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Endophytes are microorganisms that inhabit the internal tissues of a plant for at least
part of their life cycle without causing any harm to the host plant at any stage of the
interaction (Le Cocq et al., 2017). Early studies on endophytic microorganisms focused
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Abstract. Saussurea bogedaensis is a critically endangered medicinal plant
native to high-altitude, arid environments in China and Mongolia. This study
reports a new occurrence of S. bogedaensis in the Mongol Altai region of
Mongolia, thereby expanding its previously known geographic range. Molecular
identification using the ITS region sequencing confirmed the plant’s identity. A
total of nine culturable endophytic microorganisms, five bacterial and four fungal
strains, were isolated from the stem, leaf, and flower tissues of S. bogedaensis
and identified based on 16S rRNA and ITS rDNA sequences. The bacterial
isolates were assigned to the genera Pseudomonas and Bacillus, while the fungal
strains were identified as belonging to the genera Fusarium and Mucor. In vitro
assays revealed that Pseudomonas strains P20-L2 and P20-L3 exhibited the
strongest plant growth-promoting properties (PGPP), including high IAA
production (up to 268.77 pg/ml), efficient zinc solubilization (solubilization
index, SI: 4.3), inorganic phosphate solubilization (SI: 4.2), and organic
phosphate solubilization (SI: 2.7) capabilities. Fusarium sp. P20-S1-1 also
demonstrated broad mineral solubilization. These findings not only provide the
first insights into the culturable endophytic microbiota of S. bogedaensis, but also
identify promising microbial candidates for biofertilizer development and
assisted propagation strategies for the conservation of endangered flora.

Keywords: Saussurea bogedaensis, ITS region, 16S rDNA sequencing, indole
acetic acid, phosphate solubilization, zinc solubilization
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primarily on their ability to produce biologically active secondary metabolites, such as
alkaloids, terpenoids, phenolics, peptides, and polyketides, which exhibit antibacterial,
anticancer, antioxidant, and insecticidal properties. They have been predominantly
explored from medicinal plants, as these hosts may harbor unique or rare endophytes
capable of producing the same or similar bioactive compounds and may also contribute
to the biosynthesis, regulation, or enhancement of the plant’s medicinal metabolites
(Strobel & Daisy, 2003; Gouda, 2016). Later studies have increasingly focused on the
roles of endophytes in promoting plant growth, enhancing stress tolerance, and
supporting ecological adaptation, especially with the growing interest in sustainable
agriculture and the development of stress-resilient crops (Le Cocq et al., 2017; Rana,
2020; Baron & Rigobelo, 2022).

Saussurea bogedaensis is a critically endangered plant species first discovered in the
Bogeda Mountains in Xinjiang, China (Chen & Wang, 2018). A member of the family
Asteraceae, this species thrives in harsh, high-altitude environments and is closely
related to other species such as S. involucrata and S. orgaadayi. Two years after its
initial discovery, the presence of S. bogedaensis was confirmed in Mongolia, and it has
been classified as Critically Endangered [CR C2a(i)] in Mongolia under the [IUCN Red
List criteria (Baasanmunkh et al., 2020). This species was previously misidentified as
S. involucrata because of its morphological similarity and geographical distribution
range (Baasanmunkh et al., 2020), and it is marketed as “Vansemberuu” (S.
involucrata) in local traditional medicine.

In traditional Mongolian, Uyghur, and Chinese medicine, S. involucrata, also known
as “Snow Lotus”, has long been valued for its therapeutic properties, including anti-
inflammatory, anti-cancer, anti-oxidation, adipogenesis suppression, and
neuroprotection effects. Phytochemical studies have shown that S. involucrata contains
more than 70 compounds, including flavonoids (e.g., hispidulin), lignans, sesquiterpene
lactones, and phenolic acids (Chik et al., 2015; Gong et al., 2020). Endophytic fungi
isolated from S. involucrata were classified into 14 taxa, the majority of which
belonged to the genus Cylindrocarpon (Lv et al., 2010). The dark septate endophytic
(DSE) fungus DSE-37 had a positive effect on the root development of its host plant
(Wu et al., 2010).

Although our initial aim was to explore the endophytic microorganisms of S.
involucrata, the unexpected taxonomic finding and re-identification of the Saussurea
species recorded in western Mongolia prompted us to confirm the plant source using
DNA barcodes for accurate species identification.

