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Abstract   11 

Fungal endophytes play a crucial role in plant-microbe interactions by asymptomatically 12 

colonizing host tissues, enhancing plant growth, and providing defense. In the present study, 13 

three distinct endophytic fungi, namely Fusarium oxysporum CJR-1 (GenBank Accession No. 14 

PZ477045), Penicillium sp. CJR-2 (GenBank Accession No. PZ477429) and Aspergillus cf. 15 

terreus CJR-4 (GenBank Accession No. PZ477430) were isolated from Crotalaria juncea L. 16 

plants and evaluated for antagonistic activity against phytopathogenic fungi and growth 17 

promotion in maize. Among the isolates, CJR-4 showed potent antagonistic activity against 18 

both tested phytopathogens, inhibiting the mycelial growth of Fusarium oxysporum (ITCC 19 

Accession No. 8111) and Alternaria alternata (ITCC Accession No. 1434) by 72.41 ± 5.02% 20 

and 68.31 ± 1.53%. On the other hand, isolate CJR-1 showed the highest mycelial inhibition 21 

of 74.60 ± 2.06% against A. alternata. Ethyl acetate crude metabolites of  CJR-4 exhibited 22 

potent antifungal activity, with the highest zone of inhibition observed against A. alternata 23 

(21.66 ± 1.52 mm), followed by F. oxysporum (15.33 ± 1.15 mm) at 150 µL of tested 24 

concentration. GC-MS analysis of the ethyl acetate extract of CJR-4 revealed numerous 25 

bioactive metabolites, including diphenyl sulphone and 2-nonen-1-ol, which may contribute to 26 

its antifungal activity. In addition, 1-methylene-1H-indene and ethanone, 2-(formyloxy)-1-27 

phenyl-, may be associated with antioxidant activity, as evidenced by potent DPPH (80.09 ± 28 

0.11%) and ABTS (92.66 ± 0.17%) scavenging activities. Evaluation of PGP traits showed that 29 

CJR-1 produced the highest levels of indole-3-acetic acid (IAA) as 305.69 ± 0.41 µg mL⁻¹ and 30 

ammonia 85.44 ± 0.63 µg mL⁻¹, while CJR-2 exhibited the highest phosphate solubilization 31 

index (PSI) of 3.09 ± 0.09. Pot experiments conducted under natural light conditions for 28 32 

days demonstrated significantly enhanced plant growth parameters, biomass accumulation, and 33 
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photosynthetic pigment levels in maize plants inoculated with the CJR-4 isolate. Overall, the 34 

findings highlight that endophytic fungi exhibit multifunctional roles and show promise as 35 

microbial inoculants for sustainable crop improvement, with CJR-4 emerging as the promising 36 

candidate for further development. To the best of our knowledge, this study is among the first 37 

to report the isolation and functional characterization of endophytic fungi from Crotalaria 38 

juncea L. plant. 39 

Keywords: endophytic fungi, mycorrhiza, antifungal activity, plant growth promotion, 40 

metabolite production, phytopathogens, photosynthetic pigment 41 

Introduction 42 

Endophytic fungi are important components of plant-associated microbial communities that 43 

colonize inter-or intracellular plant tissues without causing apparent harm and often establish 44 

symbiotic interactions with their hosts1. These symbiotic microbes have attracted considerable 45 

attention for their ability to enhance plant growth, improve nutrient acquisition, and protect 46 

plants from both biotic and abiotic stresses. In modern agriculture, the intensive use of 47 

agrochemicals has been associated with the deterioration of soil health and the disruption of 48 

beneficial microbial communities, leading to soil infertility and long-term sustainability 49 

concerns. To mitigate these issues, plant growth-promoting microbes, or biofertilizer, are 50 

gaining popularity as an alternative to agrochemicals. Inoculation with biofertilizers containing 51 

beneficial fungi or bacteria results in colonization of the host plant. It promotes plant growth 52 

and crop production through mineral solubilization and the production of phytohormones and 53 

secondary metabolites that suppress phytopathogens2,3.  54 

                 Fungal endophytes mitigate biotic and abiotic stress by direct and indirect 55 

mechanisms and facilitate plant growth. The direct mechanisms include stimulating the 56 

production of bioactive substances, such as phytohormones, ammonia, siderophores, and the 57 

solubilization of phosphorus and potassium4,5. In addition, indirect mechanisms include the 58 

suppression of phytopathogens and the induction of systemic resistance in the host plant, 59 

facilitated by the production of antibacterial, antifungal, and antioxidant compounds, as well 60 

as antagonistic interactions6. Endophytic fungi are known to produce numerous 61 

phytohormones, such as Indole-3-acetic acid (IAA), gibberellin (GA), salicylic acid (SA), and 62 

cytokinin (Cks), which contribute to plant growth and development7,8. Even at low 63 

concentrations, the most common phytohormone, IAA, facilitates elongation of primary roots 64 

and increases lateral root and root hair development9. Additionally, they play a crucial role in 65 
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mineral solubilization and the acquisition of nutrients such as nitrogen, phosphorus, and other 66 

micronutrients, thereby enriching soil nutrient availability and reducing dependency on 67 

chemical fertilizers10. Moreover, they evade plant stress by producing defense signaling 68 

molecules, such as salicylic acid, jasmonic acid, and abscisic acid, as well as by improving 69 

nutrient uptake and boosting biomass, making them a key player in sustainable agriculture11. 70 

In addition, endophytic fungi isolated from various plants, such as Helianthus tuberosus, 71 

Chromolaena odorata, Zingiber officinale, Stemona sessilifolia, Ligusticum chuanxiong, and 72 

Tetraena qatarensis, have been reported to produce diverse plant growth-promoting 73 

metabolites and enzymes, including hydrogen cyanide (HCN), IAA, siderophores, and 74 

extracellular enzymes8,12,13. 75 

                 Several studies have demonstrated that fungal endophytes belong to genera such as 76 

Fusarium sp. Aspergillus sp. Penicillium sp. and Trichoderma sp. significantly enhance plant 77 

growth and crop productivity. For instance, Fusarium oxysporum FO12 inoculation in soybean 78 

and wheat has been reported to increase plant height and biomass, along with enhanced uptake 79 

of macro- and micronutrients compared with untreated plants 14. Similarly, Aspergillus terreus 80 

isolated from Catharanthus roseus enhanced Vigna radiata growth through IAA production, 81 

phosphate solubilization, and ACC deaminase activity15. Likewise, Penicillium bilaii has been 82 

reported to  improve phosphorus availability and root development16. In addition, treatment 83 

with Trichoderma strains in tomato seeds significantly enhanced plant height, biomass, leaf 84 

area, and chlorophyll content17. Similarly, inoculation of Aspergillus niger with sunflower and 85 

soybean plant has been reported to significantly enhance plant height, biomass, and chlorophyll 86 

content18. These findings highlight the multifunctional roles of fungal endophytes in plant 87 

growth promotion and their potential application as bioinoculants. 88 

                   Crotalaria juncea L., also known as brown hemp, Indian hemp, Madras hemp, or 89 

Sunn hemp, is a shrub belonging to the Fabaceae legume family and is considered to have 90 

originated in India19. Due to its high nitrogen content, it is used as a green manure, improving 91 

soil quality and crop sustainability by minimizing external nitrogen inputs, N2O emissions, and 92 

nutrient leaching20. Additionally, recent studies have shown that Crotalaria improves soil 93 

microbial communities, promotes plant growth, and controls phytopathogens21. In particular, 94 

Crotalaria juncea L. is reported to be a pyrrolizidine alkaloid plant that reduces 95 

phytopathogens such as nematodes and pests22,23. To the best of our knowledge, no earlier data 96 
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on the isolation and functional characterization of fungal endophytes associated with this plant 97 

exist, despite its agronomic significance. 98 

                   Therefore, the present study aimed to isolate fungal endophytes from the roots of 99 

Crotalaria juncea L., and investigate their antagonistic activity against phytopathogenic fungi, 100 

along with their plant growth-promoting potential. Selected isolates were assessed for key PGP 101 

traits, including IAA production, siderophore production, ammonia production, and phosphate 102 

solubilization, and their effects on maize growth were further evaluated under pot conditions. 103 

This study aims to isolate and identify promising multifunctional endophytic fungi with 104 

potential as bioinoculants for sustainable, eco-friendly agriculture. 105 

Materials and methods    106 

 Materials used    107 

All chemicals and media used throughout this study were procured from Himedia, CDH, 108 

Qualigens, and Rankem, India. Mili-Q grade water was used to conduct the experiments in the 109 

study. HiPurA Fungal DNA Purification Kit, 2X PCR TaqMixture, 1kb DNA Ladder, Hi-SYBr 110 

Safe Gel Stain were procured from Himedia Laboratories Pvt. Ltd., and internal transcribed 111 

spacer (ITS) primers for molecular identification of endophytic fungi were obtained from 112 

