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Abstract

Mountain biodiversity is under unparalleled pressure due to climate change, necessitating in-depth research on high-altitude
plant’s microbial associations which are crucial for plant survival under stress conditions. Realizing that high-altitude tree line
species of Himalaya are completely unexplored with respect to the microbial association, the present study aimed to elucidate
plant growth promoting and secondary metabolite producing potential of culturable endophytic fungi of Himalayan silver
birch (Betula utilis D. Don). ITS region sequencing revealed that the fungal isolates belong to Penicillium species, Pezicula
radicicola, and Paraconiothyrium archidendri. These endophytes were psychrotolerant in nature with the potential to produce
extracellular lytic activities. The endophytes showed plant growth promoting (PGP) traits like phosphorus solubilization and
production of siderophore, indole acetic acid (IAA), and ACC deaminase. The fungal extracts also exhibited antagonistic
potential against bacterial pathogens. Furthermore, the fungal extracts were found to be a potential source of bioactive com-
pounds including the host-specific compound—betulin. Inoculation with fungal suspension improved seed germination and
biomass of soybean and maize crops under net house conditions. In vitro PGP traits of the endophytes, supported by net house
experiments, indicated that fungal association may support the growth and survival of the host in extreme cold conditions.
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Introduction in almost all plant species provides which direct benefits
to the host. Plants have evolved in a microbial world and
their interactions may be supportive in the adaptation
of the plant to its environment. Endophytes, including
plant growth-promoting bacteria and mycorrhizal fungi,
play crucial roles in various ways mainly towards plant
productivity and host competitiveness [1]. They improve
nutrient mineralization, solubilization, and uptake, act as
biocontrol agents, and in turn, provide endurance to biotic
and abiotic stresses. The symbiotic relationship can lead to
significant alterations in plant physiology, encompassing
changes in phytohormonal levels, adjustments to nutrient
absorption, and modifications in soil conditions within the
rhizosphere [2]. The primary mechanisms contributing to the
growth-promoting effects of fungal endophytes on their
hosts involve the stimulation of siderophore synthesis [3],
enhancement of nitrogen fixation [4], promotion of phos-
phate solubilization [5], regulate ethylene level through

Endophytes are defined as the beneficial microorganisms
that inhabit the internal tissue without causing any adverse
effect to the host. The ubiquitous presence of endophytes
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l-aminocyclopropane-1-carboxylate (ACC) deaminase
production [6], impact plant development by producing
phytohormones such as indole 3-acetic acid and gibberel-
lins [7], and influence on enzyme synthesis [8]. In addition to
their ability to promote plant growth, fungal endophytes
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are recognized as a valuable source of bioactive pharma-
ceutical compounds. These endophytes harbor compounds
with therapeutic potential, including antimicrobial, anti-
cancer, antioxidant, anti-inflammatory, and antimalarial
effects [9]. Furthermore, these endophytes have demon-
strated the ability to mimic or generate host-specific bio-
active compounds, possibly attributed to horizontal gene
transfer [9, 10].

Fungal endophytes are the neglected aspect of plant
microbiome, particularly in the context of high-altitude plant
species. Plant interacts with the surrounding microbiome
following selective approach to sustain in extreme condi-
tions [11] and fungal endophytes can be ideal candidates to
mitigate climate-induced stress [12]. However, despite the
crucial role of fungal endophytes in plant adaptation and
abiotic stress tolerance, so far, very limited efforts have been
made to assess microbial association in treeline (the highest
elevation at which a single upright tree species found over
the landscape) species.

Genera Penicillium has been reported as the dominant
genus with > 100 species from different tree species of the
Himalayan region [13]. Qadri et al. [14] reported four fungal
endophytes from the Abies pindrow, and five endophytic
species from Pinus roxburgii including Penicillium species,
namely P. oxalicum and P. expansum from Indian Himalayan
region (IHR). Penicillium species has also been reported
from Taxus wallichiana along with its phosphate solubiliza-
tion property [15], and from 7. fauna [16], Ginkgo biloba
[17], and Arnebia euchroma [18] of IHR.

Betula utilis D. Don (English: Himalayan silver birch,
Hindi: bhojpatra, Sanskrit: Bhurja; Family: Betulaceae) is
a valuable broad leaved tree species of ecological and com-
mercial importance and distributed in sub-alpine zone of the
IHR up to 4500 m amsl [19]. It is a pioneer tree species dom-
inating in subalpine forests that form natural treeline in the
Himalayan region. The species experiences extreme climatic
conditions such as low temperature, heavy rain, and snow-
fall, and is likely to go through various successions. The
species has been reported to exert a suppressive effect on the
rhizosphere microbial communities, particularly concerning
the inhibition of bacteria and actinobacteria [20, 21]. Pseu-
domonas putida, a potential plant growth-promoting bac-
terium, has also been reported from Betula-Rhododendron
association [22]. The high extent of microbial colonization
including mycorrhizal fungi, dark septate endophytes, and
bacterial endophytes in B. utilis roots provided initial lead to
isolate and characterize the culturable endophytes for their
potential role in plant—microbe interaction [21]. Therefore,
the present study aimed to assess the functional traits (i.e.,
plant growth promoting potential and secondary metabolite
production efficiency) of culturable fungal endophytes of the
Himalayan silver birch.
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Material and methods

Sample collection and isolation of fungal
endophytes

The root samples were collected randomly from five dif-
ferent populations of B. utilis and mixed to form a com-
posite sample. The samples were collected in the growing
season (altitude 3288; latitude 32°19'44.4”; and longitude
77°13'01.2”E) from Kullu district, North-Western Hima-
laya. The collected root samples were surface sterilized
by immersing in 70% ethanol for 3 min followed by in
5% aqueous solution of sodium hypochlorite (2 min) and
70% ethanol (2 min) and finally in 0.1% mercury chlo-
ride (1 min) and rinsed with sterile distilled water thrice
[23]. After surface sterilization, the root samples were cut
longitudinally with sterile surgical blade and transferred
aseptically on potato dextrose (PD) agar medium. The last
washing water (1 ml) was used as a surface sterilization
sterility test following pour plate method and incubated
at 25 °C for 2 to 3 weeks. The fungal growth around the
internal tissue was purified, transferred to fresh medium,
and stored at 4 °C for further study.

