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Abstract

In the present investigation, three endophytic fungi isolated from rhizome tissues of wild Picrorhiza
kurroa Trichoderma sp. (EE1), Fusarium acuminatum (EE2), and Fusarium sp. (EE3) were used to
modulate picroside (P-I, P-Il, P-1ll) biosynthesis in leaf- and root-derived cell suspension cultures. ITS-
based molecular identification confirmed the taxonomic affiliation of the isolates, and mycelial extracts
were applied as elicitors at 0.5-1.5 ml/L for up to 192 h. All three elicitors triggered concentration- and
tissue-dependent shifts in metabolite accumulation, with pronounced stimulation of picroside
accumulation and precursor biosynthesis under specific treatment regimes. EE1 elicitation produced
moderate increases in picrosides, with maximal accumulation of picroside | and Il at 1.5 ml/L in both
leaf- and root-derived cultures. In contrast, picroside Ill peaked at 1.0 ml/L in leaf-derived cell cultures.
EE2 exhibited the strongest elicitation potential, markedly enhancing metabolite production at 1.5 ml/L,
including picroside | (4.71 mg/g DW), picroside Il (3.93 mg/g DW), picroside Il (0.48 mg/g DW), aucubin
(0.4 mg/g DW), and catalpol (4.0 mg/g DW) in leaf-derived suspension cultures. In contrast, EE3 induced
comparatively lower picroside accumulation but preferentially stimulated precursor metabolites,
including catalpol, vanillic acid, and tissue-specific accumulation of caffeic and cinnamic acids. Vanillic
acid was detected across all treatments, while p-hydroxybenzoic acid and 4-hydroxyacetophenone
further indicated endophyte-driven remodelling of secondary metabolism. Collectively, these findings
demonstrate that endophytic fungal elicitors exert distinct, dose-dependent, and tissue-specific effects
on specialized metabolite biosynthesis in P. kurroa, identifying F. acuminatum (EE2) elicitation as a
potential approach for enhancing picroside accumulation in vitro.

Introduction

In medicinal plants, the accumulation of secondary metabolites is often minimal or present only in trace
amounts. This accumulation is influenced by various factors, including habitat, plant source, tissue type,
developmental stage, physiological status, interactions with endophytes, stress-response mechanisms,
and environmental conditions (Li et al. 2020). To address the challenge of low metabolite levels,
researchers have relied on elicitor application to induce secondary metabolite production in tissue
culture (Kumar et al. 2025a,b; 2026). Among these strategies, the use of endophytic fungal elicitors has
gained prominence, as they have been shown to significantly boost the production of desired
phytochemicals in medicinal plants (Gomes et al. 2018; Thakur et al. 2024).

Much of the prior literature has reported the effectiveness of fungal elicitors in increasing bioactive
content production using in vitro culture techniques (Tamang et al. 2023). During plant-fungal
associations, fungi secrete elicitor molecules that stimulate the host plant to produce phytochemicals,
thereby enhancing their production. The process begins with an elicitor binding to receptors on the plant
cell wall, triggering downstream signaling cascades. This activation involves the expression of structural
and regulatory genes, transcription factors, and biosynthetic pathways (Bhaskar et al. 2022). A key initial
response to elicitor binding is the alteration of ionic fluxes of CI~, K*, H*, and Ca?*, leading to cytoplasmic
acidification (Guru et al. 2022). This pH change affects various physiological responses within the cell,
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including salicylic acid (SA), jasmonic acid (JA), ethylene, and calcium-dependent protein kinase
pathways. These pathways, in turn, activate stress-associated genes, enhancing secondary metabolite
production. Additionally, altered pH triggers NADPH oxidase activity and the production of reactive
oxygen species (ROS), which further stimulate stress-associated gene expression (Nabi et al. 2021; Guru
et al. 2022). This cascade activates transcription factors (TFs) that bind DNA, driving gene transcription
and translation, ultimately boosting secondary metabolite production. In another pathway, mitogen-
activated protein kinases (MAPKSs) are activated, leading to the phosphorylation of TFs, which further
enhance the production of JA, SA, and secondary metabolites, contributing to plant defense (Saijo et al.
2018; Lu et al. 2021).

Numerous examples show that fungal elicitation significantly increases phytochemical production in
various medicinal plants. For instance, Li et al. (2011) observed increased diosgenin accumulation in
Dioscorea zingiberensis suspension culture when Fusarium oxysporum was used as an elicitor. Likewise,
the content of artemisinin in Artemisia annua was increased using an elicitor from Colletotrichum spp.
(Wang et al. 2001). Pythium aphanidermatum was reported to stimulate the production of 4-
hydroxybenzoic acid in Daucus carota cell culture (Schnitzler et al. 1992). Tonk et al. (2016)
demonstrated that Aspergillus flavus positively influenced vinblastine and vincristine production in
Catharanthus roseus. Trichoderma harzianum has been found to enhance asiaticoside content in shoot
cultures of Centella asiatica L (Prasad et al. 2013). Fusarium oxysporum Schlecht (F9) has been observed
to elevate alkaloid synthesis in cell suspension cultures of C. roseus (Tang et al. 2011). In hairy root
cultures of Salvia miltiorrhiza, elicitation with Trichoderma atroviride D16 stimulated hairy root and
tanshinone production (Ming et al. 2013). Fungal elicitors such as F. oxysporum, Phoma exigua, and
Botrytis cinerea have been used to induce Hypericum perforatum cell suspensions, thereby scaling up the
production of naphthodianthrones for medical applications (Gadzovska Simic et al. 2015).