Eurofins Genomics India Pvt. Ltd.  113 

Plant sampling and study area 114 

The plant Crotalaria juncea L. was collected from the campus of IGNTU-Amarkantak, M.P., 115 

India, a transition zone of the Achanakmar-Amarkantak Biosphere Reserve. The fresh, healthy 116 

plant samples were packed in sterile zipper bags and brought to the laboratory. Dr. Ravinder 117 

Shukla (Associate Professor), Department of Botany, IGNTU-Amarkantak, identified the plant 118 

and the voucher specimen was deposited in the departmental herbarium (Accession no: 119 

IGNTU/DoB/2023/Herb-Feb/Cj-02). 120 

Source of phytopathogenic fungi and maize seeds 121 

The phytopathogenic fungal strains used in this study were procured from the Indian Type 122 

Culture Collection (ITCC), New Delhi, India with accession numbers ITCC 8111 (Fusarium 123 

oxysporum) and ITCC 1434 (Alternaria alternata). Maize seeds used in the pot experiment 124 

were collected from local farmers of village Lalpur, Anuppur District, Madhya Pradesh, India. 125 

The seeds were healthy and free from visible disease symptoms. 126 
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 127 

 128 

Fungal isolation and cultivation 129 

Endophytic fungi were isolated from the roots of the collected plants. Surface sterilization of 130 

plant samples and isolation of endophytic fungi were carried out following the protocol of  Tan 131 

et al.24  with slight modifications. Plant roots were detached from the plant and thoroughly 132 

washed 2-3 times in running tap water. All the roots were transferred into a beaker containing 133 

70% ethanol for one minute, then immersed in 2% sodium hypochlorite solution for 5 minutes, 134 

followed by successive rinses with sterile distilled water, and then dried on sterile filter paper 135 

inside a laminar airflow. Sterilized plant roots were cut into small fragments and aseptically 136 

placed on the potato dextrose agar (PDA) supplemented with streptomycin sulphate (30 mg/L). 137 

To ensure the sterilization of plant samples, 100 μL of final rinse water was pipetted separately 138 

into a petri plate containing PDA medium. All the petri plates were then wrapped with parafilm 139 

and incubated at 28°C for 7 to 10 days in a BOD incubator. Hyphae from the emerging colonies 140 

were again subcultured in PDA media for 5 to 7 days to obtain a pure culture.  141 

Morphological identification 142 

Identification of the isolated endophytic fungi was carried out based on their morphological 143 

and microscopic structures following the fungal standard manuals25-26. Isolated endophytic 144 

fungi were cultured on PDA and observed their colony morphology like, growth rate, growth 145 

pattern, texture, pigmentation, and reverse plate colouration. Slide of the isolated endophytic 146 

fungi were made using lactophenol cotton blue and observed using compound microscope. 147 

 148 

DNA extraction, PCR amplification, Sanger sequencing, and identification 149 

Prior to DNA isolation, the endophytic fungi were grown on PDA medium at 28°C for 10 days. 150 

Then the mycelia were scraped with a sterile needle, placed into a 2 mL Eppendorf tube, frozen 151 

in liquid nitrogen, and thoroughly broken using a micro pestle. The fungal DNA was isolated 152 

using the HiPurA Fungal DNA Purification kit (Himedia HiGEnoMB, Mumbai, India) 153 

according to the manufacturer's protocol. Universal primer ITS1 (forward): 5′-154 

TCCGTAGGTGAACCTGCGG-3 and ITS4 (reverse): 5′-TCCTCCGCTTATTGATATGC-3′ 155 

were used to amplify the ribosomal internal transcribed spacer regions for molecular 156 

phylogenetic analysis27. The PCR mixture of 25 µL contained 12.5 µL of 2X PCR TaqMixture 157 
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(Himedia, HiGEnoMB), 1 µL of each primer at 10 µM, 2 µL of template DNA, and 8.5 µL of 158 

molecular grade water. Amplification was carried out by following the company protocol with 159 

slight modification using a thermal cycler (MiniAmp Plus) as initial denaturation at 95 °C for 160 

2 min, followed by 30 cycles at 94 °C for 1 min, 56 °C for 30 s, 72 °C for 53 sec, and then a 161 

final extension step at 72 °C for 5 min. Furthermore, the PCR products (2 µL) were 162 

electrophoretically analyzed in 1% (w/v) agarose gels stained with Hi-SYBR Safe Gel Stain, 163 

and the gels were subsequently visualized and compared with a 1kb DNA ladder using a gel 164 

documentation unit (GelLITE, Cleaver Scientific). The Sanger method was used to sequence 165 

purified PCR products at BioEdge Solutions in Bangalore, India. The endophytic fungal 166 

isolates were identified using the Nucleotide Basic Logical Alignment Search Tool (BLAST) 167 

in the NCBI server database (http://www.ncbi.nlm.nih.gov). The obtained ITS sequences were 168 

subsequently deposited in the NCBI GenBank for accession numbers. Multiple sequence 169 

alignment was done by ClustalW, and the maximum-likelihood phylogenetic tree was 170 

constructed using MEGA 6 software, with the Tamura-Nei model by bootstrap analysis 171 

(replicates of 1000). 172 

Antagonistic effect of endophytic fungal isolates against fungal pathogens 173 

A dual culture antagonistic assay of isolated endophytic fungi was performed against fungal 174 

pathogens, F. oxysporum , and A. alternata following the method of Trejo-Estrada et al28. A 175 

5 mm disc of a 7-day-old endophytic fungal culture was placed 2 cm away from the periphery 176 

of the petri plate containing PDA medium, and another 5 mm disc of the 7-day-old challenge 177 

pathogen was placed in the same petri plate opposite to the endophyte in the same manner.  178 

Monoculture plates of pathogens served as a control. The plates of three replications of each 179 

treatment were then incubated at 28°C in a BOD incubator for seven days. Observations of 180 

growth were made, and colony inhibition percentage was calculated using the formula: 181 

  Inhibition Percentage = [(C − T)/C] × 100 182 

C – Radial growth of pathogens in control; T – Radial growth of pathogens in treatment plate 183 

 184 

Preparation of fungal crude extract 185 

Prior to crude extract preparation, three selected endophytes were precultured on PDA medium 186 

for 7 days. Then 4-5 plugs (0.5 cm) of each fungus were transferred into 500 mL of sterilized 187 

potato dextrose broth (PDB) and incubated at 28 °C for 15 days in a rotary shaker incubator at 188 

140 rpm. The fungal broth was filtered through Whatman No. 1 filter paper to separate the 189 

fungal hyphal mat. The filtrate obtained was extracted thrice with equal volume of ethyl acetate 190 
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and evaporated at 40 °C using a vacuum rotary evaporator (BIOGEN SCIENTIFIC: BGS-173) 191 

to yield the crude metabolites. Dried crude extract was stored at 4°C for further study. 192 

Antifungal activity of ethyl acetate crude metabolites 193 

Based on the dual culture test, crude metabolites of A. cf. terreus CJR-4 were tested for 194 

antifungal activity against phytopathogenic fungi F. oxysporum and A. alternata. The agar well 195 

diffusion method was employed according to the National Committee for Clinical Laboratory 196 

Standards (NCCLS) guidelines29. The Test pathogens were initially grown on PDA medium for 197 

3-5 days at 28 °C. Fungal spore suspensions were prepared in phosphate buffer (pH 7.0) and 198 

adjusted to 1 × 107 spores/mL after using a haemocytometer. Subsequently, one millilitre of 199 

the adjusted spore suspension was pipetted and uniformly spread on the PDA plates using a 200 

sterile L- spreader. Four wells (5 mm) were made in each plate using a sterile cork borer. A 201 

stock solution of fungal crude metabolites was prepared in DMSO at 100 mg/mL, and 50, 100, 202 

and 150 µL were loaded into separate wells. Nystatin (NS 100) was used as a positive control, 203 

and DMSO as a negative control. The experiment was conducted in triplicate. To facilitate the 204 

better diffusion of crude metabolites, plates were initially kept at 4 °C for 2-3 h and 205 

subsequently incubated at 28 °C for 3-5 days in a BOD incubator. After incubation, the diameter 206 

of the inhibition zone was measured and recorded. 207 

GC-MS analysis of fungal crude extract 208 

The GC-MS analysis of the ethyl acetate extract of the fungal isolate CJR-4 was performed 209 

using a Thermo Trace 1600 GC coupled to a Thermo ISQ 7610 single-quadrupole mass 210 

spectrometer with an ionization energy of 70 eV. High-purity helium gas was used as the carrier 211 

gas at a flow rate of 1.2 mL/min. The ion source and interface temperatures were set to 240 °C 212 

and 250 °C, respectively. The injector temperature was maintained at 250 °C, employing a split 213 

ratio of 1:10 through split-splitless injection of a 1 μL sample solution. The column TGS5-MS 214 