This study aims to (1) isolate and characterize endophytic fungi and bacteria from S.
bogedaensis, (2) evaluate their plant growth-promoting traits, and (3) report a new
occurrence of S. bogedaensis in a previously undocumented region. To date, this study
represents the first report on culturable endophytic microorganisms associated with S.
bogedaensis.
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2 Material and Methods

2.1  Collection of Plant Samples

The aboveground part of the medicinal and critically endangered plant sample of
Saussuria sp. (Fig. 1) was collected in July 2021 from the Emeeltseg Mountain
(45°20°44” N, 97°39°45” E, h3250m) in the Mongolian Altai region of Mongolia. The
plant material was collected with permission from the Ministry of Environment and
Tourism of Mongolia.

Fig. 1. A general habit of S. bogedaensis in Emeeltseg Mountain, Chandmani sum, Govi-Altai
Province, Mongolia. Photo: 03 August 2021, J. Enkh-Amgalan.

2.2 Isolation of Microbial Endophytes

Healthy plant tissues, including stems, leaves, and flowers, were thoroughly washed
under running tap water to remove surface debris, followed by rinsing with sterile
distilled water. Surface sterilization was performed using a three-step procedure:
immersion in 70% ethanol for 1 minute, 3% sodium hypochlorite for 3—5 minutes, and
a final rinse in 70% ethanol for 30 seconds, as previously described (Jigjiddor;j et al.,
2024). The sterilized tissues were then rinsed three times with sterile distilled water and
dried on sterile filter paper under aseptic conditions. To confirm the effectiveness of
surface sterilization, 200 uL of the final rinse water was plated onto LB agar (casein
peptone 10.0 g/L, yeast extract 5.0 g/L, NaCl 10.0 g/L agar 20.0 g/L), potato dextrose
agar (PDA, Biolab Diagnostics Laboratory Inc., Budapest, Hungary), and incubated at
28 °C and 37 °C for up to 1 week to check for microbial growth. Once dried, the
sterilized plant tissues were aseptically cut into small segments and placed onto PDA
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and LB agar plates supplemented with kanamycin sulfate and cycloheximide at final
concentrations of 50 ng/mL, respectively. Plates were incubated at 28 °C and 37 °C for
1-7 days. Emerging microbial colonies were monitored daily. Individual bacterial and
fungal colonies were subcultured onto fresh media and periodically checked for purity.
Pure isolates were stored in 20% (v/v) glycerol stocks at —80 °C for long-term
preservation.

2.3 Identification of the Microbial Isolates

Molecular identification was carried out based on bacterial 16S rRNA gene and fungal
internal transcribed spacer (ITS) rDNA regions amplification and sequence analyses.

Genomic DNA was extracted from fungal isolates using the PrepMan™ Ultra
Sample Preparation Reagent (Thermo Fisher Scientific Inc., USA) and from bacterial
isolates using the Bacterial DNA Extraction Kit (ZanaaSpex, Mongolia), following the
manufacturers’ instructions.

The internal transcribed spacer (ITS) region, 5.8S gene, and the D1/D2 domain of
the large subunit (LSU) ribosomal RNA (rRNA) gene of fungal DNA were amplified
using primer pairs ITS5 (5'-GGAAGTAAAAGTCGTAACAAGG-3') and NL4 (5'-
GGTCCGTGTTTCAAGACGG-3') (White et al., 1990). Bacterial 16S rRNA genes
were amplified using universal primers 9F (5'-GAGTTTGATCCTGGCTCAG-3") and
1541R (5-AAGGAGGTGATCCAGCCC-3") (Nuramkhaan et al., 2023). PCR
amplification was carried out in a thermal cycler (GeneAmp® PCR System 9700,
Thermo Fisher Scientific). For fungal ITS amplification, the thermal profile was 94 °C
2 min, followed by 30 cycles of 94 °C 1 min, 56 °C 30 sec, 68 °C 1,5 min, and a final
extension step at 68 °C for 5 min. For bacterial 16S rRNA gene amplification, the
thermal profile was 95 °C 3 min, followed by 30 cycles of 95 °C 1 min, 55 °C 15 sec,
72 °C 1 min, and a final extension step at 72 °C for 5 min. PCR products were verified
on 1% agarose gels and subsequently purified using the PCR Purification Kit
(ZanaaSpex, Mongolia) and sent to Macrogen, Korea, for commercial sequencing.

The resulting sequences were analyzed using the NCBI BLAST tool
(http://www.ncbi.nlm.nih.gov/BLAST) and the EzBioCloud database
(https://www.ezbiocloud.net) to determine taxonomic identity based on sequence
similarity. For phylogenetic analysis, the sequences were aligned with closest reference
sequences using ClustalX version 1.8, and phylogenetic trees were constructed using
the neighbor-joining method (Saitou & Nei, 1987) in MEGA software (version 6.1),
with bootstrap values calculated from 1000 replicates.