Phenotypic characters (morphological,
physiological, and biochemical)

The morphological studies of fungal endophytes were
done on five different growth media at 25 °C (Supplemen-
tary Table S1). The growth characteristics were recorded
for vegetative growth, sporulation, pigmentation, and exu-
dation. The microscopic characterization of fungal endo-
phyte was done by slide culture technique [24] with lacto
phenol cotton blue staining method. The physiological
characterization was done based on their temperature, pH
requirements, and salt tolerance in liquid growth medium.
The isolates were inoculated in PD broth and incubated at
different temperatures (5 to 45 °C), pH (2 to 12), and salt
(0.5 to 6%) concentrations; dry mycelium biomass was
recorded for optimum growth requirements.
Extracellular enzymatic activities, namely amylase,
lipase, cellulase, xylanase, gelatinase, and laccase, were
analyzed using standard procedures as follows. Amyl-
ase was tested on starch agar; lipase on tributyrin agar,
cellulase, xylanase, and gelatinase were tested using 1%
substrate, namely carboxy-methylcellulose (CMC), xylan,
and gelatin supplemented in yeast-malt agar medium [25].
Laccase was tested in minimal media [26] with slight mod-
ification using syringaldehyde (10 ppm after autoclave)
as a substrate. The plates were point inoculated and incu-
bated at 25 °C for 7 days. The indicator reagents used



Brazilian Journal of Microbiology (2024) 55:557-570

559

for amylase, xylanase, cellulase, and gelatinase, namely,
Gram’s iodine solution, absolute ethyl alcohol, iodine
solution, and acidic mercuric chloride, respectively for
the confirmation of lytic activity by observing clear zone
around the colony [25].

Molecular identification of endophytes

The genomic DNA of the fungal isolates was extracted
using standard phenol: chloroform method as described
previously [27]. The quantity and quality of DNA were
checked using Nanodrop One Spectrophotometer (Thermo
Scientific, USA) and then run on 0.8% agarose gel. PCR
amplification was performed by targeting the internal tran-
scribed spacer (ITS) region using the universal primer set
as ITS 1 (5-TCCGTAGGTGAACCTGCGG-3") and ITS
2 (5'-TCCTCCGCTTATTGATATGC-3") [28]. PCR con-
ditions included initial denaturation at 94 °C for 5 min,
followed by 35 cycles of denaturation at 94 °C for 30 s,
annealing at 55 °C for 1 min, extension at 72 °C for 1 min
followed by final polymerization at 72 °C for 10 min and
hold at 20 °C [29]. The amplified PCR products were
purified using the Rapid Tip kit (Diffinity Genomics) and
sequenced using the 3730x1 Genetic Analyzer (Applied
Biosystems, USA). The obtained raw sequences were
curated using DNASTAR Seq-Man Pro (https://www.dnast
ar.com/t-seqmanpro.aspx) as described in Sharma et al.
[30]. The taxonomy was assigned using the NCBI data-
base (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the ITS
gene sequences of the phylogenetically closest neighbors
were retrieved. The phylogenetic analyses were carried
out using the neighbor-joining method [31] with Kimura
two-parameter model [32] in MEGA 11 software [33]. The
tree topology was evaluated by bootstrap resampling with
1000 replications [34].

Plant growth promoting (PGP) properties
of endophytes

PGP traits that contributed directly like phosphate solubi-
lization [35], indole acetic acid [36], siderophore [37], and
1-aminocyclopropane-1-carboxylate (ACC) deaminase
using Dworkin and Foster minimal medium with ACC as
a nitrogen source [38] were determined qualitatively and
quantitatively following standard procedures. Similarly, the
indirect PGP traits, namely ammonia production detected
by Nessler’s reagent in peptone water media [39] and HCN
production was detected by the modified method of Bakker
and Shippers [40]. Quantitative assessments of PGP traits
were done in detail at three different temperatures (15, 25,
and 35 °C) on weekly basis up to 4 weeks.

Phosphate solubilization, phosphatase, phytase,
and organic acid production

The quantitative estimation of phosphate solubilization
and produced enzymes (phosphatases and phytase) dur-
ing the process was measured using UV/Visible spectro-
photometer (Amersham Biosciences, Ultrospec 200 pro) in
National Botanical Research Institute’s Phosphate growth
liquid medium (NBRIP) supplemented with the tricalcium
phosphate as substrate [35]. The soluble P was quantified
by molybdate blue color method [41] and calculated from
standard curve of different P concentrations using KH,PO,.
The acid and alkaline phosphatase were measured following
the procedure cited in Adhikari and Pandey [15] and phytase
was measured using phytase screening medium following
the method described by Kerovuo et al. [42].

The organic acids, namely acetic acid (SRL Pvt Ltd
India), ascorbic and pyruvic acid (HiMedia Pvt Ltd), glu-
conic, L-malic, a-ketoglutaric, citric, tartaric, oxalic, and
succinic acid (Sigma chemical Co), produced during phos-
phate solubilization, were quantified using high-performance
liquid chromatography (Shimadzu, LC-2030 Plus) equipped
with Prominence Diode Array Detector (PDA). The analyti-
cal method for quantifying these organic acids involved the
use of a mobile phase composed of 1 mM sodium sulfate
(pH 2.8), adjusted with 1 mM sulfuric acid. The flow rate
was set at 0.5 ml/min, and the injection volume was 20 pl.
The column temperature was maintained at 25 °C, and the
total analysis time was 19 min. Separation was achieved
using a reverse phase C18 column (Shimadzu-pack solar,
5 pm, 4.6 X 250 mm). Before analysis, the enzyme extracts
including blank (sterilized DDW) were passed through 0.2-
pm Whatman membrane filter. The quantification of organic
acid was done at 210 nm except ascorbic acid (254 nm) by
comparing the retention time and absorption wavelength
spectra profiles of each organic acid standard.