(length 30 m × 0.320 × 0.25 mm) was used. Initially, the oven temperature was set at 80 °C 215 

and gradually raised to 280 °C, with a 2-minute hold at 280 °C. The individual compounds 216 

were analyzed in full-scan mode (m/z 30-550). The compounds were identified by comparing 217 

their mass spectra with those available in the National Institute of Standards and Technology 218 

(NIST) mass spectral library. The best-matched compounds were selected based on their 219 

Similarity Index (SI) and Reverse Similarity Index (RSI) values. 220 

Evaluation of plant growth-promoting traits of isolated endophytic fungi 221 
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The ability of fungal endophytes to produce substances related with plant growth-promoting 222 

capabilities were determined as follows: 223 

Analysis of indole-3-acetic acid production (IAA) 224 

The ability of fungal endophyte to produce IAA was determined by following the method of 225 

Fauda et al.30, in which isolated endophytic fungi were inoculated into Czapek Dox (CD) broth 226 

media . One disc (5 mm diameter) of each isolate was transferred to 20 mL of sterile CD liquid 227 

medium containing different concentrations of L-tryptophan (1, 2, and 5 mg/mL) or without 228 

tryptophan to act as a control and incubated at 28°C for 10 days in a shaking incubator. Further, 229 

5 mL of each culture was collected and centrifuged at 6000 rpm for 30 minutes to separate the 230 

mycelial mat. Then 1 mL of the supernatant was mixed with 1 drop of orthophosphoric acid 231 

and 2 mL of Salkowski’s reagent (300ml concentrated Sulphuric acid; 500ml distilled water; 232 

15ml 0.5 M FeCl3), followed by dark incubation for 30 minutes. Orthophosphoric acid was 233 

used to maintained the acidic conditions, which enables reaction of IAA with ferric ions, 234 

resulting in the development of pink-reddish coloured complex for IAA estimation. To quantify 235 

the IAA production, optical density was measured at 530 nm using a spectrophotometer. The 236 

amount of IAA production was estimated by using the standard IAA graph. The experiment 237 

was conducted in triplicate. 238 

Phosphate solubilization  239 

The ability of fungal endophytes to solubilize inorganic phosphate was evaluated by following 240 

the method of Jasim et al.31. Pikovskaya medium (0.5 g yeast extract powder, 10.0 g dextrose, 241 

5.0 g Ca3(PO4)2, 0.5 g (NH4)2SO4, 0.2 g KCl, 0.1 g MgSO4 × H2O, 0.0001 g MnSO4 × H2O, 242 

0.0001 g FeSO4 × 7H2O, 20.0 g agar, dissolved in 1.0 L d. H2O, pH 6.8) was used to evaluate 243 

phosphate solubilization capability of endophytic fungal isolates. Petri plates were incubated 244 

at 28 °C for 3-5 days in a BOD incubator. The experiment was conducted in triplicate. The 245 

diameter of the clear zones around the fungal disc indicated phosphate solubilization and was 246 

used to qualitatively determine the phosphate solubilization index (PSI). PSI was calculated 247 

using the following formula of  Paul and Sinha32: 248 

        PSI = (colony diameter + clear halo zone diameter) / (colony diameter) 249 

 Ammonia production 250 

The ammonia production capabilities of fungal endophytes were evaluated using the methods 251 

of Mahfooz et al.33 with minor modifications. Endophytes were inoculated in peptone water 252 

(peptone 10 g; NaCl 5 g; 1.0 L dH2O) and incubated for 7 days in a shaker incubator at 140 253 
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rpm. Broth without fungal inoculum acts as a control. Briefly, broth was centrifuged at 5000 254 

rpm for 10 min, and the supernatant was collected. Then, 1 mL of collected supernatant was 255 

mixed with 4 mL of Nessler’s reagent (K2HgI4 and NaOH or KOH), and the change of colour 256 

to yellow-brown or brown indicates the positive result of ammonia production. The intensity 257 

of colour showed the degree of ammonia production by fungal isolates. Absorbance of the 258 

samples was taken at 530nm using a spectrophotometer. The standard curve of ammonium 259 

sulphate solution ((NH4)2SO4) was produced for the quantification of ammonia in the fungal 260 

samples34. 261 

Siderophore test 262 

The universal CAS assay was employed to test the fungal isolates for siderophore production. 263 

The CAS reagent was prepared by dissolving 121 mg of CAS in 100 mL of distilled water, 264 

followed by the addition of 20 mL of a 1 mM ferric chloride (FeCl3 ⋅ 6H₂O) solution prepared 265 

in 10 mM hydrochloric acid. Under constant stirring, this solution was added to 20 mL of a 266 

hexadecyltrimethylammonium bromide (HDTMA) solution (36.45 g of HDTMA in 20 mL). 267 

The prepared CAS-HDTMA reagent was sterilized before the test35. For the detection of 268 

siderophore production by fungal isolates, CAS agar plates were prepared by dissolving 100 269 

mL of CAS-HDTMA reagent into 900 mL of molten potato dextrose agar. A fungal disc of 5 270 

mm diameter was cut from a 7-day-old culture and aseptically placed at the centre of each petri 271 

plate. Plates without fungal disc serve as a control. All plates were incubated for 5-7 days at 272 

28°C, and the formation of an orange zone around the fungal mycelium indicated positive 273 

siderophore production36. 274 

Antioxidant activity of fungal crude metabolites 275 

2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging assay 276 

The DPPH radical scavenging activity of the ethyl acetate extract of isolated endophytic fungi 277 

was adopted from Almustafa and Yehia37 with minor modifications. To prepare a 0.1 mM 278 

DPPH solution, 3.94 mg of DPPH was dissolved in 100 mL of methanol and kept in the dark 279 

for 1 h; the absorbance was then adjusted to 0.9-1.0 at 517nm. Then, 1 mL of different 280 

concentrations (5, 25, 50, 100, 200 µg mL-1) of fungal extract was added to 1 mL of DPPH 281 

solution, and the mixture was incubated in the dark for 30 minutes. Control was maintained 282 

with DPPH and methanol. After incubation, absorbance was taken at 517 nm. Ascorbic acid 283 

was used as a positive control. The experiment was conducted in triplicate. The DPPH 284 

scavenging potential of fungal extract was calculated using the following formula: 285 
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        Scavenging % = [(A0 - As) / A0] × 100 286 

            Where, A0 = Absorbance of control 287 

                         As = Absorbance of sample 288 

The concentrations of the tested sample that scavenge ≥50% of DPPH radicals (IC50) were 289 

determined by linear interpolation. 290 

 291 

2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) scavenging assay  292 

The ABTS radical-scavenging activity of fungal metabolites was assessed using the method 293 

proposed by Hameed et al.38, with minor modifications. Briefly, different concentrations (5-294 

200 µg mL-1) of fungal crude mixed with 7.00 mM stock solution of ABTS+, and incubated at 295 

dark for 30 min. Ascorbic acid solution was used as a standard positive control, and the sample 296 

absorbance was measured at 734 nm. The percentage scavenging of ABTS+ was determined as: 297 

     Scavenging % = [(A0 - As) / A0] × 100 298 

            where, A0 = absorbance of control  299 

                        As = absorbance of sample 300 

The concentrations of the tested sample that scavenge ≥50% of ABTS+ radicals (IC50) were 301 

determined by linear interpolation. 302 

 303 

In vivo assessment of fungal endophytes on maize plant growth promotion 304 

Preparation of fungal inoculum  305 

To prepare the fungal inoculum of three isolated endophytic fungi, CJR-1, CJR-2, and CJR-4, 306 

firstly inoculated onto potato dextrose agar (PDA) media and incubated at 28°C for seven days 307 

in a BOD incubator. Mycelial plugs of each fungus were aseptically transferred to sterilized 308 

sorghum seeds and incubated until full colonization was observed39. After 14 days, sorghum 309 

seeds colonized with endophytic fungi were used as an inoculum for plant growth assessment.  310 

 311 

Pot experiment 312 

A pot experiment was conducted to evaluate the ability of isolated fungal endophytes to 313 

promote maize plant growth.  The maize seeds were disinfected by soaking in 2.5% sodium 314 

hypochlorite for 5 minutes, followed by immersion for 1 min. in 70% ethanol and washed 5 315 

times with sterile distilled water. To assess the effectiveness of surface sterilization, 100 µL of 316 

the final rinse water was plated onto PDA medium and incubated. Then 5 seeds were sown in 317 
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each pot (16 × 17 cm) filled with three times autoclaved 90% gardening soil and 10% coco 318 

peat. After 10 days, three healthy, equal sized plants were selected, and the rest were removed 319 

from the pot. Further, two sorghum seeds colonized with endophytic fungi were placed near 320 

each maize root by making a hole. Control was introduced with non-infected sorghum seeds, 321 

whereas the positive control was treated with commercially available AMF granules (Apna 322 

