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Fungal endophytes are beneficial plant counterparts and potent producers of bioactive plant growth-promoting
metabolites. This study focuses on the isolation and screening of fungal endophytes with strong plant growth-
promoting activities from the ethnomedicinal plant Coleus forskohlii (Willd.), Briq., collected from West Bengal,
India, and characterization of the cell-free culture extracts. Out of the 13 major isolates, Diaporthe osmanthi
COFS1 is the most effective producer of Indole acetic acid (31.72 + 0.04 pg ml'), and also synthesized ammonia,
siderophore, and solubilized phosphate (31.40 +0.28 pg ml"). The Indole-3-acetic acid production was confirmed by
UV-VIS, TLC, FTIR, gas chromatography-mass spectrometry, HRMS, and H'-nuclear magnetic resonance analyses.
Gas chromatography-mass spectrometry analysis revealed putative PGP metabolites, including phenylethyl alcohol,
1-methylene-1H-indene, Indole-3-acetic acid, tryptophol, Indole-6-carboxaldehyde, and 2H-1-Benzopyran-2-
one. The maximum [AA production was observed in Czapek Dox Broth (CDB) amended with 0.5 mg ml' of
L-tryptophan, pH 6.5, 30 g I'! sucrose, on the seventh day of the incubation period. The plant growth-promoting
effects of fungal metabolites on the in vivo growth of Triticum aestivum L was evaluated. The application of 50%
fungal extract resulted in a significant increase in the overall growth attributes compared with the uninoculated
control plants, indicating its potential as a strong plant growth promoter.

INTRODUCTION

Endophytic fungi are known for their ability to stimulate plant growth
by producing bioactive secondary metabolites. They are ubiquitously
distributed in every plant species and significantly influence their
life cycle in a symbiotic manner. Fungal endophytes also facilitate
the activation of different physiological and mechanical processes of
plants that help to withstand biotic and abiotic environmental stresses
[1]. Triticum aestivum L. (wheat) is the second most important
cereal crop for human and animal consumption. According to United
Nations population predictions, India will need to produce 110-114
million tons of wheat by Mottaleb et al. [2]. In the recent era, the
main concern to meet the increasing demand for staple foods is the
use of chemical fertilizers on agricultural land and their long-term
irreversible damage to the global ecosystem. Considering this, internal
plant microorganisms with growth-promoting traits can be exclusively
applied as ecofriendly inoculants for stress and disease management.
Owing to its coevolutionary mode of relationship, the endophytic
fungal population acts as a multilevel barrier system among various
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mechanisms that directly or indirectly interact to improve plant growth.
Many filamentous fungal species of the genera Piriformospora 3],
Aspergillus [4), Epichloe |5, Trichoderma (6], Alternaria [7], and
Colletotrichum [8] have been described as plant growth promoting-
endophytic fungi. Researchers have focused on studies related to the
bioprospection of endophytes and understanding the potential aspects
of microbial metabolites in agricultural productivity.

Indole-3-acetic acid (IAA), a crucial auxin derivative, is essential for
promoting plant growth. It plays an essential role in the developmental
processes of plants from embryogenesis to senescence. It also acts as
a regulatory agent for cell differentiation of microbes [9]. There is
evidence that IAA biosynthesis has evolved naturally in both plants and
its associated micro-organisms like bacteria and fungi [10]. Several
studies have demonstrated the bioactive potential of endophytic
fungi in terms of environmental sustainability [11]. Furthermore, the
benefits of plant growth-promoting endophytic fungi are achieved
in different other ways, such as nutrient solubilization, production
of volatile metabolites (e.g., HCN and ammonia), and extracellular
hydrolytic enzyme production. Many studies have investigated the
combined effects of exogenous auxins and endophytic metabolites on
the growth characteristics of several crops, such as maize, beans, and
tomatoes [12,13]. These multifaceted activities sustain plant growth
and defense mechanisms [14].