Estimation of indole acetic acid (IAA), siderophore,
and 1-aminocyclopropane carboxylate (ACC)
deaminase

IAA quantification was performed in Tryptone soya broths
(Himedia Lab Pvt Ltd), both with and without tryptophan
(L-trp), using a spectrophotometer as described by Ahmad
et al. [36]. Further to confirm the results, HPLC—PDA analy-
sis was conducted. The mobile phase for [AA determina-
tion consisted of a mixture of water (A) and methanol (B)
in a 76:24 ratio, with a flow rate of 1 ml/min, resulting in
a total run time of 25 min. The linearity of the standard
curves was determined based on the correlation coefficient
for IAA and tryptophan. Identification and quantification of
the compounds were performed by comparing the retention
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time and absorption wavelength spectra profiles of IAA and
tryptophan.

Siderophore production was detected by using Chrome
azurol S (CAS) assay as described by Schwyn and Neilands
[37] with slight modification (with respect to extract vol-
ume). Different chemical nature of siderophore like hydroxa-
mate type was examined by tetrazolium test, catecholates
type by Arnow’s test [43], and both hydroxamate and cat-
echol type was examined by FeCl; test [44].

ACC deaminase activity was measured by the method
of Honma and Shimomura [45]. The enzyme activity was
measured by the amount of a-ketobutyrate produced by
the catalytic activity of ACC deaminase that cleaves ACC
into a-ketobutyrate and ammonia. The a-ketobutyrate (UM)
produced was determined by comparing the absorbance at
540 nm of a sample to a standard curve of a-ketobutyrate [46].

Fungal inoculation-plant assay

The fungal endophytes possessing PGP potential were tested
for their effect on two agriculturally important crops, maize
(Zea mays) and black soybean (Glycine max). The seeds of
the test crops were washed with tap water followed by sur-
face sterilization by soaking in 4% sodium hypochlorite for
2 min, 70% ethanol for 1 min, and then washed with sterile
distilled water four to five times. Fungal pure cultures were
grown in PD broth at 25 °C for 7 days. Surface disinfected
seeds were immersed in fungal suspension at room tempera-
ture for 12 h. For control, seeds were treated in nutrient broth
without microbial inoculum.

The pots (size, 9-inch dia) containing soil:sand (3:1)
mixture were air-dried, sieved with a 2-mm sieve, and
autoclaved twice on alternative days for 1 h. The nutrient
characteristics of soil-sand mixture is estimated as follows:
pH=8.6+0.2, moisture content=17.09 +0.7%, organic
carbon=3.2 +0.6%, available N=74.7 + 3.8 ppm, available
P=0.0011+0.0001 ppm, available K=27.5+0.63 ppm.
The inoculated and uninoculated (control) seeds of test
crops were sown in the pots. Following seed germination,
the plantlets were inoculated with each fungal suspension.
The plants were grown in a greenhouse and irrigated with
tap water on regular basis. After 50 days, the plants were
uprooted, roots and shoots were separated, and root length,
roots and shoots fresh weight and then dry weights (oven-
dried at 60 °C for 72 h) were measured.

Extract preparation and antimicrobial activity
of fungal endophytes

To prepare the extracts, fungal strains were individually cul-
tured in liquid PD medium for a duration of 14 days at 25 °C.
After this incubation, the crude fermentation broth underwent
a comprehensive blending process, followed by centrifugation
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at 4000 rpm for 5 min. The resulting supernatant was extracted
three times using an equal volume of ethyl acetate, and the
pooled organic phase was then evaporated under reduced
pressure. The resultant crude extracts were subsequently dis-
solved in methanol and stored at a temperature of 4 °C for
further experimentation, i.e., antimicrobial assays and GC-MS
analysis. The antimicrobial potential of fungal endophytes was
assessed following the method described by Fauda et al. [25]
with slight modification. The antimicrobial potential of the
fungal extract against the bacterial strains, namely Bacillus
subtilis (NRRLB-30408), Priestia megaterium (previously
known as Bacillus megaterium: MCC 3124), Escherichia coli,
and Serratia marcescens (MTCC 4822), was estimated by disc
diffusion method described by Dasila and Singh [47].

Detection of bioactive compounds in fungal extract
by GC-MS analysis

The GC-MS analysis was conducted at Advanced Instrumen-
tation Research Facility (AIRF) JNU, Delhi. Extracts (1 ml),
filtered with a 0.22-micron filter, were used in the GC-MS
analysis. The GC-MS analysis was performed using Shimadzu
GCMS QP-2010 plus equipment. The column operating condi-
tions included the oven temperature program from 0 to 80 °C
at 4 °C/min with a 2-min hold time and from 80 to 290 °C at
10 °C/min with a 17-min hold time, and the final temperature
was kept for 20 min. The injector temperature was kept at 260
°C, pressure 81.9 kPa, linear velocity 40.5 cm/s, injected sam-
ple volume was 0.3 pil, column flow 1.21 ml min~!, purge flow
3.0 ml min~", total flow 16.3 ml min~", split ratio: 10.0 scan
mass range of m/z 40-650, interface line temperature 270 °C,
and ion source temperature 220 °C. The peak area based on
retention time was expressed as percentage composition of the
crude extract. Compounds were identified and characterized by
comparing mass spectra from the NIST 14 (National Institute
of Standards and Technology, USA) and WILEY 8 libraries.