Power Mycorrhizal Biofertilizer, Hindustan Urvarak & Rasayan Limited, India). Each 323 

treatment was conducted in triplicate, with three plants per pot. 324 

                 Plants were irrigated with tap water and kept under natural sunlight conditions for 325 

28 days after treatment (DAT). At the end of the experiment, the plants were carefully harvested 326 

and washed thoroughly under running tap water to remove adhering soil particles. Plant growth 327 

parameters, including root and shoot length, were recorded. Fresh biomass of roots and shoots 328 

was determined immediately after harvest. For dry biomass determination, the harvested plant 329 

samples were oven-dried at 50-60°C for 24 - 48 h until a constant weight was reached, and the 330 

dry weight was recorded using an analytical balance (Biogen Scientific). Photosynthetic 331 

pigments, including chlorophyll a, Chlorophyll b, total chlorophyll, and carotenoids, were also 332 

quantified. 333 

               For the estimation of photosynthetic pigments, 0.5 gm of fresh leaves was ground 334 

with 80% aqueous acetone using a mortar and pestle, then filtered through Whatman No. 1 335 

filter paper. Then, using 80% acetone, the filtrate was made up to 100 mL, and the absorbance 336 

was measured at 665, 649, and 470 nm in a spectrophotometer40. The concentrations of 337 

chlorophyll a, chlorophyll b, and carotenoid in maize leaves were determined using the 338 

following equations: mg chlorophyll (a)/gm tissue = 11.63(A665) – 2.39(A649), mg 339 

chlorophyll (b)/gm tissue = 20.11(A649) – 5.18(A665) and carotenoids mg/gm fresh weight = 340 

100 X O.D 470 – 1.82 Ca – 85.02 Cb /198. Where “A” denotes the absorbance.  341 

 342 

Assessment of root colonization potential of Aspergillus cf. terreus CJR-4 343 

Based on preliminary morphological observations of maize plants following fungal 344 

inoculation, A. cf. terreus CJR-4 inoculated plants were selected for assessment of root 345 

colonization.  Maize roots were sampled at 14 and 28 days after treatment (DAT).  346 

          Root tissues were thoroughly washed under running tap water for 3-5 times to remove 347 

adhering soil particles. The root segments were surface-sterilized by immersion in 70% ethanol 348 

for 2 min, followed by 2% sodium hypochlorite for 3 min, and rinsed 3-4 times with sterile 349 

distilled water.  Sterilized roots were dried on sterile tissue paper under a laminar airflow and 350 

cut into 1 cm segments. Twenty root segments were aseptically placed on PDA medium 351 
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supplemented with streptomycin sulphate (30 mg/L) to inhibit the bacterial growth and 352 

incubated at 28 °C for 7 days in a BOD incubator. To ensure surface sterilization, 100 µL of 353 

the final rinse water was pipetted onto PDA and incubated under the same conditions. Emerging 354 

fungal colonies from root segments were identified based on their colony morphology and 355 

microscopic features and compared with the original inoculated fungal isolate. Colonization 356 

frequency was calculated using the following formula41 as: 357 

Colonization frequency (%) = (Number of root segments colonized / Total root segments 358 

examined) × 100  359 

            In addition, further root colonization was confirmed by microscopic examination of 360 

stained root tissues following the method of Lekshmi et al.42 with minor modifications. Briefly, 361 

roots were collected at 28 DAI, thoroughly washed with running tap water, cut into 362 

approximately 1 cm in segments. The root segments were immersed in 10% KOH at 80-90 °C 363 

for 10 min, rinsed 2-3 times with distilled water, and acidified in 1 M HCL for 5 min. Decanted 364 

HCl and immediately stained with lactophenol cotton blue for 15 min, followed by washing 365 

with distilled water to remove excessive stain. The stained root segments were mounted on 366 

slides and examined under a compound microscope (10 × and 40 × magnification). 367 

 368 

Statistical data analysis 369 

Experimental data were analyzed using one-way ANOVA followed by Tukey’s multiple 370 

comparisons test using GraphPad Prism software (version 10.4.2). Results were expressed as 371 

mean ± standard deviation (n=3). Results with a p-value less than 0.05 (p < 0.05) were 372 

considered statistically significant. 373 

 374 

Results 375 

Isolation and identification of fungal endophytes 376 

Three morphologically distinct fungal endophytes were isolated from the inner root tissues of 377 

Crotalaria juncea L. (Fig. 1). The isolates were initially characterized based on macroscopic 378 

and microscopic features, including colony morphology, pigmentation, conidiophore structure, 379 

and conidial characteristics. Isolate CJR-1 initially produced white colonies that developed 380 

pink pigmentation during later growth stages. Microscopic examination revealed septate 381 

hyphae with micro- and macroconidia, along with chlamydospores, as characteristic features 382 

of Fusarium oxysporum. Isolate CJR-2 produced velvety to powdery green colonies with green 383 

sporulation at colony margins. Microscopic structures showed branched conidiophores with 384 

metulae and phialides bearing globose conidia, morphologically similar to those of Penicillium 385 
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spp. In contrast, CJR-4 developed orange-brown to light-brown powdery colonies over time.  386 

Microscopic examination revealed conidiophores terminating in globose vesicles. Conidia are 387 

globular to ellipsoidal, smooth-walled, and uninucleate. These morphological characteristics 388 

were consistent with those reported for Aspergillus terreus. Furthermore, molecular 389 

identification was performed using ITS rDNA sequence analysis. Total genomic DNA of the 390 

isolated endophytic fungi was extracted and analyzed for their ITS region. The PCR products 391 

from fungal isolates were sequenced and analyzed using BLAST against the NCBI GenBank 392 

database. BLAST analysis revealed that CJR-1 exhibited 99.32% sequence identity with 393 

Fusarium oxysporum (Accession No. PV761038.1) and clustered within the F. oxysporum 394 

lineage with strong bootstrap support (97%), thereby supporting its identification as Fusarium 395 

oxysporum (Accession No. PZ477045). CJR-2 showed 95.19% sequence identity with 396 

Penicillium shearii (GenBank Accession No. JX140868.1) and formed a moderately supported 397 

clade (73%), supporting its identification as Penicillium sp. (GenBank Accession No. 398 

PZ477429). Similarly, CJR-4 exhibited 97.15% sequence identity with Aspergillus terreus 399 

(Accession No. MT772080.1) and clustered within the A. terreus clade with strong bootstrap 400 

support (99%), supporting its designation as Aspergillus cf. terreus (GenBank Accession No. 401 

PZ477430). The ITS sequences generated in the present study were deposited in GenBank 402 

under accession numbers PZ477045 (CJR-1), PZ477429 (CJR-2), and PZ477430 (CJR-4). 403 

Multiple sequence alignment was performed using ClustalW, and a maximum-likelihood 404 

phylogenetic tree was constructed in MEGA 6 software using the Tamura-Nei model with 1,000 405 

bootstrap replicates. Overall, the phylogenetic tree analysis confirmed the placement of the 406 

isolated endophytic fungi within the genera Fusarium, Penicillium, and Aspergillus (Fig. 2). 407 
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 408 

Figure 1. Isolated endophytic fungi grown on PDA medium. (a) CJR-1: colony morphology, 409 

hyphae, and conidial structure. (b) CJR-2: colony morphology, conidiophores, and globose 410 

conidia.  (c) CJR-4: colony morphology, conidiophore in vesicle with phialides and conidia. 411 

  412 
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  413 

Figure 2. Maximum Likelihood phylogenetic tree based on ITS rDNA sequences showing the 414 

relationships of the fungal isolates CJR-1, CJR-2, and CJR-4 with closely related reference 415 

taxa retrieved from NCBI GenBank. The tree was constructed with MEGA 6 using Tamura-416 

Nei model with bootstrap replicates of 1000. 417 

 418 

In vitro antagonistic activity of fungal isolates against phytopathogenic fungi 419 

The antagonistic activities of fungal isolates CJR-1, CJR-2, and CJR-4 were evaluated against 420 

phytopathogenic fungi F. oxysporum and A. alternata using the dual-culture method, as shown 421 

in Fig. 3. The antagonistic potential of fungal isolates CJR-1 and CJR-4 was found to be 422 

effective against both tested fungal pathogens, as depicted in Table 1. Among the fungal 423 

isolates, A. cf. terreus CJR-4 exhibited strong antagonistic activity against both the fungal 424 

pathogens, resulting in mycelial growth inhibition of 72.41 ± 5.02% against F. oxysporum and 425 

68.31 ± 1.53% against A. alternata. In contrast, F. oxysporum CJR-1 exhibited the highest 426 
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mycelial inhibition (74.60 ± 2.06%) against A. alternata. 427 

 428 

Figure 3. Antagonistic activity of endophytic fungi against (a) F. oxysporum, (b) A. alternata. 429 