Picrorhiza kurroa Royle ex Benth., a rhizomatous herb widely distributed in the Himalayan region at
altitudes of 3,000—4,500 meters (Partap et al. 2020; 2022a). The pharmacological significance of P
kurroa is due to the presence of bioactive compounds, particularly picrosides (P-I, P-Il, P-1Il) (Partap et al.
2022a,b). P kurroa possesses many therapeutic properties, such as choleretic, anti-asthmatic, anti-
cancerous, anti-malarial, and anti-liver disorder (Shitiz et al. 2013; Mehta et al. 2021) and is commercially
available in various drug formulations. However, due to its high market demand and excessive wild
harvesting, P kurroa has been listed as an endangered species (Sharma et al. 2015). Overharvesting
necessitated the development of novel conservation strategies to ensure the availability of high-quality
raw materials and a reliable supply of valuable secondary metabolites. Numerous methods have been
explored for the cultivation, conservation, and generation of desired bioactive compounds from P, kurroa.
Among these, micropropagation of P. kurroa through shoot tissue is a robust approach for its large-scale
production. More recently, a plant de-differentiated cell culture approach has also been used for the in
vitro production of desired metabolites (Partap et al. 2020; 2022; 2023; 2025a,b). However, the in vitro-
generated plants and de-differentiated cell culture systems often show reduced levels of therapeutically
important secondary metabolites compared to their wild counterparts, a phenomenon not yet fully
understood. Thus, the current investigation aims to explore the fungal endophytes associated with the
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rhizomes of wild P, kurroa plants and their role in the plants' secondary metabolite biosynthesis. Thus,
the current investigation is the first to demonstrate the role of endophytes in the production of picrosides
and their precursor compounds in plant cells, offering novel insights into interactions between this
medicinal plant and its beneficial endophytic microbial community.

Materials and methods

Collection of plant material

Wild specimens of P. kurroa Royle ex Benth. were collected from Rohtang Pass, Himachal Pradesh, at an
elevation of 3992 meters. The collected plants were placed in sterile bags. Afterwards, the collected
plants were transported to the CSIR-IHBT in Palampur for further processing. The plant material was
authenticated by submitting a herbarium specimen to the Environment Technology Division, CSIR-IHBT,
Palampur and was assigned accession number PLP16692 (Partap et al. 2022b). Following
authentication, the plants were maintained under controlled conditions in the CSIR-IHBT growth chamber
facility. Rhizomes from selected plants were excised under sterile conditions to isolate endophytic fungi,
which were used in subsequent experiments.

Surface sterilization for isolation of endophytic fungi

Endophytic fungi were isolated from the rhizome tissues of the wild P. kurroa plants. The rhizome tissues
underwent surface sterilization (Pandey et al. 2016; Nascimento et al. 2019). Initially, the rhizomes were
rinsed with distilled water to eliminate surface contaminants. The tissues were then surface sterilized in
1% sodium hypochlorite solution (HiMedia, India) for 5 min, followed by 70% ethanol (Changshu
Hongsheng Fine Chemicals, China) for 2 min. After sterilization, the rhizome tissues were washed five
times with sterile distilled water and air-dried. To ensure sterility, the final rinse water was spread on agar
plates and incubated at 28°C. Any microbial growth would indicate contamination.

Cultivation of endophytic fungi

Sterilized rhizome tissues were aseptically cut into 0.5 cm pieces. These tissue parts were cultured on
potato dextrose agar (PDA) plates (HiMedia, India) augmented with (50 pg/mL) of streptomycin and (15
ug/mL) of chloramphenicol (HiMedia, India) to inhibit bacterial growth and promote fungal isolation
(Pandey et al. 2016; Jain et al. 2021). Followed by incubation at 28°C for 7 days. During this incubation
period, distinct fungal morphotypes were observed, isolated, and sub-cultured to obtain pure cultures.
These purified fungal cultures were then preserved at -80°C in glycerol stocks for long-term storage.

Molecular characterizations of fungal isolates
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Molecular characterizations of the isolated fungal endophytes were performed by extracting genomic
DNA using the CTAB (cetyltrimethylammonium bromide) method, as reported by Sambrook et al. (1989).
The primers used for ITS amplification were ITS1 (5-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-
TCCTCCG CTTATTGATATGC-3') (White et al. 1990). 100 nanograms of genomic DNA were used, and a
PCR reaction was performed using GoTag® master mix (Promega, USA) in a ProFlex™ thermal cycler.
The PCR steps are as follows: Initial denaturation at 94°C for 5 min, denaturation at 94°C for 1 min,
annealing at 55 °C for 30 s, extension at 72°C for 1 min, and a final extension at 72 °C for 5 min. The
amplified products were purified using ExoSAP-IT™ PCR Clean-Up Reagent (Applied Biosystems, USA)
and subjected to Sanger sequencing. Sequencing PCR was performed using the BigDye™ Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, USA), and the sequencing reactions were analyzed on a
3730xI DNA Analyzer (Applied Biosystems, USA).