Statistical analysis

Microsoft Excel was used for the calculation of mean and
standard error value. SPSS-16 was used for ANOVA with
post hoc Duncan’s multiple range test (DMRT) to compare
the means and measuring the significant difference between
different PGP activities under different temperatures.

Results

Identification and characterization of fungal
endophytes

Four fungal endophytes, namely GBPI_beF1, GBPI_beF2,
GBPI_beF4, and GBPI_beF5, were isolated from the birch
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roots (Supplementary Fig. STA). The morphological char-
acteristics including features like color, vegetative growth,
sporulation, pigmentation, and exudation were assessed
using various growth media (Supplementary Table S1).
Each endophyte produced watery exudates (guttation) only
in mycological agar medium (Supplementary Fig. S1B).
Specifically, GBPI_beF4 produced pigment when grown in
both Mycological and V8 juice agar medium (Supplemen-
tary Fig. S1C). Potato dextrose and mycological agar were
found to be the best medium for the vegetative growth
of all the fungal endophytes. Consequently, PD agar was
selected for microscopic analysis, i.e., hyphae septation,
sterigmata, conidia, size, and number of conidiophores
(Table 1).

Each of the isolated endophytes exhibited psychrotoler-
ant characteristics, demonstrating the ability to thrive at
temperature as low as 5 °C. However, their pH requirement
for optimal growth varied, spanning from acidic to alka-
line conditions. Additionally, the fungal isolates exhibited
a notable tolerance to salt indicating halotolerant nature
(Table 1). Furthermore, these isolated fungal endophytes
exhibited the potential to produce various extracellular
enzymes, including amylase, cellulase, xylanase, gelati-
nase, and laccase lytic activities (Table 1).

The results of ITS sequencing depicted the fungal iso-
lates belonging to the phylum Ascomycota and were catego-
rized into the families Aspergillaceae, Dermateaceae, and
Didymosphaeriaceae. These isolates were further identi-
fied as belonging to the genera Penicillium (GBPI_beF1 and
GBPI_beF2), Pezicula (GBPI_beF4), and Paraconiothyrium
(GBPI_beF5). The phylogenetic analyses of the ITS sequences
revealed that isolates GBPI beF1 and GBPI beF2 have high-
est homology with Penicillium sp. CBS 139.45 T, GBPI beF4
with Pezicula radicicola CBS:640.94 T, and GBPI beF5 with
Paraconiothyrium archidendri CBS 168.77 T (Fig. 1).

PGP characters of the fungal endophytes

The direct and indirect PGP activities of fungal endophytes
were evaluated. All fungal endophytes were able to produce
ammonia while GBPI_beF4 was able to produce hydrogen
cyanide only (Table 1 and Supplementary Fig. S2).

Phosphate solubilization, phosphatase, and phytase
production

Temperature and incubation period significantly (p < 0.05)
affected the P-solubilization, phosphatase, phytase, and

Table 1 Characterization of fungal endophytes isolated form the roots of Himalayan silver birch

Fungal endophytes Microscopic Physiological Biochemical =~ Molecular (ITS region PGP traits (qualitative)
(Iytic activity) sequencing)

GBPI_beF1 Aseptate hyphae, Temperature range 5 to Cellulase Penicillium sp. (similar-  P-solu®, sidert, IAA™,
sterigmata (no. 3-6; 35 (opt. 25 °C) Amylase ity—100%) ACCD™", Ammonia*,
size—0.66+0.03 um), pHrange 2 tol4 (opt. 4)  Gelatinase NSAN—MZ613188.1 HCN™, Biocontrol*
Conidia (no.—3-5; Salt conc. range 0.5 to 5 CAN—MCC 9443
size—0.1+0.01 um), (opt. 3%)
conidiophores (no.—3—

5; size—1.3+0.11 pm)

GBPI_beF2 Aseptate hyphae, Temperature range 5 to Cellulase Penicillium sp. (similar-  P-solu®, sidert, IAA™,
sterigmata (no. 3-6; 35 (opt. 25 °C) Amylase ity—100%) ACCD™", Ammonia*,
size—0.72+0.03 um), pH range 2 to14 (opt. 10) NSAN—MN327637.1 HCN™, Biocontrol*
Conidia (no.—3-5; Salt conc. range 0.5 to 5 CAN—MCC1829
size—0.17+0.01 um), (opt. 3)
conidiophores (no.—3—

5; size—1.3+0.08 um)

GBPI_beF4 Septate hyphae, no con-  Temperature range 5 to Amylase Pezicula radicicola (simi- P-solu®, sidert, IAA™,
idiophore, sterigmata, 35 (opt. 25 °C) Xylanase larity—100%) ACCD*, Ammonia*,
and conidia found pH range 2 to14 (opt. 8)  Gelatinase NSAN—MN327638.1 HCN', Biocontrol*

Salt conc. range 0.5to 5  Laccase CAN—MCC1831
(opt. 2.5)

GBPI_beF5 Septate hyphae, no con-  Temperature range 5 to Cellulase Paraconiothyrium archi-  P-solu™, sider™, IAA™,
idiophore, sterigmata, 35 (opt. 25 °C) Amylase dendri ACCD*, Ammonia*,
and conidia found pH range 2 tol4 (opt. 4)  Xylanase (similarity—99.42%) HCN", Biocontrol*

Salt conc. range 0.5to 5  Gelatinase NSAN—MN327639.1

(opt. 2)

CAN—MCCI1830

Values are in mean + SE (n=10) for microscopic size measurement

Abbreviations: NSAN nucleotide sequence accession number, CAN culture accession number, P-solu P-solubilization, sider siderophore, JAA
indole acetic acid, ACCD 1-aminocyclopropane-1-carboxylate deaminase, HCN hydrogen cyanide, 4, positive; —, negative
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Penicillium sizovae CBS:413.69T (MH859338)
1 Penicillium tropicum CBS:112584T (MH862897)
Penicillium steckii CBS:260.55T (MH857476)
97 | Penicillium hetheringtonii CBS 1223927 (NR 111482)
Penicillium citrinum CBS 139.45T (MH856132)