Within this context, the present study was designed to isolate and
identify plant growth-promoting endophytic fungi associated with an

© 2025 Riya Dutta and Debdulal Banerjee. This is an open access article distributed under the terms of the Creative Commons Attribution License
-NonCommercial-ShareAlike Unported License (http://creativecommons.org/licenses/by-nc-sa/3.0/).


https://crossmark.crossref.org/dialog/?doi=10.7324/JABB.2025.215296&domain=pdf

160 Dutta and Banerjee: Journal of Applied Biology & Biotechnology 2025;13(3):159-169

ethnomedicinal plant of Lamiaceae, Coleus forskohlii (Willd.) Briq.
or “Pashanbhedi”. This is a major genus of Lamiaceae with 325 native
species reported in India. It is a perennial herb with a wide range of
medicinal properties, such as antidiuretic, immunosuppressant, anti-
cancer, and gastro-stimulant activities. There are previous reports
related to the endophytic Diaporthe, isolated from Terminalia arjuna
[15], Salvia yangii [16], and Litchi chinensis [17].To the best of our
knowledge, the plant growth-promoting activities of Diaporthe sp.
have not been evaluated. This investigational outcome is the first
report of Diaporthe osmanthi COFSI1 as a potent producer of plant
growth-promoting metabolites with strong in vivo utility.

2. MATERIAL AND METHODS

2.1. Collection of Plant Materials and Isolation of Endophytic
Fungi

Fresh, healthy samples of C. forskohlii (Willd.) Briq. was collected from
the West Midnapore district (Lat. 22.377082" N, Long. 87.040122°
E), West Bengal, India, in October 2022. Labeled plants were kept
in sterile ziplock bags and immediately brought to the microbiology
laboratory at Vidyasagar University for endophyte isolation. Different
plant parts, such as the roots, stems, and leaves, were individually
surface sterilized following the procedures described by Aravind et al.
[18]. A total of 75 explants were placed in water agar (2%) medium
to isolate endophytes, and the plates were incubated at 30°C [19]. The
fungal isolates were then transferred to PDA (Potato Dextrose Agar)
containing Petri plates and kept in slants as stock cultures at 4°C.

2.2. Identification of Isolated Endophytic Fungi

Endophytic fungal isolates were identified based on macro- and
micromorphological characteristics. Each isolate was observed under
a Carl ZEISS Axio Al microscope stained with lactophenol cotton
blue and documented in terms of colony morphology and spore-
forming structures. 5.8s rDNA-based genomic analysis was carried
out for molecular identification of the fungal isolate. The aligned
sequence obtained was compared with the GenBank database using
BLASTn. The phylogenetic tree was constructed using MEGA 11
software following the neighbor-joining method, and sequences
were submitted to the NCBI (National Center for Biotechnology
Information) GenBank [20].

2.3. Screening of Fungal Endophytes for Plant Growth-
Promoting (PGP) Activities

Each endophytic fungal isolate was grown in a specific medium
composition following standard methods to screen for PGP attributes,
such as IAA, ammonia (NH,), hydrogen cyanide (HCN), siderophore,
and extracellular enzyme-producing assays. Screening for phosphate
solubilization was also conducted as direct PGP activity.

Quantitative estimation of IAA production was performed using the
method proposed by Patten and Glick [21]. Each fungal isolate was
inoculated into CDB amended with L-tryptophan (1%) and without
tryptophan, at 27°C + 2°C for 7 days. 1 ml of both sets of supernatants
was mixed with twice the volume of the Salkowaski reagent. The
development of pink coloration indicated a positive response of IAA,
and the concentration was estimated by measuring the absorbance at
530 nm.

The ammonia-producing ability of the endophytic isolates was
estimated using the method described by Kavamura ez al. [22]. Next,
the HCN production was qualitatively detected using the method of

Lorck [23]. Endophytic fungal isolates were transferred to PDA basal
media supplemented with glycine. A Whatman, no. 1 filter paper disk
saturated with 0.5% picric acid solution in 2% sodium carbonate
was placed above the Petri dish. The development of a dark brown
color was considered a positive result. Siderophore production was
determined using Minimal Media 9 agar supplemented with Chrome
Azurol S dye [24]. The change in color from blue to faint yellow was
validated as siderophore-producing ability.

Fungal endophytes were screened for extracellular enzyme activity,
including amylase, protease, and pectinase. Enzymatic activity
was assessed by growing fungal isolates in a specific agar medium
amended with 1% soluble starch [25], 1% skim milk powder [26],
and 1% pectin [25]. The formation of transparent zones around fungal
colonies was observed.