Fungal culture and elicitor preparation

Endophytic fungi were initially cultured on PDA medium for 7 days. Following this incubation period, the
fungal cultures were carefully extracted by punching out the mycelial mats, which were then transferred
into 250-mL flasks encompassing 100 mL of Potato Dextrose Broth (HiMedia, India). The flasks were
incubated under static conditions at 28°C for 10 days for optimal growth. The preparation of the elicitor
followed the protocol of Kushwaha et al. (2019) and Thakur et al. (2024), with minor alterations (Fig. 1).
After the fungi reached maximum growth, the mycelia were detached from the culture filtrate using
sterile filter paper (Filterking, India). The separated mycelia were rinsed two times with autoclaved
distilled water to eliminate any remaining culture medium. The washed mycelia were then partially dried
using sterile blotting paper. The partially dried mycelia were pulverized into a fine powder using liquid
nitrogen and suspended in their respective filtered culture filtrates, then autoclaved at 15 psiand 121°C
for 20 minutes, as described by Savitha et al. (2006). After autoclaving, the mixture was allowed to cool,
followed by centrifugations at 5000 rpm for 10 min to separate the supernatant (Eppendorf, Germany).
Finally, the supernatant was sterilized using a 0.22 pm syringe filter. Filtered supernatant was ready for
treatment in the P. kurroa cell culture.

Maintenance of cell suspension cultures

As previously reported by Partap et al. (2020; 2022a,b), cell suspension cultures were established from
differentiated callus cultures derived from leaf and rhizome tissue of wild P. kurroa plants. The callus
cultures, which were one month old, served as the starting material for initiating rhizome suspension
cultures (RHSC) and leaf suspension cultures (LFSC). These suspension cultures were maintained under
optimized conditions and served as mother cultures for further experimentation (Partap et al. 2020;
2022a,b). The culture conditions were MS medium (Murashige and Skoog, 1962), fortified with 3%
sucrose, 0.5 mg/L thidiazuron (TDZ) (HiMedia, India), and 0.3 mg/L indole-3-butyric acid (IBA) (HiMedia,
India). The cultures were kept under the dark at 25°C. Key parameters for suspension culture growth, as
established in Partap et al. (2022a), included an initial inoculum density of 3 g of cells per 75 mL of
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medium, a pH of 5.8, and orbital shaking at 80 rpm. Cell suspension cultures were regularly subcultured
by pouring at 4-week intervals to maintain culture vitality. Only mother cultures younger than 2nd months
were used in subsequent experiments, as cell viability was observed to decline progressively from the
2nd to the 12th month of culture (Partap et al. 2022a). Therefore, all experiments were conducted using
cell suspension cultures no older than 2 months.

Elicitor concentrations and exposure duration

Initial screening investigations were conducted using various concentrations (ml/L) of EE1 (0.25, 0.5,
1.0, 1.5,and 2.0), EE2 (0.25, 0.5, 1.0, 1.5 and 2.0), and EE3 (0.25, 0.5, 1.0, 1.5 and 2.0). Two separate
experiments were designed to screen the elicitor concentrations and exposure duration. In the first
experiment, all the filter-sterilized elicitor concentrations were added separately to the cooled,
autoclaved liquid MS medium (pH adjusted to 5.8) fortified with sucrose (3%), TDZ (0.5 mg/L), and IBA
(0.3 mg/L). After that, 3 g of cell biomass from the stock culture flask was inoculated into each flask
containing 75 mL of liquid medium augmented with various elicitor concentrations. Subsequently, the
cultures were kept on a shaker in the dark at 25°C for up to 28 days. In the second experiment, when
cultures were at their maximum growth index, i.e., on the 21st day (Partap et al. 2022a,b), the LFSC and
RHSC were treated with filter-sterilized different concentrations of elicitors as mentioned above.
Afterwards, the elicitor-treated suspension cultures (LFSC and RHSC) were observed for up to 192 h of
the culture period under optimized conditions. Based on morphological observations and the growth
index of LFSC and RHSC, elicitor concentrations and exposure duration were further selected for
treatments (Partap et al. 2022a,b).

Elicitor treatments

After screening elicitor concentrations and exposure durations, a further investigation was undertaken to
determine the effects of different elicitors and concentrations on metabolite content. In brief, on the 21st
day of the culture period (maximum Gl), the suspension cultures of rhizome and leaf were treated with
filter-sterilized elicitors at different concentrations. The EE1, EE2, and EE3 were used in the
concentrations of 0.5 ml/L, 1.0 ml/L, and 1.5 ml/L respectively. The elicitor-treated suspension cultures
were harvested at 12, 24, 48, 96, and 192 h for each concentration, in triplicate. According to our previous
report by Partap et al. (2022a) on the cell suspension culture of P. kurroa, the cell suspension exhibits a
sigmoidal growth curve with lag, log, and stationary phases (from 28 days onwards) under optimized
parameters. Therefore, we selected 192 hours as the elicitor exposure time after 21 days of culture in the
present investigation.