100 GBPI beF2

GBPI beF1

Penicillium ovetense CBS 163.817 (KC411680)
%8 1oy | Penicillium malacaense NRRL 357547 (NR 121344)
96 | GBPI beF4

Pezicula radicicola CBS:640.94T (MH862498)

\z3|, Pezicula sporulosa CBS:224 967 (MH862573)
100

Pezicula neosporulosa CBS:101.967 (MH862565)
Pezicula ericae™ (NR 155653)

Pezicula melanigena CBS 898.977 (NR 155611)
66

Pezicula brunnea CBS 1202917 (NR 155652)
89 | GBPI beF5
Paraconiothyrium archidendri CBS 168.777 (NR 155630)

Paraconiothyrium ajrekarii NFCCI 48107 (NR 175158)

100 [ Paraconiothyrium hawaiiense CBS 1200257 (JX496027)
Paraconiothyrium hakeae CBS 1425217 (KY979754)

80 L Paraconiothyrium brasiliense CBS 1002997 (NR 163552)

Neocallimastix californiae JMRC SF:12176T (NR 164249)

0.050

Fig. 1 Phylogenetic tree based on ITS region sequences showing the
positions of fungal isolates GBPI beF1, GBPI beF2, GBPI beF4, and
GBPI beF5 and their respective type strains, constructed by neighbor
joining method

organic acid production (Supplementary Table S2).
The maximum solubility exhibited by GBPI_beF1
(71.97 +0.54 pg/ml) at 35 °C in 4th week, GBPI_beF2
(58.46 £ 1.61 pg/ml) at 15 °C in 2nd week, GBPI_beF4
(95.47+1.41 pg/ml) at 25 °C in 2nd week, and GBPI_
beF5 (65.32 +0.99 pg/ml) at 15 °C in 3rd week (Supple-
mentary Table S2). Fungal endophytes showed higher acid
phosphatase activity as compared to alkaline phosphatase
activity and value ranged from 6.59 +0.47 to 160 +4.40
uM/ml. A decrease in pH was also observed during P-sol-
ubilization (Supplementary Table S2). Similarly, fungal
endophytes produced phytase in a liquid medium sup-
plemented with two different substrates, namely sodium
(Na) and calcium (Ca) phytate. Phytase was produced
maximum in medium supplemented with Ca phytate
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(117.42+4.36 uM/ml by GBPI_beF1 at 15 °C in 3rd
week) as compared to Na phytase, i.e., 68.13 +0.65 uM/
ml by GBPI_beF4 at 35 °C in 4th week (Supplementary
Table S2).

The organic acid concentration varied with incubation
period and temperature (Supplementary Table S3). Glu-
conic, a-ketoglutaric, pyruvic, and acetic acid are more
frequent and dominant organic acids produced during
P-solubilization. However, citric acid was not detected in
any fungal extract during solubilization process (Supple-
mentary Table S3).

Indole acetic acid (IAA), siderophore,
and 1-aminocyclopropane-1-carboxylate (ACC)
deaminase production

The fungal endophytes were able to produce IAA in
absence of L-trp; however, IAA synthesis was significantly
increased in tryptophan-dependent medium. The weekly
quantification of IAA confirms its maximum production
in 2nd week of incubation (Fig. 2). IAA production by
GBPI_beF1, GBPI_beF2, GBPI_beF4, and GBPI_beF5
ranged from 1.03+0.10 to 31.5+2.04 pg/ml, 1.2 +0.09
t0 26.6+0.14 pg/ml, 0.1+0.01 to 18.5+0.13 pg/ml, and
0.30+0.02 to 20.24+0.13 pg/ml, respectively. Synthesis
of IAA was also confirmed by HPLC-PDA analysis. The
absence of L-trp in fungal extract confirmed the complete
utilization of substrate for IAA synthesis (Supplementary
Fig. S3A-C). CAS assay showed maximum halo zone for-
mation at 25 °C, except in the case of GBPI_beF4. Dif-
ferent chemical nature, i.e., catecholates and hydroxamate
of siderophore were also exhibited by fungal endophytes
(Supplementary Table S4). Quantitative results of sidero-
phore production showed significant difference (p <0.05)
at different temperatures in liquid CAS assay. Among stud-
ied isolates, GBPI_bel produced the highest siderophore
production unit (91%) at 15 °C followed by GBPI_be2
(90%) at 25 °C (Fig. 3). Similarly, ACC deaminase activ-
ity also varied significantly (p <0.001) and GBPI_beF1
exhibited maximum (3.07 +0.14 uM/ml) activity while the
minimum was recorded by GBPI_beF4 (0.35 +0.004 uM/
ml) (Table 2).

Effect of fungal endophyte inoculation on test crops

Each fungal endophytic inoculum was found to exhibit
significantly positive effect (p <0.05) on the germination
and growth parameters (root length and root and shoot
biomass) of soybean and maize (Table 3 and Fig. 4) crops
as compared to un-inoculated under net house conditions.
GBPI_beF4 inoculum enhanced the seed germination of
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soybean from 58% (un-inoculated seeds) to 92%, whereas, ~ Antibacterial activity of endophytic fungal extract

GBPI_beF2 followed by GBPI_beF4 were recorded to

enhance the percent seed germination of maize up to 100 Each endophytic fungal extract exhibited significant

and 95%, respectively. (p <0.05) inhibitory potential against tested bacterial
pathogens except for E. coli (Fig. 5). The fungal extract
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Table2 ACC deaminase activity by fungal endophytes of Betula uti-
lis roots