The qualitative phosphate solubilizing ability was determined
following the method of Jasim et al. and incubated at 28°C for 4 days
[27]. The solubilization index (SI) was measured using the following
formula: SI (%) = (colony diameter + clear zone)/colony diameter.
Quantitative estimation was performed using the National Botanical
Research Institute’s Phosphate growth medium [28]. Soluble P
concentrations in fungal extracts were estimated in pg ml™.

2.4. Screening for Optimal Conditions for Auxin Production

To screen the optimal conditions for maximum IAA production,
the fungal isolate was grown in different broth culture parameters,
i.e., incubation time (IT) (1-10 days), pH (4.5-8.5), temperature
(20°C—40°C), L-tryptophan concentration (0.1-0.7 mg ml™"), Sucrose
concentration (26-34 g 1), and NaNO, concentration (1.0-3.0 g
I'") following the One Variable at a Time (OVAT) method. The four
most significant variables, i.e., IT, medium pH (MpH), L-tryptophan
concentration, and Sucrose concentration from OVAT results, were
further standardized using the Box-Behnken Design (BBD) of
Response Surface Methodology (RSM) with the help of Minitab
software (version 21.2.0) [29]. Each independent variable was
evaluated through 29 sets of experiments, with a high value denoted
as “+1”, a low value denoted as “-1”, and an optimum value marked
as “0”. The predicted responses were calculated using a regression
equation, and the interactions of the effective variables were
represented as surface plots.

2.5. Characterization of Fungal Metabolites

Endophytic fungal isolate was cultured in large-scale fermentation,
and the cell-free culture filtrate was adjusted to pH 2.8 with IN HCL
and extracted with twice the volume of ethyl acetate (1:2). Solvent
extraction was used to extract crude metabolites from D. osmanthi
COFSI1. The ethyl acetate extract was examined under 200—400
nm of wavelength in Labman LMSPUV1200 spectrophotometer.
Standard IAA and crude extract were then eluted using isopropanol:n-
butanol:ammonia:water (50:30:15:5) solvent system [30]. Silica-
gel-coated alumina plates were visualized under 254 nm UV
light. The presence of different functional groups within the crude
extract was analyzed using an FT-IR (PerkinElmer FT-IR C98747)
spectrophotometer in the 400—4,000 cm™ wave range.

Visual bands were scraped from silica-coated plates, re-dissolved
in methanol, and analyzed. Metabolites produced by COFSI in
culture broth were determined using Gas Chromatography (TRACE
1300) Mass Spectrometry (ISQ QD Single Quadrupole) system
(GC-MS) from Thermo Scientific in ESI mode [31]. According to
Bhanja and Rout [32], the methanolic extract was run in an Agilent
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1100 liquid chromatography-quantitative-time of flight (LC-Q-
TOF) system using an isocratic mixture of 0.1% formic acid and
acetonitrile. Nuclear magnetic resonance (NMR) analysis of purified
COFS1 extract was performed at Vidyasagar University Science
Instrumentation Center using a Brucker-Avance DPX FT-NMR 400
MHz spectrometer (Brucker Corporations, USA). Chemical shifts
of the metabolite are documented in parts per million using the
DMSO-d6 solvent system.

2.6. Plant Growth-Promoting Effects of Cell-Free Culture
Extracts

To assess growth-promoting activity, wheat (Triticum aestivum L.
“PBW343”) was used as a model plant. The potent endophytic isolate
D. osmanthi COFS1 was cultured in CDB for 10 days at 27°C with
150 rpm. The culture filtrate was then centrifuged at 10,000 rpm
for 15 minutes at 4°C, followed by filtration using a Whatman filter
paper (Grade 1:11 um). The supernatant was used as an elicitor and
diluted with sterile distilled water to 20%, 50%, and 80%. Seeds
were sterilized with 1% sodium hypochlorite solution for 10 minutes
and 75% ethanol for 1 minute and rinsed twice with ddH,0. After
disinfection, seeds were germinated in three different concentrations
of culture filter within 9-cm Petri dishes containing filter paper. Petri
plates containing sterile distilled water and CDB were used as control
plates. After the emergence of radicals and plumules, three seedlings
from each treatment were transferred to sterilized plastic bags
containing autoclaved soil and coco-peat mixture (1:1). At the two-
leaf stage, 20 ml of each extract concentration was applied to the apex
at an interval of 2 days. Various growth attributes, such as fresh and
dry weight (in gm), shoot and root length (in cm), chlorophyll content,
and carotenoid content were observed after 60 days of treatment.