Representative sequences were deposited in GenBank under accession numbers
LC663160, LC769412- LC769414, and LC769465- LC7694609.

2.4  DNA Barcoding of the Plant Species

Molecular identification was carried out based on amplification and sequence analysis
of the nuclear ribosomal DNA (nrDNA) ITS region of the plant specimen. Total DNA
was extracted from silica gel-dried leaf materials using the DNeasy® Plant Mini Kit
(QIAGEN, Hilden, Germany) following the manufacturer’s instructions.


https://www.ezbiocloud.net/
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Polymerase chain reaction (PCR) amplification of the ITS region was performed using
ITS5A 5'- CCTTATCATTTAGAGGAAGG-3') and ITS4 (5'-
TCCTCCGCTTATTGATATGC-3"), primers described by Baasanmunkh et al. (2020)
in a thermal cycler (GeneAmp® PCR System 9700, Thermo Fisher Scientific). The
thermal profile was 94 °C 4 min, followed by 30 cycles of 94 °C 1 min, 50 °C 1 min,
72 °C 1 min, and a final extension step at 72 °C for 7 min. PCR products were verified
on 1% agarose gels and subsequently purified using the PCR Purification Kit
(ZanaaSpex, Mongolia) and sent to Macrogen, Korea, for commercial sequencing.

The resulting sequences were analyzed using the NCBI BLAST tool
(http://www.ncbi.nlm.nih.gov/BLAST) to determine taxonomic identity based on
sequence similarity. For phylogenetic analysis, the sequences were aligned with the
closest reference sequences using ClustalX version 1.8.

The obtained sequence was deposited in GenBank under accession number
LC877219.

2.5  Screening of Plant Growth-Promoting Properties of the Isolates

Indole Acetic Acid (IAA) Production Assay. For the screening of IAA production,
strains were inoculated in a liquid medium with and without L-tryptophan (0.5%). After
cultivation, IAA production was determined visually by color change induced by
Salkowski’s reagent (1 mL 0.5 M FeCls;, 50 mL 35% perchloric acid) and was
quantified spectrophotometrically at 530 nm. The development of a pink to red color
of the liquid indicated IAA production.

By measuring the color intensity using a UV-VIS spectrophotometer, the amount of
IAA was quantified based on a standard curve constructed with known concentrations
of pure IAA (Kumar et al., 2018). All assays were carried out in triplicate for each
isolate, and results were used to calculate the standard deviation (SD).

Phosphate and Zinc Oxide Solubilization Assay. Medium Pikovskaya with lecithin
0.2% (glucose 10 g/L, Ca3(PO4), 2.5 g/L, (NH4),S04 0.5 g/L, MgSO4*7H,0 0.1 g/L,
NaCl 0.2 g/L, KCI 0.2 g/L, FeSO4*7H,0O 0.003 g/L, MnSO4*H,0 0.003 g/L, yeast
extract 0.5 g/L, agar 18 g/L) used for the screening phosphate solubilization ability.
Endophytic isolates were grown on appropriate solid media, and 6 mm agar plugs were
aseptically cut and placed onto Pikovskaya’s agar plates in triplicate. The plates were
incubated at the respective optimal temperatures for bacteria and fungi. The clear zone
formed around the strain was measured for the efficiency of solubilization of phosphate.
Zinc solubilization was assessed using the same agar plug diffusion approach on a
mineral salts agar medium supplemented with 0.1% insoluble ZnO, as described by
Kumar et al. (2018). The diameter of each clearance zone was measured, and the
enzyme activity was calculated according to the following formula (Pande et al., 2017):

I colony diameter + halo zone diameter
Solubilization index (SI) =

colony diamter

All assays were carried out in triplicate for each isolate, and results were used to
calculate the standard deviation (SD).


http://www.ncbi.nlm.nih.gov/BLAST
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3 Results

3.1 Molecular Identification of the Sample Plant Species

The ITS region sequence of the plant sample Saussurea sp., initially identified as S.
involucrata, was determined. A BLAST search based on the 712 bp nucleotide
sequence revealed 100% similarity with S. bogedaensis voucher UBU20190698
(GenBank: MT209829). Furthermore, ITS sequences of S. bogedaensis, initially
reported in China by Chen and Wang (2018) (GenBank: MH003708-MH003710) and
in Mongolia by Baasanmunkh et al. (2020) (GenBank: MT209829, MT197331, and
MT210906), were retrieved from NCBI GenBank. The aligned ITS dataset, comprising
seven sequences, including the sequence determined in this study (GenBank:
LC877219), was trimmed to 654 bp (corresponding to the length of MH003708—
MHO003710), and no nucleotide differences were observed among them (data not
shown). These results confirmed that the Saussurea specimen from the Mongol Altai
region is S. bogedaensis.