Fungal endophytes ACC deaminase (uUM/ml)
GBPI_beF1 3.07+0.14

GBPI_beF4 0.35+0.004°
GBPI_beF5 0.49+0.01°

Alphabets in bar indicate significance difference (p <0.001) calcu-
lated using Duncan’s multiple-range test. Error bars indicate standard
error (n=23)

exhibited high inhibitory potential against Gram-positive
bacteria, i.e., P. megaterium and B. subtilis compared to
Gram-negative bacteria, i.e., S. marcescens and E. coli
(Table 4). GBPI_beF1 showed the highest inhibition
activity against B. subtilis (12 +0.6 mm) followed by P.

megaterium (11 +0.6 mm), S. marcescens (6 +0.6 mm),
and E. coli (5+0.3 mm). GBPI_beF2 exhibited inhibi-
tion in order to P. megaterium (13 +0.9 mm), B. subtilis
(10 £0.7 mm), S. marcescens (6 £ 0.6 mm), and E. coli
(6 £0.3 mm). GBPI_be4 showed maximum inhibition
against B. subtilis (10+0.01 mm) followed by S. marc-
escens (8 £0.3 mm), P. megaterium (7 £0.6 mm), and
E. coli (5+0.3 mm). GBPI_be5 showed antibacterial
activity in order of B. subtilis (8§ 0.9 mm) > P. megate-
rium (7 +£0.6 mm) > S. marcescens (7+0.3 mm) > E. coli
(0.3+0.1 mm).

Bioactive compounds in fungal extracts (GC-MS
analysis)

To detect bioactive compounds, the 14-day fermented cul-
tures of each fungal endophyte were extracted using ethyl

Table 3 Effect of fungal

inoculation on growth Fungal treatment Germination (%) Root length (cm) Fresh weight (mg) Dry weight (mg)
properties of Zea mays and Shoot Root Shoot Root
Glycine max
Zea mays
Control 80+0.6 9+0.1° 1346 £114° 190+17°  105+8°18+2°
GBPI_BeF1 85+0.6° 12+0° 1839+ 142° 262+27°  125+8°294+3%®
GBPI_BeF2 100+0.3% 12+0° 1917 +130° 296428 196414224 +2°
GBPI_BeF4 94+0.6 11+1.0° 1663+104* 271415 152+ 14*35+32
GBPI_BeF5 94+0.6° 12+1.0° 1765+81* 286+17* 16041923042
Glycine max
Control 58 +0.69 5+04° 396427 42+4° 37+2° 6+0.7°
GBPI_BeF1 87+0.9° 10+0.4° 533425 6845  46+3%15+4.9°
GBPI_BeF2 90+0.9? 10+0.3% 458 +32®  5644% 4343 9407
GBPI_BeF4 92+0.9 9+0.3" 524432 63+6% 53+4°11+0.9%
GBPI_BeF5 83+0.9° 9+04° 442431° 5443 4643 §+0.5°

Values are represented as mean + standard error (n=15)

Alphabets in bar indicate significant difference (p <0.05) calculated using Duncan’s multiple-range test

Glycine max
Y

J

/ )

Contro[ICRPT ber I UGBPI beFs

Zea mays B

| ™
i “\\
GRPT heri‘zII GRPT beF4

Fig.4 Seven-week-old plants of Glycine max and Zea mays after inoculation of fungal endophytes
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GBPI beF1

GBPI_beF2 GBPI_beF3 GBPI_beF4 Streptonmycin

Fig.5 Zone of inhibition by endophytic fungal extracts against bac- marcescens. R, replicates; C, negative control (methanol); S, strepto-
terial pathogens. First row—Bacillus subtilis, second row—Priestia mycin (positive control)
megaterium, third row—FEscherichia coli, and forth row—Serratia

Table 4 Ant.ibacterial activity Test organisms GBPI_beF1 GBPI_beF2 GBPI_beF4 GBPI_beF5 Streptomycin
of endophytic fungal extracts
Bacillus subtilis 12+0.6 10+0.7 10+0.3 8+0.9 20+1.2
B. megaterium 11+0.6 13+0.9 7+0.9 7+0.6 17+1.1
Escherichia coli 6+0.6 6+0.7 8+0.6 7+0.3 18+1.2
Serratia marcescens 5+0.3 6+0.3 5+0.3 1+£0.1 20+1.1

Values are represented as mean + standard error (n=3)

Alphabets in bar indicate significant difference (p <0.01) calculated using Duncan’s multiple-range test

acetate. The analysis of the endophytic fungal extracts  peak area was identified as 1-nonadecene (18%) in the
revealed the presence of bioactive compounds belong-  extract of GBPI_beF1, acetophenone (61.06%) in GBPI_
ing to various metabolic classes, such as long fatty acid  beF2, hydroperoxide, 1-methyl-1-phenylethyl (53.42%)
esters, alcohols, ketones, terpenes, and steroids (Supple- in GBPI_beF4, and acetophenone (67.39%) in GBPI_
mentary Table S5-S8). The compound with the highest  beF5. Additionally, the analysis confirmed the presence
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of a host signature compound, betulin, in fungal extract
(GBPI_beF5).