2 7. Statistical Analysis

Data obtained from several experiments were performed in triplicate
and analyzed using one-way analysis of variance with GraphPad Prism
8.4.2 software (La Jolla, CA, USA). Differences in experimental
outcomes were compared at p < 0.05 probability values using Tukey’s
multiple comparison test.

3. RESULTS

3.1. Isolation and Identification of Fungal Endophytes

A total of 13 endophytic fungal genera were isolated from different
plant parts of C. forskohlii; including three isolates from roots, five from
stems, and five from leaves. These isolates were initially differentiated
on the basis of macro- and micromorphological characteristics and
identified as several fungal genera, of which Fusarium was the only
genus associated with each plant tissue. Stem tissues were harbored
by the maximum number of fungal isolates, with a colonization rate
of 42% (Supplementary Table 1). The potent isolate COFS1 was
subsequently subjected to 5.8s rDNA sequencing, which revealed it
to be more than 99.60% identical to Diaporthe osmanthi (GenBank
accession: ON927178) (Fig. 1).

3.2. Screening of Fungal Endophytes for PGP-Attributes

Out of the 13 endophytes, 6 fungal isolates exhibited IAA production
activity (0.21-13.12 pg ml') without tryptophan, while 10 fungal
isolates were able to synthesize auxin at various concentrations
(0.18-31.72 pg ml') in broth amended with 0.1% L-tryptophan. The
isolate D. osmanthi COFS1 produced the highest concentration of [AA
regardless of the presence of a precursor (Fig. 2 and Supplementary

96| MK398675.1 Diaporthe osmanthi voucher GUCC9165
44| 'NR 173376.1 Diaporthe osmanthi GZUH HGUP9165

64| ON927178.1 Diaporthe sp. isolate COFS1

h| OQ469356.1 Diaporthe sp. strain ZSD-33
. ~<OC.)469328.1 Diaporthe melitensis strain YXD-05
OR801548.1 Diaporthe spinosa isolate ZZFS12
— ORB801544.1 Diaporthe pescicola isolate ZZFS7
0Q469332.1 Diaporthe pseudophoenicicola strain YXD-09
MN708229.1 Diaporthe drenthii strain BRIP 66524
MH930416.1 Diaporthe liquidambaris isolate TW15
MK587616.1 Fusarium fujikuroi isolate LKDD170903

Figure 1. Plate morphology and microscopic characteristics of isolate COFS1 (a,b); Phylogenetic tree of the isolate constructed
using the neighbor-joining method with bootstrap values (c).
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Figure 2. IAA production by endophytic isolates with and without
L-tryptophan. Different letters (i.e., a,-f, for IAA production with tryptophan
and a-d for IAA production without tryptophan) indicate valid statistical
differences, whereas a similar letter indicates no difference (p < 0.05).

Table 2). The production of ammonia, HCN, and siderophores was
positive for three, one, and two fungal strains, respectively. Three
fungal isolates (i.e., 23%) tested positive for amylase activity, one
isolate (i.e., 7%) for protease activity, and two isolate (i.e., 15%) for
pectinase activity. The endophytic isolates COFR2 (SI:1.14 + 0.01)
and COFS1 (SI:1.70 + 0.01) showed PGP attributes of phosphate
solubilization (Table 1). On the fifth day of incubation, with a pH of
5.2, the maximum solubilization (31.85 pg ml') of phosphate by the
COFS1 isolate was observed (Fig. 3). Amylase enzyme solubilization
index of this endophytic isolate was 0.34, whereas 1.62 was for
the pectinase enzyme.

3.3. Optimization of the Growth Parameters

Auxin production started to increase after 24 hours of incubation,
reaching its maximum (31.72 pg ml') on the seventh day of

Table 1. PGP activities of the endophytic fungal isolates of C. forskohlii.