Secondary metabolite analysis

Harvested calli were dried in an oven at 37°C for a week to remove moisture and determine dry biomass.
Furthermore, the dried calli were used to extract metabolites (Partap et al. 2022a,b). UPLC-PDA-ESI-
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QTOF-MS was employed for both qualitative and quantitative analyses of 14 targeted compounds,
following the method described by Partap et al. (2022b).

Statistical analysis

All data were statistically analysed using SPSS software. The analysis presents results as the mean
standard error (SE) of three replicates per experiment. Differences among treatments were evaluated by
one-way ANOVA followed by Duncan’s and Dunnett’s post hoc tests at P< 0.05.

Results

Isolation of endophytic fungus and molecular identification

From the collected rhizome tissues of wild P. kurroa plants, four distinct fungal colonies were
successfully isolated. Among these, three isolates (EE1, EE2, and EE3) were further cultured and
maintained as pure cultures. For molecular identification, genomic DNA was extracted, and ITS-based
sequencing was performed. The fungal isolates were identified as follows: EE1 was classified as
Trichoderma sp., EE2 as Fusarium acuminatum, and EE3 as Fusarium sp. The obtained nucleotide
sequences were subsequently deposited in the GenBank database, and accession numbers were
assigned to each isolate (Table 1).

Table 1

Molecular identification of the endophytes isolated from the rhizome tissue of P. kurroa

S/L Isolate Tissue Scientific name  Accession Class Phylum

source

No name number

1 EET Rhizome Trichoderma PV528759  Sordariomycetes  Ascomycota
(PKRF1) harzianum

2 EE2 Rhizome Fusarium PVv528760 Sordariomycetes Ascomycota
(PKRF2) acuminatum

3 EE3 Rhizome Fusarium PVv528761  Sordariomycetes  Ascomycota
(PKRF3) tricinctum

Screening of concentrations

In the first experiment, endophytic elicitors were introduced into the liquid culture medium at zero days
with optimized cell inoculum density and incubated under standardized conditions. After the 14th day of
elicitor treatment, the colour of the cell biomass and suspension of the LFSC and RHSC changed to
brown, particularly at higher doses. In the second experiment, the elicitors were introduced into the liquid
culture medium when the LFSC and RHSC achieved their maximum cell biomass, i.e., on the 21st day,
and incubated under optimized conditions. The results revealed that no browning was observed in the
cells or suspension of LFSC and RHSC treated with elicitors up to 192 h after the 21st day. However,
slight browning and reduced growth were observed during longer exposure and at higher concentrations.
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From the results, it was optimized that for further experiments, elicitors were introduced into the culture
medium (LFSC and RHSC) on the 21st day. In addition, the exposure duration of elicitors was set to 192
h, i.e., up to 192 h after elicitor administration on the 21st day.

Effect of EE1 endophyte on metabolite content

The picrosides and their precursor metabolite content have been quantified in the LFSC and RHSC of P
kurroa cell culture at different endophyte concentrations over a culture period of up to 192 hr. P-l content
in LFSC has been found in the range of 1.69 to 2.37 mg/g DW (EE1; 0.5 ml/L), 1.17 to 2.86 mg/g DW
(EET; 1 ml/L), and 1.89 to 2.89 mg/g DW (EE1; 1.5 ml/L). P-ll content in LFSC has been found in the
range of 1.43 to 1.59 mg/g DW (EE1; 0.5 ml/L), 1.86 to 1.93 mg/g DW (EE1; 1 ml/L), and 1.88 t0 2.17
mg/g DW (EET; 1.5 ml/L). P-lll content in LFSC has been found in the range of 0.12 to 0.14 mg/g DW
(EET; 0.5 ml/L), 0.15 to 0.40 mg/g DW (EE1; 1 ml/L), and 0.15 to 0.35 mg/g DW (EET; 1.5 ml/L) (Fig. 2a).
P-I content in RHSC has been found in the range of 1.33 to 2.97 mg/g DW (EE1; 0.5 ml/L), 1.15t0 2.98
mg/g DW (EET; 1 ml/L), and 2.14 to 2.84 mg/g DW (EET; 1.5 ml/L). P-Il content in RHSC has been found
in the range of 1.40 to 1.72 mg/g DW (EE1; 0.5 ml/L), 1.33 to 1.63 mg/g DW (EE1; 1 ml/L), and 1.13 to
1.73 mg/g DW (EE1; 1.5 ml/L). P-lll content in RHSC has been found in the range of 0.21 to 0.28 mg/g
DW (EE1; 0.5 ml/L), 0.24 to 0.38 mg/g DW (EE1; 1 ml/L), and 0.23 to 0.39 mg/g DW (EE1; 1.5 ml/L)
concentration (Fig. 2c). The results revealed that the maximum content of P-l and P-Il in LFSC was
recorded in (EET; 1.5 ml/L) concentration, and P-Ill was found in (EET; 1 ml/L) concentration. The study
also reported that the highest content of P-1in RHSC was observed in the (EET; 1 ml/L) concentration,
while P-Il and P-lIl were found in the (EET; 1.5 ml/L) concentration. In LFSC, the maximum content of
vanillic acid (0.1 mg/g DW) was detected in all three concentrations, while caffeic acid and cinnamic
acid were not detected. The highest aucubin content (0.2 mg/g DW) was found at the EE1 concentration
(1.5 ml/L). The highest catalpol content (2.7 mg/g DW) was found in (EET; 0.5 ml/L) and (EE1; 1.5 ml/L)
concentrations (Fig. 2b). In RHSC, the maximum content of vanillic acid (0.10 mg/g DW) was detected in
all three concentrations, while caffeic acid (0.2 mg/g DW) and aucubin (0.24 mg/g DW) were detected in
(EET; 0.5 ml/L) concentration. The maximum content of cinnamic acid (0.05 mg/g DW) was found in
(EET; 1 ml/L) and (EE1; 1.5 ml/L) concentrations. The maximum content of catalpol (3.68 mg/g DW) was
found in (EET; 1.5 ml/L) concentration (Fig. 2d). The p-HA and 4-HAG have also been detected in LFSC
and RHSC under different EE1 endophyte concentrations (Supplementary Fig. S1).