Bar graph of (c) and (d) showing the comparative % mycelial inhibition of endophytic fungi 430 

against tetsed pathogens. Asterisks indicate significant statistical variation at p < 0.05. Data are 431 

represented as mean ± SD (n=3). 432 

Table 1. Effect of endophytic fungal isolates on mycelial growth of tested pathogens. Data are 433 

represented by three replicates with ± SD (n=3). 434 

Fungal Endophytes Percentage Inhibition of Pathogens Mycelial Growth 
Fusarium oxysporum Alternaria alternata 

 Fusarium oxysporum CJR-1  54.15 ± 2.66 74.60 ± 2.06 

Penicillium sp. CJR-2 40.10 ± 4.44 50.66 ± 5.70 

Aspergillus cf. terreus (CJR-4) 72.41 ± 5.02 68.31 ± 1.53 

 435 

Antifungal activity of ethyl acetate crude metabolites 436 

The ethyl acetate crude extract of A. cf. terreus CJR-4 exhibited antifungal activity against both 437 

tested phytopathogenic fungi, F. oxysporum and A. alternata, as evidenced by the formation of 438 

distinct zones of inhibition (ZOI) (Fig. 4a, b). The crude metabolites exhibited a dose-439 

dependent antifungal effect. Among the tested concentrations, the highest zone of inhibition 440 

(21.66 ± 1.52 mm) was observed against A. alternata, followed by F. oxysporum (15.33 ± 1.15 441 

mm) at 150 µL of crude extract. On the other hand, positive control, Nystatin produced 442 

inhibition zones of 25.66 ± 1.52 mm and 17.66 ± 1.54 mm against A. alternata and F. 443 

oxysporum (Fig. 4c, d; Table 2). 444 

Control (F.o)                  CJR-1 + F.o                       CJR-2 + F.o                      CJR-4 + F.o

Control (A.a )                  CJR-1 + A.a                       CJR-2 + A.a                     CJR-4 + A.a

(a)

(b)

(c)

(d)
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 445 

Figure 4. Antifungal activity of fungal crude metabolites produced by A. cf. terreus CJR-4 446 

against phytopathogenic fungi. (a, b) Images showing the zones of inhibition produced by 447 

fungal crude metabolites against F. oxysporum and A. alternata. (c-d) Bar graph showing 448 

comparative inhibition zones of tested fungal pathogens at different concentrations of crude 449 

metabolites and the positive control (Nystatin). Data represent as mean ± SD of n=3. Asterisks 450 

indicate the statistical variation at p < 0.05. 451 

Table 2. Antifungal activity of fungal crude metabolites against fungal pathogens. Data are 452 

represented by three replicates with ± SD (n=3). 453 

Phytopathogenic 

fungi 

Antifungal activity of crude metabolites (ZOI in mm) 

NS 100 50 µL 100 µL 150 µL 

Fusarium oxysporum 17.66 ± 1.54 10.66 ± 0.57 12.00 ± 1.00 15.33 ±1.15 

Alternaria alternata 25.66 ± 1.52 11.33 ± 1.15 15.33 ± 1.52 21.66 ± 1.52 

 454 

 455 

GC-MS screening for secondary metabolites of ethyl acetate extract of fungal isolate 456 

Aspergillus cf. terreus CJR-4 457 

Endophytic fungi secrete various secondary metabolites to facilitate growth and defense against 458 

pathogens. The identification of those bioactive secondary metabolites is crucial for 459 

understanding their functions and discovering compounds with promising benefits. As A. cf. 460 

(a)

(b)

50 μL

150 μL100 μL

50 μL

100 μL 150 μL

(c)

(d)
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terreus CJR-4 showed potent antagonistic activity against both phytopathogens, an attempt was 461 

made to analyze its chemical composition using GC-MS, which revealed several compounds 462 

with potent biological roles (Fig. 5; Table 3). Among the detected compounds, the major ones 463 

by peak area percentage were 1,3,5-cycloheptatriene (29.29%), diphenyl sulphone (22.15%). 464 

Other detected compounds such as o-tert-Butylhydroxylamine (13.48%), propane, 2-methyl-465 

1-nitro- (11.77%), 1H-Indene, 1-methylene- (6.38%), 2-Nonen-1-ol (6.04%), ethane, 1,1-466 

diethoxy- (5.77%) and Ethanone,2-(formyloxy)-1-phenyl- (5.10%). 467 

 468 

Figure 5. GC-MS chromatograms of ethyl acetate extract of CJR-4 isolates. 469 

 470 

Table 3. Chemical profile of ethyl acetate extract of CJR-4 isolate (major chemical 471 

constituents). 472 

Sl. 
No 

Retention 
Time (RT) 

Compounds Name Relative 
Area%  

Molecular 
Weight 

Formula 

01 2.592 Ethane, 1,1-diethoxy- 5.77 118.17 C6H14O2 

02 3.099 1,3,5-Cycloheptatriene 29.29 92.14 C7H8 

03 10.650 Ethanone,2-(formyloxy)-1-phenyl- 5.10 164.16 C9H8O3 

04 11.361 2-Nonen-1-ol 6.04 142.24 C9H18O 

05 12.629 1H-Indene, 1-methylene- 6.38 128.17 C10H8 

06 17.136 o-tert-Butylhydroxylamine 13.48 89.14 C4H11NO 

07 17.435 Propane, 2-methyl-1-nitro- 11.77 103.12 C4H9NO2 

08 21.680 Diphenyl sulfone 22.15 218.27 C12H10O2S 

 473 

Indole-3-acetic acid production (IAA) 474 
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Phytohormones play a crucial role in plant growth and development. In this study, IAA 475 

production by fungal endophytes was determined under different concentrations of L-476 

tryptophan as a precursor. Among the three isolates, CJR-1 produced the highest IAA 477 

concentration (305.69 ± 0.41 µg/mL) at 5 mg/mL L-tryptophan (Fig. 6a, b). In contrast, isolates 478 

CJR-2 and CJR-4 exhibited maximum IAA production at 2 mg/mL of L-tryptophan, yielding 479 

104.05 ± 3.89 and 23.22 ± 0.52 µg/mL, respectively. Interestingly, IAA production by isolates 480 

CJR-2 and CJR-4 decreased at 5 mg/mL of L-tryptophan, suggesting that IAA biosynthesis in 481 

these endophytes was influenced by the precursor concentration (Table 4).  482 

 483 

Figure 6. (a) Qualitative determination of IAA production by fungal endophytes; (b) 484 

quantitative estimation of IAA production by fungal endophytes. Data are represented as mean 485 

± SD of n=3. Asterisks **** represented the significant statistical variation at the p < 0.0001 486 

level. 487 

                  Table 4. Quantitative estimation of IAA production by isolated fungal endophytes. 488 

Tryptophan 
conc. (mg/mL) 

IAA production by fungal endophytes 
(µg/mL) 

CJR-1 CJR-2 CJR-4 
1 mg/mL 222.49 ± 0.34 0 ±0 0 ± 0 
2 mg/mL 258.68 ±0.39 104.05 ± 3.89 23.22 ± 0.52 

(a)

(b)
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5 mg/mL 305.69 ± 0.41 83.70 ± 0.07 4.74 ± 0.32 
 489 

Phosphate solubilization 490 

To determine phosphate solubilization potential, fungal endophytes were inoculated on PVK 491 

agar medium, and all isolates exhibited positive phosphate solubilizing activities indicated by 492 

the formation of clear zones around their growth on medium (Fig. 7). Among three isolates, the 493 

highest phosphate solubilization index occurred with CJR-2 as 3.09 ± 0.09, followed by CJR-494 

4 (2.51 ± 0.01) and CJR-1 (2.23 ± 0.03) (Table 5; Fig. 7b).  495 

 496 

Figure 7. Fungal endophytes growing on PVK agar medium. (a) Clear halo zone around the 497 

fungal colony represents phosphate solubilization ability; (b) comparative PSI of fungal 498 

isolates. Data represent the mean ± SD of n=3. Asterisks ** & **** represent statistical 499 

variation at p < 0.0021 & 0.001 level. 500 

                     Table 5. Phosphate solubilization index of fungal isolates. 501 

Fungal endophytes Phosphate solubilization 
index  

 Fusarium oxysporum CJR-1  2.23 ± 0.03 
Penicillium sp. CJR-2 3.09 ± 0.09 
Aspergillus cf. terreus CJR-4 2.51 ± 0.01 

 502 

Ammonia production 503 

The ammonia produced by endophytic fungi plays a crucial role in soil fertility and nitrogen 504 

recycling. Further, they regulate soil pH levels by secreting acidic substances during ammonia 505 

production. All three tested endophytes exhibited colour changes from pale yellow to brown, 506 

indicating that they can produce ammonia. The intensity of colour changes indicates the degree 507 

CJR-1 CJR-4CJR-2

(a)

(b)
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of ammonia production, as shown in Fig. 8a. The spectrophotometric analysis of the tested 508 

solution exhibited that CJR-1 produced a significantly high concentration of ammonia, i.e., 509 