SI. No. Isolates TAA NH, HCN
1 COFR1 - - -
2 COFR2 + + -
3 COFR3 - - -
4 COFS1 + + -
5 COFS2 + - -
6 COFS3 - - -
7 COFSs4 + - -
8 COFS5 + - -
9 COFL1 + - +
10 COFL2 + - -
11 COFL3 + - -
12 COFL4 + + -
13 COFL5 + - -

Figure 3. Phosphate solubilizing profile of COFS1 in response to medium pH
and IT. The values in the graphs are mean =+ standard error of three replicates.
A different letter (a—d for soluble phosphate and a,—e, for medium pH)
indicates a valid statistical difference, whereas a similar letter indicates no
such difference. (p < 0.05).

the fermentation period (Fig. 4a). Medium pH 6.5 significantly
influenced TAA production, reaching up to 32.02 pg ml', with a
sharp decline observed at alkaline pH values (Fig. 4b). However,
the temperature range between 25°C and 35°C was positively
influenced metabolite production in broth (Fig. 4c). On the other
hand, a steep increase was noticed between 0.1 and 0.5-mg ml" of
L-tryptophan supplemented conditions (Fig. 4d). The least amounts
of fungal growth and TAA were obtained when the fermentation
broth was supplemented with maltose. Furthermore, NaNO,
(19.22 pg ml') followed by KNO, (7.77 pg ml') was effective
in comparison with other nitrogen sources. Similarly, while
optimizing different concentrations of both carbon and nitrogen
sources, 30 g 1" sucrose (35.63 ug ml™') and 2.0 g I NaNO, (28.63
pg ml') showed maximum influence on auxin production (Fig. 4¢
and f). The OVAT results revealed that fermentation conditions

Q Q 2
Phosphate 3 g g
Siderophore AU = = =}
solubilization £ e g
< A a
- - - +
+ + + - -
+ + + - ++
- - - - +

N.B:‘+’ = positive response and low range in enzymatic activity, ‘++’= medium range in enzymatic activity, and ‘-’= negative response.
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Figure 4. Influence of different culture parameters on the IAA production and growth (dry weight of fungal biomass) of D. osmanthi COFS1. Values represent the
mean =+ standard error of three replicates. A different letter (a,—¢,) indicates a valid statistical difference, whereas a similar letter indicates no such difference. (p < 0.05).

at MpH 6.5, growth temperature 30°C, amended with 0.5 mg
ml"' of L-tryptophan, 30 g I'' of sucrose, and, 2 g I'' of NaNO, on
the seventh day of incubation were optimum for the highest [AA

production (Supplementary table 3).

The four most effective fermentation parameters, namely, IT, medium
pH, L-tryptophan concentration, and sucrose concentration, were
further analyzed using RSM. According to BBD, the fungal isolate
COFS1 showed the highest IAA production of 37.30 pug ml' at pH
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6.5, 30 g I of sucrose, and media amended with 0.5 mg ml' of
L-tryptophan at seventh days of incubation. Whereas, the least amount
of TAA produced, i.e., 16.73 pg ml", when media supplemented with
0.4 mg ml! of L-tryptophan, 30 g I! of sucrose, 6.5 pH on the sixth day
of IT (Table 2). The model F-value (8756.37) was significant, whereas
model p-values (p < 0.001) were highly significant, with a 0.00%
chance of error. A predicted R*of 99.95% agreed with the adjusted R?
0f 99.98%, and optimum values of independent variables that affected
the response were evaluated using 3D surface plots (Fig. 5al-fl and
Supplementary Table 4). There is no significant difference between the
actual response (37.44 pg ml?) of the laboratory experiment and the
predicted response (37.37 pg ml') of RSM adopting a fermentation
condition of 7 incubation days, 6.5 pH, supplemented with 0.51 mg
ml! L-tryptophan and 30.15 g I''of sucrose.