Discussion

The representative fungal endophytes from Himalayan
silver birch roots are two Penicillium species, Pezicula
radicicola and Paraconiothyrium archidendri. The present
study indicated the limited number of endophytic fungal
isolates potentially attributed to the unculturable nature of
the colonizing fungi. Microbial species, Penicillium genus
stands out as one of the largest fungus group fungi, com-
posed of over 300 well-organized species [48]. Penicil-
lium species are ubiquitous due to their minimal nutritional
requirements, adaptability, and versality in different envi-
ronmental conditions [49]. Penicillium as endophytes has
been documented in diverse plant species [S0] which have
potential to protect the host against biotic stress and plant
growth-promoting activities [51]. Notably, Penicillium has
also been reported as the most well-known fungal genera
for the exploration of numerous bioactive compounds [50].
Interestingly, the other two fungal endophytes, namely
Pezicula radicicola and Paraconiothyrium archidendri,
are being reported for the first time as endophytes from
silver birch growing in the alpine region of IHR. The fun-
gal isolate, P. radicicola, was observed with the production
of melanin like dark brown pigment on Mycological and
V8 juice medium. It shows the importance of using various
media in isolation of culturable microbes. Ingredients like
yeast extract, lactose, and tyrosine are known to express
melanin pigment production [52]. Melanin is known for
its environmental stress resistant nature [52] and the asso-
ciated virulence factors [53]. Melanin content in the dark
brown color pigment produced by P. radicicola requires
further investigation. Furthermore, the fungal endophytes
showed potential to produce watery exudates in mycologi-
cal agar medium, commonly known as guttation. Guttation
is a common phenomenon that depends on nutrient compo-
sition in growth medium, culture conditions, and incuba-
tion temperature. These exudate droplets are reported as
a rich source of secondary metabolites and proteins with
mycotoxin, antiviral, herbicidal, and insecticidal proper-
ties [54]. Properties like the production of pigments and
exudates are likely to be adaptive strategies against biotic
stresses (pathogens and metabolites) and abiotic stresses
like temperature, pH, moisture content, and nutrient avail-
ability [55, 56].

The low temperature tolerance potential upto 5 °C indi-
cates the psychrotolerant nature of isolated fungal endo-
phytes. The optimal growth temperature for isolated fun-
gal endophytes was recorded at 25 °C. Wang et al. [57]
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reviewed the living strategies of cold-adapted fungi as
saprobes, host mutualists (symbionts), endophytes, para-
sites, and pathogens to perform ecological functions and
adaptation mechanisms. Moghaddam and Soltani [58] rec-
ognized the importance of low temperature tolerance in
synthesizing cold active secondary metabolites and their
contribution to ameliorating cold stress. Li et al. [59] iden-
tified 46 taxa of cold adapted fungal endophytes from five
dominant plant species, namely Quercus pannosa, Q. spi-
nosa, and three Rhododendron spp. from 4000- to 4300-m
altitude of Baima Snow Mountain, Southwest China. Fun-
gal genera belonging to Ascomycetes, Basidiomycetes,
and Oomycetes reported for release of antifreeze proteins
and support the mycelial growth at extreme cold tempera-
ture by controlling the freezing rate of extracellular envi-
ronment [60]. Wide pH tolerance potential of microbial
endophytes of silver birch, from acidophilic to alkaliphilic,
is contradictory to the acidic habitat of the host. Dhakar
and Pandey [61] reported the adaptation of extremophilic
microorganisms to wide pH range and described it as a
cope up mechanism against the changing environmental
conditions by expression/regulation of the specific genes.
Salinity is one of the major challenging abiotic stresses that
harshly affect the physiological and metabolic processes
of plants. It is responsible for the reduction in seedling
growth, photosynthetic activity, ion toxicity, and decrease
in protein synthesis rate and lipid metabolism [62]. Endo-
phytes proliferate successively inside the host tissue even
at the high salt concentration [63]. Therefore, the salt toler-
ance potential of root associated microbial endophytes of
silver birch may support the species to cope up in extreme
climate of the Himalayan region. The fungal endophytes
exhibited extracellular enzyme activities like amylase, cel-
lulase, xylanase, gelatinase, and laccase. Enzymes play a
significant role in various functional mechanisms in the
ecosystem. Lytic activities regulate the organic compound
degradation, nutrient acquisition, and elicitation of host
defense mechanisms against phytopathogens. In accord-
ance to our results, Toghueo et al. [64] reported cellulase,
amylase, and lipase production potential of Penicillium and
Paraconiothyrium species on solid media.

Plant growth promoting activities of fungal
endophytes

The fungal endophytes support host sustenance in harsh
climatic conditions directly via P-solubilization, [AA,
and siderophore production and indirectly via ammonia,
HCN productivity, ACC deaminase (lowering the ethylene
stress), and by producing lytic enzyme activities. Micro-
bial secreted ammonia fulfills nitrogen demand of the host
and triggers the defense system against pathogens [51]. The
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birch fungal endophytes have potential to produce ammonia
which may contribute in increase of plant biomass by pro-
moting root and shoot elongation. HCN, a volatile second-
ary metabolite, suppresses the growth of fungal, insects,
termite nematode pathogens, and support plant growth [65].
All the fungal endophytes solubilized tri-calcium phosphate
and phytate in liquid medium. Temperature and incubation
time showed significant effect on P-solubilization and pro-
duction of organic acids, phosphatases, and phytase. The
significant decrease in pH in each fungal extract indicated
the organic acid liberation during P-solubilization. Gluconic
and a-ketoglutaric acids were the most frequent organic
acids detected in Penicillium species extract while pyruvic
acid followed by a-ketoglutaric and gluconic acids were
the most frequent organic acids detected in P. radicicola
and P. archidendri during P-solubilization. Besides, fungal
endophytes produced high acid phosphatase and phytase
with lesser extent of alkaline phosphatase and exhibited
high potential to solubilize calcium phytate as compared to
sodium phytate which may contribute in P- deficit and Ca-
rich soil of Himalayan region. Reports on these lines from
Himalayan region are limited. Endophytic Penicillium spe-
cies isolated from T. wallichiana reported for organic acid
production and enzymes responsible for P- solubilization
under influence of a range of temperature [15]. Temperature
has been considered as one of the most critical factors to
control various biological processes.

The fungal endophytes exhibited ability to produce IAA
in both the culture medium supplemented with tryptophan
(0.1%) and without tryptophan (control). Growth hormone
like auxins stimulates fungal growth via the germination of
spores and growth of hyphae along with cellular elonga-
tion. Root-associated microbes are studied for mitigating
various stress responses inducing systemic stress tolerance
and regulate the hormonal and nutritional balance in plants
[66]. While P. radicicola is likely to be the first report for its
potential PGP activities including IAA production, IAA pro-
duction by P. archidendri is comparable with the P. hawai-
iense isolated from the leaf sample of wild orchid Vanda
cristata from central Nepal [67].