85.44 ± 0.63 µg/mL (Fig. 8b), followed by CJR-4 as 78.07 ± 0.17µg/mL. In contrast, lower 510 

ammonia production was observed in CJR-2 isolates (Table 6). 511 

 512 

Figure 8. Determination of ammonia production by Nessler’s test. (a) Qualitative 513 

determination of ammonia production; (b) quantitative estimation of ammonia production. 514 

Asterisks **** reflect the significant statistical variation at the p < 0.0001 level. 515 

Table 6. Quantitative estimation of ammonia production by isolated fungal endophytes 516 

 517 

 518 

 519 
 520 

 521 

Siderophore production 522 

The 523 ability 

of the 524 tested 

endophytes to change colour from blue to orange in CAS agar indicates siderophore 525 

production. The result showed that CJR-1 exhibited the formation of an orange halo zone 526 

around the fungal colony, whereas CJR-2 and CJR-4 resulted in a negative siderophore test 527 

(Fig. 9; Table 7). 528 

Fungal endophytes Ammonia production (µg/mL) 
 Fusarium oxysporum CJR-1  85.44 ± 0.63 
Penicillium sp. CJR-2 4.73 ± 0.34 
Aspergillus cf. terreus CJR-4 78.07 ± 0.17 
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 529 

Figure 9. Qualitative determination of the siderophore test in CAS agar medium. 530 

Table 7. Qualitative determination of siderophore production by fungal endophytes. 531 

Fungal endophytes Quantitative 
siderophore test 

 Fusarium oxysporum CJR-1  + 
Penicillium sp. CJR-2 - 
Aspergillus cf. terreus CJR-4 - 

 532 

DPPH and ABTS radical scavenging activity 533 

The ethyl acetate extract of three fungal isolates exhibited dose-dependent free radical 534 

scavenging activity (Fig. 10a, b). Fungal extract CJR-4 showed outstanding percentage 535 

scavenging potential of DPPH, ranging from 2.78 ± 0.08 to 80.09 ± 0.11, and ABTS 11.35±0.12 536 

to 92.66±0.17 at the concentration of 5-200 µg/mL (Table 8). On the other hand, CJR-2 showed 537 

lower scavenging activity than CJR-1. Furthermore, the CJR-4 extract showed IC50 values of 538 

80.85 µg/mL (DPPH) and 24.27 µg/mL (ABTS+), respectively (Table 9). 539 

 540 

Figure 10. (a, b) Representing DPPH and ABTS radical scavenging activity of different 541 

concentrations of ascorbic acid and fungal crude metabolites. 542 

 543 

 544 

CJR-1 CJR-4CJR-2

(a) (b)
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Table 8. DPPH and ABTS+ scavenging activity of ethyl acetate extract of fungal metabolites. 545 
Concentrat
ion 
  

Inhibition percentage  
Ascorbic acid CJR-1 CJR-2 CJR-4 

DPPH ABTS DPPH ABTS DPPH ABTS DPPH ABTS 
5 µg/mL 33.53±0.

00 
34.34± 
0.14 

0.13±0.1
2 

3.61±0.
27 

0.33±0.1
1 

0.92±0.1
5 

2.78±0.0
8 

11.35±0.1
2 

25 µg/mL 94.51±0.
05 

100.00± 
0.0 

1.95±0.1
1 

51.30±
0.18 

0.60±0.2
0 

1.94±0.4
6 

20.82±0.
11 

51.45±0.3
2 

50 µg/mL 95.12±0.
05 

100.00± 
0.0 

8.93±0.1
4 

69.88±
0.62 

1.34±0.1
2 

3.05±0.2
6 

36.35±0.
03 

71.05±0.4
7 

100 µg/mL 95.93±0.
04 

100.00± 
0.0 

22.54±3.
94 

77.91±
0.50 

3.76±0.1
2 

5.18±0.2
9 

58.46±0.
03 

89.64±0.1
4 

200 µg/mL 95.93±0.
04 

100.00± 
0.0 

47. 38 ± 
0.36 

85.94±
0.67 

6.05±0.2
2 

12.97±3.
01 

80.09±0.
11 

92.66±0.1
7 

 546 
Table 9. IC50 values of ascorbic acid and fungal crude metabolites in DPPH and ABTS+ assay. 547 

Samples DPPH IC50 (µg/mL) ABTS IC50 (µg/mL) 

Ascorbic acid 10.40 9.77 
 Fusarium oxysporum CJR-1  >200 24.45 
Penicillium sp. CJR-2 >200  >200 
Aspergillus cf. terreus CJR-4 80.85  24.27 
 548 

The assessment of growth promotion in maize plants by inoculation of endophytic fungal 549 

isolates and AMF in pot conditions 550 

A pot experiment was conducted to investigate the effects of isolated endophytic fungi (CJR-551 

1, CJR-2, and CJR-4) and AMF on the growth promotion of maize plants (Fig.11,12). Maize 552 

plants treated with endophytic fungi and AMF showed significant improvements (p < 0.05) in 553 

overall growth and biomass compared with the control (Table 10). The control treatment 554 

resulted in the lowest root and shoot lengths of 17.0 ± 2.0 cm and 66.04 ± 11.07 cm, followed 555 

by the fresh and dry mass values. Plant treated with AMF exhibited the highest root fresh 556 

weight (5.75 ± 0.21 gm) and enhanced overall growth. The endophytic isolates CJR-1 and CJR-557 

2 also showed a significant increase in overall growth parameters compared with the control. 558 

On the other hand, the most pronounced growth was observed under treatment with CJR-4 559 

isolates, which exhibited the highest root length (30.33 ± 5.68 cm) and shoot length (86.36 ± 560 

5.08 cm). Similarly, it significantly (p < 0.05) increased fresh shoot biomass (45.93 ± 2.08 gm) 561 

and dry mass of both shoots (8.57 ± 0.35 gm) and roots (1.36 ± 0.03 gm), representing 562 

substantial growth performance compared to AMF, CJR-1, CJR-2, and the control treatments. 563 
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 564 

Figure 11. Plant growth promotion test. (a) Effect of endophytic fungal inoculum and AMF on 565 

growth promotion of maize plant, (b) comparative bar graph of shoot length and shoot biomass 566 

among the treatments. Data represent triplicate values of mean ± SD. Asterisks ** & **** 567 

represent statistical variation at p < 0.0021 & 0.001 level. 568 

Table 10. Assessment of growth promotion in maize plants inoculated with endophytic fungi 569 

and AMF. Values are represented as mean ± SD of a triplicate experiment. 570 

 571 

(a)

(b)

Control AMF CJR-1 CJR-2 CJR-4

Treatment Plant height (cm) Fresh biomass (gm) Dry biomass (gm) 

Root length  Shoot length  Root weight Shoot weight Root weight Shoot weight 

Control 17.0 ± 2.0 66.04 ± 11.07 3.17 ± 0.41 32.10 ± 1.90 0.47 ± 0.04 3.25 ± 0.25 

AMF 18.66±0.57 77.89 ± 3.87 5.75 ± 0.21 42.38 ± 2.61 0.82 ± 0.04 4.66 ± 0.10 

CJR-1 20.0 ± 2.64 75.35 ± 7.75 4.76 ± 0.04 35.85 ± 2.27 1.06 ± 0.03 3.94 ± 0.06 

CJR-2 24.0 ± 4.35 76.2 ± 5.08 5.37 ± 0.07 36.34 ± 0.68 1.10 ± 0.02 4.06 ± 0.13 

CJR-4 30.33± 5.68 86.36 ± 5.08 5.61 ± 0.07 45.93 ± 2.08 1.36 ± 0.03 8.57± 0.35 
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 572 

Figure 12. (a) Showing the effect of root length among the treatments and control, (b) effect 573 

of inoculation on root length, fresh weight, and dry weight. Asterisks indicate significant 574 

statistical variation at the p < 0.05 level. 575 

 576 

Effects of endophytic fungal inoculum and AMF on chlorophyll and carotene content 577 

Photosynthetic pigment levels across the different treatments showed significant variation (Fig. 578 

13). The plant inoculated with AMF resulted in the highest accumulation of photosynthetic 579 

pigment, chlorophyll a (6.50 ±0.07 mg g⁻¹ FW), chlorophyll b (1.39 ± 0.05 mg g⁻¹ FW), and 580 

carotene (2.24± 0.04 mg g⁻¹ FW) along with total chlorophyll (a+b) 7.89 ± 0.13 mg g⁻¹ FW, 581 

(Table 11). 582 

              Among the treatments of isolated endophytes, CJR-4 exhibited maximum 583 

accumulation of measurable pigment with chlorophyll a (4.93 ±0.03 mg g⁻¹ FW), followed by 584 

chlorophyll b (2.00± 0.07 mg g⁻¹ FW), total chlorophyll (a+b) as 6.94 ± 0.10, and carotene 585 