Effect of endophyte EE2 on metabolite content

The picrosides and their precursor metabolite content have been quantified in the LFSC and RHSC of P
kurroa cell culture at different endophyte concentrations over a culture period of up to 192 hr. P-l content
in LFSC has been found in the range of 2.15 to 2.83 mg/g DW (EE2; 0.5 ml/L), 2.90 to 4.62 mg/g DW
(EE2; 1 ml/L), and 2.51 to 4.71 mg/g DW (EE2; 1.5 ml/L). P-ll content in LFSC has been found in the
range of 1.40 to 2.19 mg/g DW (EE2; 0.5 ml/L), 2.16 to 2.70 mg/g DW (EE2; 1 ml/L), and 2.17 to 2.94
mg/g DW (EE2; 1.5 ml/L). P-lll content in LFSC has been found in the range of 0.23 to 0.32 mg/g DW
(EE2; 0.5 ml/L), 0.21 to 0.37 mg/g DW (EE2; 1 ml/L), and 0.27 to 0.38 mg/g DW (EE2; 1.5 ml/L) (Fig. 3a).
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P-I content in RHSC has been found in the range of 2.15 to 2.88 mg/g DW (EE2; 0.5 ml/L), 2.26 t0 2.95
mg/g DW (EE2; 1 ml/L), and 2.89 to 3.33 mg/g DW (EE2; 1.5 ml/L). P-Il content in RHSC has been found
in the range of 1.42 to 2.87 mg/g DW (EE2; 0.5 ml/L), 2.11 to 3.82 mg/g DW (EE2; 1 ml/L), and 1.86 to
3.93 mg/g DW (EE2; 1.5 ml/L). P-Ill content in RHSC has been found in the range of 0.25 to 0.26 mg/g
DW (EE2; 0.5 ml/L), 0.28 to 0.47 mg/g DW (EE2; 1 ml/L), and 0.27 to 0.48 mg/g DW (EE2; 1.5 ml/L)
concentration (Fig. 3c). The results revealed that in both LHSC and RHSC, the maximum content of P-I, P-
1, and P-1ll was found in (EE2; 1.5 ml/L) concentration. In LFSC, the maximum content of vanillic acid
(0.1 mg/g DW) was detected in all three concentrations, while caffeic acid and cinnamic acid were not
detected. The highest aucubin content (0.4 mg/g DW) was found at the EE2 concentration (1.5 ml/L).
The highest catalpol content (4.0 mg/g DW) was found in (EE2; 0.5 ml/L) concentration (Fig. 3b). In
RHSC, the maximum content of vanillic acid (0.2 mg/g DW) was detected in (EE2; 1 ml/L) and (EE2; 1.5
ml/L) concentrations. While caffeic acid was not detected. The maximum content of cinnamic acid (0.1
mg/g DW) was detected in (EE2; 1 ml/L) and (EE2; 1.5 ml/L) concentrations. The highest aucubin
content (0.4 mg/g DW) was found at the EE2 concentration (1.5 ml/L). The highest content of catalpol
(3.7 mg/g DW) was found in (EE2; 0.5 ml/L) and (EE2; 1.5 ml/L) concentrations (Fig. 3d). The p-HA and
4-HAG have also been detected in LFSC and RHSC under different EE2 endophyte concentrations
(Supplementary Fig. S2).

