS exhibited strong  

					pseudo-molecular ion peaks at m/z 275.1 [M+1] and 570.9 [2M+23] in  

					the positive mode and at m/z 273.2 [M-1] in the negative mode, which  

					are consistent with the molar mass of 274 g/mol and molecular formula  

					of C15H14O5. The NMR spectrum of compound 4 showed signals  

					Position  

					δH (MeOD)  

					compound 4  

					δH (CDCl3)  

					Anhydrojavanicin22  

					1

					2

					3

					-

					-

					5.15 m (1H)  

					5.20 s (1H)  

					suggestive of  

					a

					furan moiety fused with the naphthoquinone  

					3.37 m (1H, H-  

					3A)#  

					2.84 dd (1H, J =  

					19.5*, H-3B)  

					3.30 dd (1H, J=17.9, H-3A)  

					2.75 dd (1H, J= 17.0, 6.35,  

					H-3B)  

					substructure. The furan moiety was confirmed by the presence of a  

					diasotropic methylene proton signal at δH 3.37 (m, 1H) assigned to H-  

					3A and 2.84 (dd, J = 19.5, 1H) assigned to H-3B which showed spin  

					correlation (HH-COSY) with a highly deshielded methine proton signal  

					at δH 5.15 (m, 1H) assigned to H-2. There was also the presence of  

					methyl doublet signal at δH 1.52 (d, J = 6.3, 3H) which showed spin  

					correlation with the H-2 and H-3A/B and assigned to CH3-2. The other  

					signals associated with the naphthoquinone substructure include an  

					aromatic proton singlet at δH 6.19 (s, 1H) assigned to H-7 and the  

					methoxy singlet at δH 3.90 (s 3H). The NMR data as shown in Table 3  

					is in strong agreement with that previously reported for 2,3-dihydro-5-  

					hydroxy-8-methoxy-2,4-dimethyl-naphtho-[1,2-b]-furan-6,9-dione  

					(anhydrojavanicin) (Figure 1).22  

					4

					-
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					1.52 d (3H, J =  

					6.3)  

					1.59 d (3H, J= 6.0)  

					These compounds have been previously isolated from fungal  

					endophytes as well as soil fungi. We have also proposed a biosynthetic  

					route for the isolated compounds as shown in Figure 2. All the  

					compounds have the same base nucleus of javanicin and as such must  

					have their biogenic origin from compound 1 and this compound, in turn,  

					would have arisen from any of the possible biosynthetic routes to the  

					4-Me  

					2.24 s (3H)  

					3.90 s (3H)  

					2.25 s (3H)  

					3.88 (3H)  
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					#Slight overlap with the solvent peak  
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