(1.00 ± 0.00 mg g⁻¹ FW). At the same time, CJR-2 showed higher accumulation of all these 586 

pigments than CJR-1. 587 

             All the plants inoculated with fungal isolates showed a significant (p < 0.05) increase 588 

in photosynthetic pigments compared to the control. 589 

(a)

(b)

ControlAMFControl
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 590 

Figure 13. Accumulation of photosynthetic pigments chlorophyll a, chlorophyll b, and 591 

carotene in control and treatment groups. Asterisks indicate significant statistical variation at 592 

the p < 0.05 level. 593 

Table 11. Depicted the effect of fungal endophytes and AMF on chlorophyll and carotene 594 

accumulation in maize plants. 595 

Treatments Chlorophyll 
‘a’ mg g⁻¹ FW 

Chlorophyll ‘b’ 
mg g⁻¹ FW 

Carotene  
mg g⁻¹ FW 

Chlorophyll ‘a+b’ 
mg g⁻¹ FW 

Control 1.79 ±0.14 0.48 ±0.19 0.45 ±0.10 2.28 ±0.33 
AMF 6.50 ±0.07 1.39 ±0.05 2.24 ±0.04 7.89 ±0.13 
CJR-1 2.97 ±0.09 1.15 ±0.03 0.53 ±0.01 4.13 ±0.13 
CJR-2 3.53 ±0.03 1.22 ± 0.00 0.67 ±0.01 4.75 ±0.03 
CJR-4 4.93 ±0.03 2.00 ±0.07 1.00 ±0.00 6.94 ±0.10 

 596 

Root colonization potential of fungal isolate Aspergillus cf. terreus CJR-4 597 

Root colonization of inoculated fungal endophyte A. cf. terreus CJR-4 was confirmed by re-598 

isolation from surface-sterilized root segments at 14 and 28 DAT (Fig. 14a, b). Gradual 599 

establishment of CJR-4 was observed inside the root tissues, as evidenced by colonization 600 

frequency increased from 30% at 14 DAT to 65% at 28 DAT (Fig. 14d). The re-isolated fungus 601 

showed colony morphology and microscopic characteristics identical to those of the original 602 

inoculated fungus (CJR-4), confirming its identity (Fig. 14b, c). Furthermore, microscopic 603 

examination of stained root tissues confirmed the presence of fungal hyphae, conidiophores, 604 

and conidia, providing additional evidence of successful root colonization by the fungal isolate 605 

CJR-4 (Fig. 14e, f). 606 

 607 
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 608 

Figure 14. Colonization of A. cf. terreus CJR-4 in maize roots. (a) Re-isolation of CJR-4 fungus 609 

from surface-sterilized root segments at 14 and 28 days after treatment (DAT). (b-c) 610 

Morphological and microscopic comparison of treated CJR-4 isolate with re-isolated fungus 611 

from maize roots, showing similar colony morphology, pigmentation, conidiophores, conidial 612 

heads, and conidia. (d) Bar graph showing the colony frequency (%) of treated CJR-4 isolate 613 

in maize roots at 14 and 28 DAT. (e-f) Microscopic examination of maize root tissues (10 × 614 

and 40 × magnification) shows fungal hyphae, conidiophores, and conidia, confirming 615 

successful colonization of the CJR-4 isolate.  Data represented as mean ± SD (n=3). 616 

 617 

Discussion 618 

Fungal endophytes promote plant growth by secreting phytohormones, enhancing mineral 619 

absorption, and protecting from phytopathogens. This potent plant growth-promoting fungus 620 

(PGPF) emerged as an alternative to chemical fertilizers. In this study, three distinct endophytic 621 

fungi were isolated from the roots of Crotalaria juncea L. plants and tested for their 622 

antagonistic, antioxidant, and plant growth-promoting potential.  623 

                    The antagonistic potential of three isolated endophytic fungi was evaluated against 624 

two phytopathogenic fungi, F. oxysporum and A. alternata, using the dual culture method. The 625 

study demonstrated that CJR-4 showed potent mycelial inhibition against both tested 626 

pathogenic fungi, possibly due to the secretion of active biological compounds. An earlier study 627 

reported that endophytic fungi are a treasure trove of biologically active compounds with 628 

diverse effects, including antimicrobial, antioxidant, anticancer, insecticidal, antiviral, 629 

(a)
(b)

(c)

(Re-isolated fungi)

(Original fungi)

(d)
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nematocidal, and plant growth-promoting activities43,44. Furthermore, the ethyl acetate crude 630 

extract of A. cf. terreus CJR-4 exhibited potent antifungal activity against both fungal 631 

pathogens tested. The observed antifungal activity may be attributed to the combined effect of 632 

diverse bioactive metabolites present in the fungal extract. A dose-dependent increase in 633 

antifungal activity was observed, with the crude extract showing greater sensitivity against A. 634 

alternata than against F. oxysporum, indicating differential effects of the bioactive metabolites 635 

present in the crude extract on the tested fungal pathogens (Fig. 4; Table 2). Similarly, 636 

antifungal activities of endophytic fungal crude metabolites have been reported against several 637 

phytopathogenic fungi45,46,13. The clear inhibition zone observed in the agar well diffusion 638 

assay further supports the role of diffusible bioactive secondary metabolites in pathogen 639 

inhibition. It corroborates the antagonistic activity observed during dual-culture test. This study 640 

reported the identification of diphenyl sulphone in the GC-MS chromatograms of ethyl acetate 641 

extract of A. cf. terreus CJR-4 (Fig. 5). Similarly, Sathyalingam et al.47 reported the detection 642 

of diphenyl sulphone in the GC-MS profile of the crude extract of an endophytic fungus 643 

Fusarium avenaceum isolated from leaf litter of Elaeocarpus ganitrus. Likewise, Jaffer et al.48 644 

recently identified diphenyl sulphone in the crude extract of Clonostachys rosea CR 02, an 645 

entomopathogenic fungus active against Myzus persicae. Due to the presence of the -SO2- 646 

functional group, this compound exhibits excellent chemical and thermal stability, as well as 647 

antimicrobial, antioxidant, and enzyme-inhibitory activities49,50. Alhaddad et al.13 recently 648 

reported the presence of two potent compounds, hexadecanoic acid and lovastatin, in the 649 

dichloromethane extract of an endophytic fungal isolate, Aspergillus terreus. In contrast, 650 

lovastatin was not detected in the GC-MS analysis of the ethyl acetate crude extract of the 651 

fungus A. cf. terreus CJR-4 in the present study. Although Aspergillus terreus has been widely 652 

documented as an industrially important producer of lovastatin, secondary metabolite 653 

production in this species is highly strain-dependent and influenced by cultivation conditions 654 

and nutrient availability51,52. Therefore, the absence of lovastatin in CJR-4 likely reflects 655 

intraspecific metabolic variation rather than inconsistency with its taxonomic identity. 656 

Variation in metabolite profiles across studies may be linked to differences in fungal strains, 657 

solvent systems, and cultivation conditions. Furthermore, sulfur-containing fungal metabolites 658 

are common constituents of fungal secondary metabolism, which exhibit potent antimicrobial 659 

and antioxidant activities53. Other detected compounds, such as 2-nonen-1-ol (unsaturated 660 

alcohol), have been previously reported as common constituents of microbial and plant-derived 661 

extracts and exhibit antimicrobial and antioxidant activities by disrupting pathogen membranes 662 

and scavenging ROS54,55. Similarly, crude metabolites of the endophytic isolate CJR-4 663 
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exhibited excellent DPPH and ABTS+ radical scavenging activities. The presence of bioactive 664 

metabolites such as 1H-indene, 1-methylene (an aromatic hydrocarbon), and ethanone, 2-665 

(formyloxy)-1-phenyl- (aromatic ketone derivatives) in the crude extract of CJR-4 might 666 

contribute to free radical scavenging activity, which is crucial for protecting against oxidative 667 

damage in the plant cells, as previously reported by El-Shamy et al.56 and Sasidharan et al.57. 668 

                  Prior to the pot experiment, all three isolates were tested for their plant growth-669 

promoting traits under in vitro conditions. The most common phytohormone, IAA, was tested, 670 

revealing that CJR-1 secreted the highest concentration, ranging from 222.49 ± 0.34 to 305.69 671 

± 0.41 μg /mL at 1 mg/mL to 5 mg/mL L-tryptophan concentrations. On the other hand, CJR-672 

2 and CJR-4 exhibited maximum IAA production (104.05 ± 3.89 and 23.22 ± 0.52 µg/mL) at 673 

2 mg/mL of L-tryptophan concentration. However, at a L-tryptophan concentration of 5 674 

mg/mL, IAA production by isolates CJR-2 and CJR-4 gradually decreased, suggesting that the 675 

precursor concentration influenced IAA production (Fig. 6). The decline in IAA production by 676 

these two isolates at higher precursor concentration may be attributed to feedback regulation 677 

of IAA biosynthesis or diversion of L-tryptophan into alternative metabolic pathways. Similar 678 

trends of findings have also been reported in other fungal endophytes. For example, 679 