Effect of endophyte EE3 on metabolite content

The picrosides and their precursor metabolite content have been quantified in the LFSC and RHSC of P
kurroa cell culture at different endophyte concentrations over a culture period of up to 192 hr. P-l content
in LFSC has been found in the range of 1.19 to 1.87 mg/g DW (EE2; 0.5 ml/L), 1.03 to 2.50 mg/g DW
(EE3; 1 ml/L), and 1.53 to 2.29 mg/g DW (EE3; 1.5 ml/L). P-ll content in LFSC has been found in the
range of 1.40 to 2.19 mg/g DW (EE3; 0.5 ml/L), 1.62 to 2.91 mg/g DW (EE3; 1 ml/L), and 1.36 t0 2.78
mg/g DW (EE3; 1.5 ml/L). P-lll content in LFSC has been found in the range of 0.18 to 0.27 mg/g DW
(EE3; 0.5 ml/L), 0.24 to 0.28 mg/g DW (EE3; 1 ml/L), and 0.25 to 0.28 mg/g DW (EE3; 1.5 ml/L) (Fig. 4a).
P-I content in RHSC has been found in the range of 1.39 to 1.98 mg/g DW (EE3; 0.5 ml/L), 1.19 to 1.99
mg/g DW (EE3; 1 ml/L), and 1.17 to 1.98 mg/g DW (EE3; 1.5 ml/L). P-Il content in RHSC has been found
in the range of 1.09 to 2.02 mg/g DW (EE3; 0.5 ml/L), 1.29 to 2.11 mg/g DW (EE3; 1 ml/L), and 1.92 to
2.27 mg/g DW (EE3; 1.5 ml/L). P-Ill content in RHSC has been found in the range of 0.19 to 0.25 mg/g
DW (EE3; 0.5 ml/L), 0.24 to 0.25 mg/g DW (EE3; 1 ml/L), and 0.24 to 0.28 mg/g DW (EE3; 1.5 ml/L)
concentration (Fig. 4c). The results revealed that in LHSC, the maximum content of P-I and P-Il was
found in (EE3; 1T ml/L) concentration, while P-lIl was found in both (EE3; 1 ml/L) and (EE3; 1.5 ml/L)
concentration. The results revealed that in RHSC, the maximum content of P-l was found in (EE3; 1T ml/L)
concentration, while P-1l and P-lll were found in (EE3; 1.5 ml/L) concentration. In LFSC, the maximum
content of vanillic acid (0.15 mg/g DW) was detected in both (EE3; 0.5 ml/L) and (EE3; 1.5 ml/L)
concentrations, while caffeic acid (0.3 mg/g DW) was detected in (EE3; 1.5 ml/L) concentration. The
maximum content of cinnamic acid (0.17 mg/g DW) and aucubin (0.36 mg/g DW) was found in (EE2; 0.5
ml/L) and (EE3; 1 ml/L) concentrations. The highest catalpol content (2.97 mg/g DW) was found in (EE3;
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1.5 ml/L) concentration (Fig. 4b). In RHSC, the maximum content of vanillic acid (0.1 mg/g DW), aucubin
(0.2 mg/g DW), and cinnamic acid (0.1 mg/g DW) was detected in all three concentrations, while caffeic
acid was not quantified. The highest catalpol content (3.5 mg/g DW) was found in (EE3; 0.5 ml/L) and
(EE3; 1.5 ml/L) concentrations (Fig. 4d). The p-HA and 4-HAG have also been detected in LFSC and
RHSC under different EE3 endophyte concentrations (Supplementary Fig. S3).

Discussion

The current study demonstrates the significant role of endophytic fungi in modulating the biosynthesis
of picrosides and precursor metabolites in leaf-derived (LFSC) and root-derived (RHSC) suspension
cultures of P, kurroa. The three endophytes Trichoderma sp. (EE1), Fusarium acuminatum (EE2), and
Fusarium sp. (EE3) elicited differential metabolic responses in both cell types, revealing their potential as
biotic elicitors to enhance specialized metabolite production. The successful isolation and molecular
identification of fungal endophytes from rhizome tissues of wild P. kurroa underline the plant’s natural
association with a diverse fungal microbiota. This is consistent with prior studies reporting endophytic
fungi as crucial modulators of phytochemicals in medicinal plants (Kusari et al. 2012; Tamang et al.
2023). Specifically, members of the Trichoderma and Fusarium genera are well-documented as
beneficial symbionts that induce both biotic stress responses and metabolic pathways in host plants
(Vinale et al. 2008).