3.4. Characterization of PGP Metabolites

UV-VIS spectral peak was obtained at A 275.51 nm. The crude
extract of the fungal isolate exhibited three bands with R values 0f 0.9,

0.89, and 0.84. The R, value of band 2 was similar to that of standard
IAA (Supplementary Figure la and b). The IR spectrum of COFS1
extracts at 2,990 cm is attributed to the presence of alkyl (-CH,)
stretching. The peak at 1,740 cm™ is ascribed to the C=0 bond of the
indole. The absorption peaks at 1,240 and 1,092 cm™ are attributed
to C-N stretching. Furthermore, wagging at 930, 844, and 610 cm'!
indicated C-H vibration associated with the indole ring structure
(Supplementary Figure 2).

To identify the indole compounds produced by the COFS1 isolate,
the culture filtrate was analyzed by GC-MS. In total, nine major
compounds were identified at different retention times (Supplementary
Table 5). The majority of these compounds belong to indole groups,
such as 1-methylene-1H-indene, 1H-Indole, Indole-3-acetic acid,
Tryptophol, Indole-6-carboxaldehyde, and 2H-Benzopyran-2-one.
IAA in the culture filtrate was detected at a retention time of 14.50
minutes with an area percentage of 40.99 (Fig. 6). The methanolic
fraction of band 2 from the TLC plate was then analyzed using HRMS,
which showed different absorption peaks in the m/z range of 173.01-

Table 2. Experimental design and BBD results for optimizing IAA production from COFSI1.

Independent variables
No. of experiments Incubation time MpH L-tryptophan
(Day) Concentration (g I'")
1. —1(6) —-1(6.0) 0(0.5)
2. 1(8) -1 0
3. -1 1(7.0) 0
4. 1 1 0
5. 0(7) 0(6.5) -1(0.4)
6. 0 0 1(0.6)
7. 0 0 -1
8. 0 0 1
9. -1 0 0
10. 1 0 0
11. -1 0 0
12. 1 0 0
13. 0 -1 -1
14. 0 1 -1
15. 0 -1 1
16. 0 1 1
17. -1 0 -1
18. 1 0 -1
19. -1 0 1
20. 1 0 1
21. 0 -1 0
22. 0 1 0
23. 0 -1 0
24 0 1 0
25. 0 0 0
26. 0 0 0
27. 0 0 0
28. 0 0 0
29. 0 0 0

IAA Concentration (ug ml")

Sucrose

Concentration (g 17) Measured Predicted
030 18.35a, 18.49a,
0 20.45a, 20.46a,
0 19.38a, 19.40a,
0 20.78a, 20.67a,
-1(28) 21.50a; 21.48a,
-1 25.32a, 25.30a,
1(32) 24.18a, 24.23a,
1 26.60a, 26.66a,
-1 18.53a, 18.51a,
-1 19.01a,, 19.03a,,

1 19.48a,, 19.46a,,

! 22.17a,, 22.18a,,

0 22.70a,, 22.67a,,

0 22.87a,, 22.96a,,

0 25.62a,, 25.52a

0 26.34a,, 26.36a,

0 16.73a,, 16.63a,,

0 19.27a, 19.26a,,

0 20.81a,, 20.77a,,

0 21.33a,, 21.38a,,
-1 23.43a,, 23.44a,,
-1 23.83a,, 23.84a,,

1 25.3%,, 25.33a,,

1 26.11a,, 26.05a,,

0 37.03a,, 37.23a,,

0 37.29, 37.23a,

0 37.27a,, 37.23a,,

0 37.26a,, 37.23a,,

0 37.30a,, 37.23a,,

The same letters indicate that there were no significant statistical differences between the measured and predicted values at p < 0.05.
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212.06 (Supplementary Figure 3). The H'-NMR spectrum showed
peaks at & ppm, which were 7.521-7.559 (m, 2H), 7.312-7.368 (m,
1H), 7.114-7.117 (d, 1H), 7.001-7.097 (m, 2H), 6.923-6.985 (m, 1H),
and 3.502 (s, 1H) (Fig. 7).