Catecholate and hydroxamate types of siderophores
are the most frequent groups involved to bind with iron
[68]. Fungal endophytes, under present study, showed the
potential to produce different types of siderophores includ-
ing hydroxamates and catecholates. The high siderophore
production abilities of B. utilis endophytes might be due to
iron-limiting conditions in high altitude [69]. The sidero-
phore affinity towards other minerals including cobalt, man-
ganese, molybdenum, and nickel has been recognized. This
variable affinity of siderophores towards other mineral ele-
ments provides competitive benefits to the endophytes over
the pathogens/non-producers colonizing or inhabiting in the
same ecological niche such as rhizosphere [70]. This aspect

of endophytic PGP microbes, associated with high-altitude
medicinal plants, has been highlighted by several research
groups [3, 18]. Several studies reported that siderophore
producing endophytes reduce chlorotic symptoms, increased
chlorophyll a and b content, and enhance growth under stress
conditions (nickel stress) in inoculated over non-inoculated
plants [71, 72].

Production of aminocyclopropane-1-carboxylate by the
fungal endophytes may also contribute to reduce cold stress
conditions in the plants growing in subalpine zone of Hima-
layan region. ACC is an immediate precursor of ethylene in
plants; therefore, the enzyme, i.e., ACC deaminase, cata-
lyzes ACC to ammonia and a-ketobutyrate [73] resulting
growth promotion by lowering ethylene level in the plants
[74]. ACCD stimulates plants ACC efflux, decreases the
ACC along with ethylene concentration in roots, and thus,
enhances the root growth and development [74].

The cumulative effect of fungal PGP potential was suc-
cessfully demonstrated on two test crops, viz. black soya-
bean and maize under net house conditions; Pezicula radici-
cola showed the highest positive effect on growth parameters
of black soyabean whereas Penicillium species was more
effective in case of maize. These observations support that
studied endophytes improve germination and plant growth
and may recognize as an environmentally friendly option for
possible application in increasing the yield of agricultural
crops in hilly regions.

Antibacterial activity and bioactive compounds
of culturable endophytic fungal extract

Fungal endophytes are being reported as a vital source of
novel bioactive compounds including phenols, flavonoids,
alkaloids, peptides, and steroids possessing applications in
pharmaceutical and agricultural industries [10]. The disc
diffusion results of the fungal extracts confirmed the antimi-
crobial potential of the fungal endophytes against Gram + ve
as well as Gram —ve test bacteria, inhibition being higher in
case of Gram + ve bacteria. Similarly, fungal endophytes,
isolated from many high-altitude tree species including
Eucommia ulmoides [75], Pinus canerensis [76], Juniperus
procera [717], Pinus roxburghii [78], and Taxus wallichiana
[79], were reported for antimicrobial activities. The GC-MS
analysis showed that vast range of bioactive compounds of
fungal extracts belonged to various metabolic classes includ-
ing long fatty acid esters, alcohols, ketones, terpenes, and
steroids. Most of the identified compounds are reported for
various biological properties including antibacterial, anti-
cancer, antidiabetic, antidiarrheal, antifouling, antifungal,
anthelmintic, anti-inflammatory, antimutagenic, antioxidant,
antiproliferative, antisepsis, antituberculosis, insecticidal,
immunomodulatory, and antiviral. Detection of host specific
dominant compound, i.e., betulin is the remarkable finding
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of this study. It is a pentacyclic triterpenoid compound that
has been reported for various pharmaceutical applications
like anti-HIV, anti-inflammatory, anticancer, antibacterial,
anti-malarial, anti-inflammatory, antihelminthic, antinoci-
ceptive, and anti-HSV-1 [80]. The first report on microbial
endophyte regarding in vitro secondary metabolites produc-
tion was the discovery of Paclitaxel (taxol) from endophytic
fungus Taxomyces andreanae which was isolated from host
species Taxus brevifolia [81]. Similarly endophytic fungi
isolated from Sinopodophyllum hexandrum, Diphylleia sin-
ensis, and Dysosma veitchii were reported for the potential
to produce host specific compound podophyllotoxin [82].
Earlier, microbe-based successful production of secondary
metabolites like quercetin and ginkgolide B having anti-
inflammatory and antiallergic potential from Aspergillus
species and Fusarium oxysporum endophytes, isolated from
Ginkgo biloba, has been reported [83]. Host specific-bioac-
tive compound production by microbial endophytes might be
owing to genetic material exchange between host and endo-
phytes because of direct contact, long-term coexistence, and
same ecological and climatic inhabitation conditions [84].

Conclusion

To the best of our knowledge, this study represents the inau-
gural investigation into the PGP and secondary metabolite
production properties of culturable endophytic fungal asso-
ciated with root tissues of B. utilis commonly known as
Himalayan silver birch. The observed PGP traits exhibited
by these fungal endophytes suggest the potential for devel-
oping bioformulations aimed at cultivating robust seedlings
of B. utilis in nursery conditions. This development could
integrate into biodiversity management strategies, with a
particular focus on the conservation of this ecologically and
economically significant species within sub-alpine region of
Himalaya. Furthermore, these endophytes may find applica-
bility in the inoculation of agricultural and forest species to
hilly regions.

The production of the host-specific compound, i.e., betu-
lin from the fungal extract of Paraconiothyrium archiden-
dri, represents a noteworthy and remarkable outcome of this
study. The fungus could serve as an alternative source of
betulin, presenting an additional avenue for the conservation
of B. utilis, which is categorized as critically endangered
Himalayan species. To fully harness the potential of this
bioactive compound, it will be imperative to optimize the
growth conditions for fungal betulin production.
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