Previously, Tamag et al. (2023) reported that in vitro-propagated (Tc) P. kurroa plants exhibit reduced
endophytic diversity compared to wild-type (Wt) plants, with dominant bacterial phyla including
Proteobacteria and Firmicutes. This loss of microbial diversity was associated with a significant decline
in picroside accumulation and in the accumulation of intermediate metabolites in Tc plants. A positive
correlation between microbial abundance and host secondary metabolite production underscores the
functional importance of endophytic communities. Moreover, predictive functional analysis revealed
enrichment of key biosynthetic pathways (MVA/MEP and phenylpropanoid/shikimate) in the microbiome
of Wt roots and rhizomes. Overall, the findings emphasize a strong host—endomicrobiome interaction
influencing picroside biosynthesis. Among the tested isolates, F. acuminatum (EE2) exerted the most
profound effect on picroside content. In both LFSC and RHSC, the maximum levels of P-I, P-1I, and P-lII
were recorded at 1.5 ml/L EE2 concentration, indicating a strong elicitation potential. The results of the
current investigations are comparable to earlier reports by Partap et al. (2025b), who demonstrated
enhanced accumulation of picrosides in cell cultures by the biotic elicitation (yeast extract and
chitosan). However, in the present study, direct inoculation with endophyte extract derived from P, kurroa
rhizomes likely provided a more sustained and dynamic interaction with host cells, possibly explaining
the greater picroside accumulation observed. Trichoderma sp. (EE1) also positively influenced picroside
biosynthesis, albeit to a slightly lesser extent. The highest content of P-1 (2.89 mg/g DW), P-Il (2.17 mg/g
DW), and P-III (0.40 mg/g DW) in LFSC under EE1 elicitation highlights the ability of Trichoderma to
modulate secondary metabolism, which aligns with previous findings in Withania somnifera and
Catharanthus roseus, where Trichoderma strains enhanced withanolide and vincristine and vinblastine
yield content, respectively (Pandey et al. 2018; Farzaei and Sayyari 2024). Notably, catalpol content
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peaked at 3.68 mg/g DW in RHSC under EE1 treatment, reflecting the influence of EE1 on iridoid
glycoside biosynthesis, which shares biosynthetic intermediates with picrosides. Fusarium sp. (EE3),
while less potent than EE2, still significantly enhanced picroside content compared to control levels,
indicating that even different species within the same genus may have variable elicitation capabilities,
possibly due to differential secretion of signaling molecules, endophytic colonization potential, or
interaction with plant defence pathways (Kaul et al. 2013). Differences in metabolite accumulation
between LFSC and RHSC highlight tissue-specific metabolic responses to endophytic interaction. For
instance, EE2 induced greater accumulation of aucubin and catalpol in RHSC than in LFSC, indicating
possible preferential uptake or metabolic routing in root-derived cultures. This observation aligns with
Partap et al. (2020; 2025b), who noted that rhizome-derived cultures exhibited a more robust response to
elicitation due to inherent tissue-specific gene expression patterns related to picroside biosynthesis.
Moreover, the detection of precursor metabolites such as vanillic acid, cinnamic acid, and catalpol under
different fungal treatments suggests a broader upregulation of the shikimate and iridoid biosynthetic
pathways. Such systemic induction mirrors findings from previous omics-based studies on P, kurroa,
which revealed elicitor-mediated upregulation of phenylpropanoid and monoterpenoid biosynthetic
genes (Partap et al. 2022a,b).

Previous research on P, kurroa has revealed significant variation in picroside production in response to
suspension culture, elicitor and precursor treatments, and light quality. Partap et al. (2022a) reported
metabolite quantification in both LFSC and RHSC of P, kurroa. The results demonstrated that, during
sequential scale-up in RHSC, the content ranges of P-l, P-Il, and P-lll were 1.41-1.51,0.76—-0.78, and
0.18-0.19 mg/g DW, respectively (Partap et al. 2022b). In contrast, LFSC exhibited higher P-I levels
(2.15-2.36 mg/g DW), while P-II (0.26-0.28 mg/g DW) and P-IIl (0.08-0.09 mg/g DW) were
comparatively lower. Additionally, the maximum accumulation of secondary metabolites, such as VA and
AUB, was observed in RHSC and LFSC, respectively (Partap et al. 2022a). In our recent study, Partap et
al. (2025b) investigated the effects of four elicitors, methyl jasmonate (Me-JA), salicylic acid (SA),
chitosan (CHT), and yeast extract (YE), at concentrations ranging from 50—-150 mg/L in the LFSC and
RHSC of P, kurroa. The results indicated that, in LFSC, the highest accumulation of P-l and P-lll occurred
at 150 uM Me-JA, whereas P-ll peaked at 50 pyM Me-JA. In RHSC, treatment with 150 pM Me-JA resulted
in the maximum levels of P-I, P-ll, cinnamic acid, and aucubin. In our subsequent study, Partap et al.
(2025a) also examined the coupled effects of light quality (red and blue) and precursor feeding of
vanillic acid (VA), phenylalanine (PAL), and trans-cinnamic acid (TCNA) at 50—-150 mg/L on both
suspension cultures. Red light treatment yielded the highest accumulation of P-1 (0.872 and 0.894 mg/g
DW), P-1I (0.892 and 0.837 mg/g DW), and P-IIl (0.286 and 0.288 mg/g DW) in LFSC and RHSC,
respectively. Under precursor treatments in LFSC, the highest contents of picrosides were observed with
150 mg/L VA, yielding P-1 (9.881 mg/g DW) and P-ll (3.939 mg/g DW), along with increased levels of VA
(0.236 mg/g DW). Several previous studies have reported that fungal endophytes significantly enhance
secondary metabolite production in cell cultures of various medicinal plants (Tonk et al. 2016; Thakur et
al. 2024). For instance, Salehi et al. (2019) demonstrated that elicitation with endophytic fungi isolated
from Corylus avellana and T. baccata boosts paclitaxel production in suspension culture of C. avellana.
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Similarly, Dehghan et al. (2025) investigated the elicitation potential of autoclaved cell extracts and
culture filtrates derived from F. graminearum in suspension cultures of T. baccata. Supplementation with
10% autoclaved culture filtrate yielded the highest paclitaxel accumulation (9.438 pg/g DW). Conversely,
autoclaved cell extracts most effectively stimulated 10-DABIII biosynthesis, with the 5% treatment
yielding a 7.38-fold increase over the untreated control. The results suggested that fungal-derived
elicitors differentially influence the biosynthesis of specific secondary metabolites. The extent and
characteristics of these responses depend on the elicitor source, concentration, and the targeted
metabolic pathway. Fungal elicitors trigger jasmonate-dependent signaling pathways and increase the
activity of important biosynthetic enzymes, including tryptophan decarboxylase (TDC) and phenylalanine
ammonia-lyase (PAL) (Miryousefzadeh et al. 2026). Additionally, Fungal elicitors stimulate a controlled
oxidative and defence response, which may direct plant metabolism toward the production of more
secondary metabolites. More recently, Miryousefzadeh et al. (2026) treated C. roseus cell suspension
culture with the elicitation of Piriformospora indica extract to enhance the production of vincristine and
vinblastine. Results showed that the elicitation enhanced the contents of vinblastine and vincristine.