3.5. Evaluation of Growth-Promoting Attributes

Wheat (Triticum aestivum L.) seedlings treated with different
concentrations of fungal extract enhanced growth attributes
significantly. Each experiment was conducted in triplicate. Each plant
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Figure 7. H-NMR spectrum of band 2 of the COFSI isolate (‘*” is
representing as solvent peaks).

was harvested after 60 days of treatment, and the growth parameters
were measured (Supplementary Figure 4). Under the experimental
conditions, we observed a statistically significant difference between
the seedlings treated with 20%, 50%, and 80% fungal extracts and
the control group. Maximum growth attributes were recorded at 50%
diluted fermentation broth, like fresh weight (4.31 + 0.20°), dry weight
(1.12+0.24%), shoot length (36.20 = 0.55°), root length (28.30 + 0.11°),
and chlorophyll content (3.61 + 0.12%). Plants treated with 50% fungal
extract showed increased fresh weight (1.35-fold), dry weight (2.48-
fold), shoot length (1.02-fold), root length (1.40-fold), chlorophyll
content (1.55-fold), and carotenoid content (1.82-fold), respectively,
compared with the sterile water- and CDB-treated plants (Fig. 8).
These results indicate that the culture filtrate of the endophytic COFS1
isolate promotes wheat growth under in vivo conditions.

4. DISCUSSION

The ubiquitous distribution of endophytic fungi, irrespective of
the host tissue, represents them as beneficial sources of bioactive
metabolites. It has been estimated that over a million endophytic
fungal species occupy every ecosystem and defend their host plants

\

20% of FE

Uninoculated
ontrol

50% of FE 80% of FE

Figure 8. Effects of different dilutions of the culture extract of the fungal
endophyte D. osmanthi COFS1 on the growth attributes of wheat plants.

[33]. With the recent advancement in plant-endophyte interaction,
one of the interesting benefits is the promotion of plant growth.
Endophytic fungi trigger plant growth-promoting mechanisms in
response to environmental stimuli. Numerous studies have reported on
the growth-promoting endophytic-fungal community associated with
different medicinal plants worldwide [34]. Earlier studies reported
that endophytic fungi, such as Alternaria alternata, Aspergillus niger,
and Trichoderma harzianum, enhance wheat production through
phosphate solubilization, nitrogen transfer, IAA, and siderophore
production [6,35]. The endophytic fungal diversity associated with
C. forskohlii has been reported by Crasta and Raveesha [36], which
signifies the presence of 34 fungal genera, of which the majority
belongs to Ascomycota. This experimental study highlighted the
PGP activity of the endophytic strain D. osmanthi, which has been
identified as a potent plant growth inducer.

In this study, a total of 13 endophytic fungal isolates from C.
forkohlii were screened for PGP activity. Various fungal genera,
including Fusarium, Cochliobolus, Nigrospora, Cladosporium,
Helminthosporium, and Chrysosporium, were found in specific plant
parts, confirming the tissue-specific occurrence of endophytes. The
most potent isolate, D. osmanthi COFS1, showed promising auxin-
producing ability (31.72 pg ml') in the presence of L-tryptophan.
Fungal IAA along with host endogenous auxin affects plant cell
division and differentiation and stimulates vascular tissue and root
development [37]. On the other hand, solubilization of limiting
nutrients like phosphorus directly enhances the mineral mobility
toward root tissues. In our study, the highest P-solubilization activity
was also exhibited by the fungal isolate D. osmanthi COFS1 (31.85
pg ml') related to a gradual decrease in pH due to organic acid
production. This isolate could produce NH, and siderophores under
the experimental conditions. Phosphate availability helps increase
the photosynthetic rate and lateral root formation, and siderophores
accelerate plant growth under iron-limiting conditions [38]. A recent
study by Toghueo et al. [39] also reported the IAA and siderophore
production in the endophytic Diaporthe strain EB4. Thus, the
multidimensional PGP activities of endophytic fungi play an important
role in achieving overall crop yields and developmental processes.

To maximize the fungal metabolite production during large-scale
processes, it is necessary to optimize fermentation parameters. In this
study, the OVAT analysis, coupled with a response surface model,
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provided a clear understanding of the interactions among different
media. Previous studies have discussed the effects of fermentation
conditions on higher TAA yields [40]. The optimization result of
this study revealed that maximum IAA production was recorded on
the seventh day of the incubation period at a media temperature of
30°C, pH 6.5, L-tryptophan concentration of 0.5 mg ml", sucrose
concentration of 30 g I, and NaNO, concentration 2 g I"". This is in
accordance with the reports of Numponsak ez al. [8] and Jagannath et
al. [41]. There was a sharp decrease in IAA production after a certain
growth parameter range. These findings agree with those of Bar and
Okon [42], who reported that a higher concentration of L-tryptophan
has a negative effect on microbial growth and actively affects IAA
breakdown. Auxin production increased approximately 1.30-fold by
adopting response surface model values.