Numponsak et al.58 reported that fungal endophyte Colletotrichum fructicola CMU-A109 680 

produced maximum IAA at an optimal L-tryptophan concentration (8 μg/mL), followed by a 681 

decline at higher precursor levels. Similarly, two fungal endophytes, C. fructicola CMU-AU 682 

006 and Tulasnella sp. CMU-SLP 007 showed increased IAA production with increasing L-683 

tryptophan concentration, but decreased after the precursor concentration reached 6 mg/mL 59. 684 

Recently, Maan and Abdelhamid reported60 a similar observation: where the fungal endophyte 685 

F. oxysporum AUMC 16,438 produced the highest IAA (35.65 µg/mL) at 0.6% L-tryptophan 686 

concentration, but at higher concentrations (0.8-1.25%) negatively influenced IAA production. 687 

An earlier report showed that some endophytic fungi, such as Aspergillus, Fusarium, 688 

Penicillium, Phoma, Piriformospora, and Chaetomium, can produce IAA8,61. These IAA-689 

producing endophytic fungi stimulate lateral root formation and root hair development, 690 

facilitating nutrient absorption in the host plant62. Solubilization of inorganic phosphate by 691 

microorganisms is mediated by organic acids and metabolites secreted during their metabolism, 692 

and this process is crucial when phosphate is a limiting factor. Phosphate-solubilizing strains 693 

have been reported to significantly enhance plant growth and crop yield by increasing 694 

phosphate uptake63,64. In this study, all tested endophytic fungi exhibited phosphate 695 

solubilization activity. Among the fungal isolates, CJR-2 showed the highest PSI of 3.09 ± 696 

0.09, followed by CJR-4 and CJR-2 (Fig. 7). Similarly, endophytic fungi Penicillium sp. and 697 
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Aspergillus sp. showed clear zones of P solubilization ranging from 1.0 to 1.2 mm 65. 698 

Furthermore, all tested endophytes were capable of producing ammonia (Fig. 8), whereas one 699 

endophytic fungus, CJR-1, produced a siderophore. However, two isolates, CJR-2 and CJR-4, 700 

did not produce siderophores, possibly due to a lack of genes responsible for siderophore 701 

biosynthesis. Wang et al.8  reported that endophytic fungi Fusarium sp. ZZ13 and Alternaria 702 

sp. ZZ10 possesses multiple plant growth-promoting traits, including IAA, siderophore, and 703 

ammonia production, as well as phosphate solubilization. The endophytes Aspergillus 704 

tubingensis and Talaromyces veerkampii have also been reported to produce IAA and ammonia 705 

and to solubilize phosphate, thereby promoting overall rice plant growth66. 706 

                 Maize is the world's third-largest cereal crop after wheat and rice, and plays an 707 

important role in global agri-food systems. Due to increasing food consumption, global maize 708 

production has surged in the last few decades and is set to become the most cultivated and 709 

traded crop in the near future67. Hence, an approach has been adopted to evaluate the effects of 710 

isolated endophytes and AMF on the growth promotion of maize plants in pot conditions. 711 

Inoculating fungal endophytes into 10-day-old maize seedlings and observing for 28 days 712 

resulted in significant increases in plant height, biomass accumulation, and photosynthetic 713 

efficiency. Such enhancement may be due to PGPF's functional role through mechanisms such 714 

as nutrient solubilization, nutrient availability, physiological responses, and modulation of the 715 

root system.  Among the treatments, CJR-4 isolate exhibited the most pronounced effect, with 716 

significant increase in root length (30.33 ± 5.68 cm) and shoot length (86.36 ± 5.08 cm) as well 717 

as higher shoot fresh weight (45.93 ± 2.08 gm) and dry root weight (1.36 ± 0.03 gm) and dry 718 

shoot weight (8.57 ± 0.35 gm), might be due to their vigorous nutrient uptake and better 719 

physiological stimulation abilities making more prominent than other isolates (Table 10).  It is 720 

noted that endophytic isolate CJR-4 inoculated maize plants surpass growth indices in 721 

comparison to AMF inoculated maize plants. Interestingly, the maximum root fresh weight 722 

observed under AMF treatment may be due to greater water accumulation, as mycorrhizal fungi 723 

are known to accumulate water. At the same time, the enhancement of root length by CJR-4 in 724 

maize plants may directly linked with colonization efficacy and root architecture development, 725 

which are pivotal for nutrient and water acquisition. This study confirmed the colonization of 726 

maize roots by the promising isolate A. cf. terreus CJR-4 through multiple validations, 727 

including re-isolation from surface-sterilized root segments, determination of colonization rate, 728 

identical morphology of the re-isolated fungus with the original isolate, and microscopic 729 

observation of stained root tissues. Colonization frequency increased from 30-65% at 14 and 730 

28 DAT, indicating progressive root establishment of treated fungal endophyte. Successful 731 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



colonization of fungal endophytes is crucial for plant-microbe interactions, facilitating nutrient 732 

mobilization, phytohormone production, and providing defense to their host through the 733 

secretion of diverse bioactive compounds. Therefore, the superior growth-promoting effects 734 

observed in CJR-4-inoculated maize plants may be attributed to its effective colonization 735 

potential and persistence within the root tissues. Similarly, Shan et al.68 reported that 736 

inoculation of the fungus Paraphaosphaeria sp. JRF11 efficiently colonized the tomato plant 737 

and boosted its growth. Likewise, Hu et al.69 found that early colonization of Metarhizium and 738 

Pochonia in hemp plants enhanced stem length and stem and root weight. Hence, effective 739 

colonization of fungal endophytes is crucial for improving plant growth and promoting plant 740 

health, irrespective of their multiple plant-growth-promoting traits70. 741 

                Photosynthetic pigments are crucial for increasing the photosynthetic rate in plants. 742 

In this study, inoculation with AMF and endophytic fungi resulted in the highest accumulation 743 

of photosynthetic pigments compared to uninoculated plants. Maize plant treated with AMF 744 

found to consist of a high amount of chlorophyll a (6.50 ± 0.07), chlorophyll b (1.39 ±0.05), 745 

chlorophyll a+b (7.89 ±0.13), and carotene (2.24 ± 0.04) in mg/gm fresh weight tissues (Table 746 

11). Similarly, this finding is consistent with inoculation of AMF in maize plants, which has 747 

been reported to significantly increase chlorophyll a, chlorophyll b, and total chlorophyll (a+b) 748 

content, leading to enhanced photosynthetic rate and nutrient accumulation compared to 749 

untreated plants71. On the other hand, among the treatments, CJR-4 also resulted in substantial 750 

increases in chlorophyll a+b (6.94 ±0.10) and carotene (1.00 ±0.00) in mg/gm fresh weight 751 

tissue compared to the control (Table 11), suggesting their ability to enhance pigment 752 

biosynthesis. Likewise, inoculation with the endophytic fungus Fusarium sp. YMYD, 753 

Alternaria sp. ZZ10 and Fusarium sp. ZZ1 with tobacco plant reported to increase chlorophyll 754 

a, and total chlorophyll content8. Moreover, our findings are consistent with those of  Jan et 755 

al.72, who reported that inoculation with the endophytic fungus Candida membranifaciens 756 

enhances chlorophyll and carotenoid levels in maize plants, making it a promising agent to 757 

boost photosynthetic pigments and overcome salt stress. Gul et al.73 reported that endophytic 758 

isolate Aspergillus welwitschiae BK enhanced the physiological performance of maize plants 759 

by inducing chlorophyll and carotenoid content under salinity stress. These overall results 760 

strongly corroborate the earlier report of  Sun et al.71, which showed that AMF association with 761 

maize plants boosts chlorophyll accumulation, leading to increased photoprotection and 762 

enhanced physiological performance. An increasing level of carotene also showed its effect on 763 

photoprotective capabilities by minimizing the photooxidative damage and supporting 764 

photosystem II. Overall, the results demonstrated that our isolates (CJR-4) and AMF improved 765 
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photosynthetic pigment accumulation in maize, likely through increased nutrient availability 766 

and metabolic regulation. 767 

 768 

Conclusion 769 

This study demonstrated that fungal endophytes isolated from root tissues of Crotalaria juncea 770 

L. possess promising multifunctional activities, including antagonistic, antioxidant and plant 771 

growth-promoting potential. The present findings highlight the ability of selected fungal 772 

endophytes to enhance maize growth under pot conditions. Among the tested isolates, A. cf. 773 

terreus CJR-4 emerged as a promising isolate for further development as a bioinoculant. 774 

However, additional field studies are necessary to validate its long-term efficacy, ecological 775 

compatibility, and impact on soil microbial dynamics and health before large-scale agricultural 776 

use.  777 

 778 

Data availability  779 

The data supporting the findings of this study are available in the supplementary material of 780 

this manuscript. 781 
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