This finding suggested that the endophytes also play a critical role in metabolite induction. Furthermore,
the 1.5 ml/L concentration yielded the highest picroside level, suggesting an optimal threshold for
elicitor-host interaction. Beyond this concentration, excessive fungal metabolite load could potentially
trigger hypersensitive responses or metabolic feedback inhibition, as reported in another host-endophyte
system (Lu et al. 2021). Moreover, time-course monitoring up to 192 hours enabled the identification of
peak production windows, which are essential for developing scalable production protocols. Thus,
optimizing the type, concentration and exposure duration of elicitors is crucial for effective elicitation
while preserving cell viability in suspension cultures.

Conclusion

The present study demonstrates the significant potential of fungal endophytes, particularly F.
acuminatum, as effective biotic elicitors to enhance the accumulation of picrosides and associated
secondary metabolites in P. kurroa cell suspension cultures. Furthermore, these findings establish a
foundation for the development of advanced elicitation approaches employing previously reported
elicitation factors with endophyte extract in cell culture systems.
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Figure 1

Isolation, identification, and cultivation of fungal endophytes isolated from the rhizome tissue of P. kurroa
for elicitor treatment. (a) Isolated fungal endophytes on Potato Dextrose Agar (PDA) (b) Amplification for
the ITS-based identification of the genomic DNA isolated from the fungal isolates: 1. EET1; Trichoderma
sp., 2. EE2; Fusarium acuminatum, 3. EE3; Fusariumsp. NTC: no template control (c) Fungal cultures in
Potato Dextrose Broth (PDB) (d) Filtered endophyte-based fungal elicitors.
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Effect of different concentrations (0.5-1.5 ml/L) of endophytic extract of Trichoderma sp. (EET) on
picrosides and precursor metabolites content enhancement in leaf cell suspension culture (LFSC) and
rhizome cell suspension culture (RHSC) of P. kurroa. a) picrosides content in LFSC, b) precursor
metabolites content in LFSC, c) picrosides content in RHSC, d) precursor metabolites content in RHSC.
EET, Endophytic extract 1; P-l, Picroside I; P-Il, Picroside Il; P-III, Picroside Ill; VA, Vanillic acid; CFA,
Caffeic acid; CAN, Cinnamic acid; CTP, Catalpol; AUB, Aucubin. Data graph bars represent mean *
standard error (n=3).
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Figure 3
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Effect of different concentrations (0.5-1.5 ml/L) of endophytic extract of Fusarium acuminatum (EE2) on

picrosides and precursor metabolites content enhancement in leaf cell suspension culture (LFSC) and

rhizome cell suspension culture (RHSC) of P. kurroa. a) picrosides content in LFSC, b) precursor
metabolites content in LFSC, c) picrosides content in RHSC, d) precursor metabolites content in RHSC.
EE2, Endophytic extract 2; P-l, Picroside I; P-lIl, Picroside Il; P-III, Picroside Ill; VA, Vanillic acid; CFA,
Caffeic acid; CAN, Cinnamic acid; CTP, Catalpol; AUB, Aucubin. Data graph bars represent mean *

standard error (n=3).
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Figure 4

Effect of different concentrations (0.5-1.5 ml/L) of endophytic extract of Fusarium sp. (EE3) on
picrosides and precursor metabolites content enhancement in leaf cell suspension culture (LFSC) and
rhizome cell suspension culture (RHSC) of P. kurroa. a) picrosides content in LFSC, b) precursor

Catalpol (mg/g DW)

Catalpol (mg/g DW)

metabolites content in LFSC, c) picrosides content in RHSC, d) precursor metabolites content in RHSC.

EE3, Endophytic extract 3; P-l, Picroside I; P-ll, Picroside Il; P-IIlI, Picroside Ill; VA, Vanillic acid; CFA,
Caffeic acid; CAN, Cinnamic acid; CTP, Catalpol; AUB, Aucubin. Data graph bars represent mean *
standard error (n=3).
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