The ethyl acetate extracts from the fungal isolate showed a peak at
A, 275.51 nm, which is consistent with the results of Kaneshiro et
al. [43]. The R, value for the COFSI1 extract enriched with IAA was
0.89, which was consistent with the standard IAA. These outcomes
are similar to those of Harikrishnan et al. [44]. The FT-IR spectrum
confirmed the presence of functional groups associated with the
indole structure, which is in accordance with the findings of Jaganath
et al. [41]. The GC-MS chromatogram indicated several indole
compounds, of which the methyl ester of indole-3-acetic acid was
the dominant compound with a greater area percentage. This result is
consistent with previous studies that explained the protective role of
IAA conjugates in auxin degradation in plants [45]. Along with this,
tryptophol obtained from the extract suggested an IAA biosynthesis
pathway through IPA (Indole-3-pyruvic acid) [46]. Data obtained
from the HRMS analysis bear resemblance with the fragmentation
patterns of the indole compounds at 174.98 and 212.06 m/z ratio [47].
Furthermore, 'H NMR showed peaks at 2.478-2.553 and 6.923-7.559
ppm characterized by the side chain of ~CH, and indole ring protons
[41,48]. Our findings indicate that the endophytic fungal isolate D.
osmanthi COFS1 can synthesize IAA and other growth-promoting
metabolites to accelerate overall plant development.

Previous studies have shown that an increase in the length of plant
roots and shoots was a positive indicator of adequate growth [49]. The
positive effects of fungal culture extract on wheat growth attributes
were demonstrated under in vivo experimental conditions. An increase
in the fresh and dry weights of plants was observed when 50% of
the fungal extract was applied compared with the uninoculated
controls. Among different concentrations of fungal extract, a 50%
dilution of culture extract displayed a considerable increase in
terms of shoot-root length, leading to a 1.02-fold increase in shoot
length, and a 1.40-fold increase was observed in root lengths. The
significant increase in pigment content, such as chlorophyll and
carotenoids, further demonstrated the growth-inducing ability of the
isolates. In a similar study, Khan et a/. [50] demonstrated the PGP
abilities of the endophytic fungus Acremonium sp. and the effect of
fermentation broth on the growth of Allium tuberosum. Mohamed
et al. [51] also highlighted the plant growth-promoting traits of the
endophytic fungus Fusarium petersiae on the overall plant growth of
wheat seedlings under low nitrogen availability. Higher plant biomass
production is directly related to the up-regulation of several structural
genes, which facilitate proper penetration of endophytic fungi and
enhance root length, along with an increase in photosynthetic rate
[52,53]. D. masirevici and D. terebinthifolii have been studied for [AA
production [54,55]. In addition, the endophytic fungus Colletotrichum
fructicola CMU-A109 and an actinobacterial species produce potent
IAA production [8,56]. This study reports the ability of the fungal
isolate D. osmanthi COFS1 to produce IAA, ammonia, siderophore,

and growth-inducing secondary metabolites, thereby recognizing this
endophyte as a potential plant-growth stimulator.

5. CONCLUSION

This study represents the first report on the growth-promoting effects
of endophytic fungi isolated from C. forskohlii. Among these isolates,
D. osmanthi COFS1 had the best potential for nutrient solubilization,
IAA, and siderophore production as well as the synthesis of hydrolytic
enzymes; hence, it was selected for bioassays on wheat seedlings.
The enhanced growth parameters along with the presence of several
bioactive metabolites in the crude ethyl acetate extract of this
fungal isolate strongly indicate that this endophytic strain possesses
considerable plant growth-promoting activities. These findings suggest
that D. osmanthi COFS1 should be further explored as an effective
bioinoculant for the sustainable cultivation of other cash crops.
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