3.2 Isolation and Identification of Endophytic Bacteria and Fungi

Five bacterial and four fungal endophytes were isolated and purified from the stems,
leaves, and flowers of S. bogedaensis. Molecular identification of bacterial endophytes
was carried out using 16S rRNA gene sequences, while fungal endophytes were
identified based on the ITS rDNA region, including ITS1, 5.8S, and ITS2, which served
as the molecular marker. The sequences obtained from nine strains were compared with
those in the GenBank database using BLAST analysis. The results revealed that the five
bacterial strains belonged to the genera Pseudomonas and Bacillus, whereas the fungal
strains were assigned to the genera Mucor and Fusarium (Table 1).

Table 1. Closest relatives of endophytic fungal and bacterial strains based on ITS and 16S
rRNA gene sequence BLAST analyses.

Accession  Plant Species with Most Homologous Sequence  Similarity

Strain No Tissue (Accession No) %

Pseudomonas paracarnis V5/DAB/2/5(T)
P20-L2  LC769465 Leaf (KX186983) 99.93

Pseudomonas azotoformans DSM 18862(T)
(MNPV01000020)
Pseudomonas carnis B4-1(T)
(CABIVL010000053)
Pseudomonas paralactis DSM 29164(T)
(KP756921)

P20-L3  LC769466 Leaf 99.86

Bacillus siamensis KCTC 13613(T)
(AJVF01000043)
Bacillus velezensis CR-502(T)
(AY603658)

P20-F1  LC769467 Flower 99.93

Bacillus siamensis KCTC 13613(T)
P20-F2  LC769468 Flower (AJVF01000043) 99.86
Bacillus velezensis CR-502(T)
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(AY603658)
Bacillus siamensis KCTC 13613(T)
(AJVF01000043)
Bacillus velezensis CR-502(T)
(AY603658)
P20-SI-1  LC769413  Stem Fusarium acuminatum £3-2 100
(MZ574098)
Mucor hiemalis 23
P20-S2-1 LC769414  Stem (MT573485) 99.82
Mucor hiemalis 23
P20-L1-1 LC663160 Leaf (MT573485) 100
Mucor hiemalis 23

P20-L2-1 LC769412 Leaf (MT573485) 100

P20-F4  LC769469 Flower 99.93

Two bacterial strains isolated from stem tissue were identified as members of the genus
Pseudomonas. Strain P20-L2 showed the highest sequence similarity (99.93%) to P.
paracarnis V5/DAB/2/5(T), while strain P20-L3 was closely related to P.
azotoformans DSM 18862(T), P. carnis B4-1(T), and P. paralactis DSM 29164(T),
with 99.86% sequence similarity. Phylogenetic analysis (Fig. 2) placed both strains in
close proximity to members of the P. fluorescens group, one of the nine groups in the
P. fluorescens complex. This group is known for its diverse plant-associated,
endophytic, and saprophytic members, many of which exhibit plant growth-promoting
or biocontrol properties.

66/P. lactis DSM 291677 (JYLO01000038)
P, salmasensis SWRI 1267 (JABWQJ010000063)

P, carnis B4-1T (CABIVLO010000053)
P. paralactis DSM 29164T (KP756921)
4> azotoformans DSM 18862T (MNPV01000020)
P20-L3
P. paracarnis V5/DAB/2/5T (KX186983)
6:’ P. pergaminensis 1008T (CP078013)
" P20-L2
P, gessardii DSM 17152T (MNPU01000117)
_EP. Jjessenii DSM 17150 (NTWT01000013)
1008— p koreensis Ps 9-14T (AF468452)
P. fluorescens DSM 500907 (LHVP01000014)
P, fragi NRRL B-727T (LT629783)
61[" P. chlororaphis subsp. piscium DSM 215097 (LHUZ01000017)
6l P. chlororaphis subsp. chlororaphis NBRC 3904 (BCZX01000031)
P. chlororaphis subsp. aureofaciens NBRC 35217 (BBQB01000031)
r P. chlororaphis subsp. aurantiaca DSM 19603T (CP027746)
P. corrugata ATCC 297367 (D84012)
P. mandelii NBRC 1031477 (BDAF01000092)
s P, protegens CHAOT (CP003190)
0.005 P. aeruginosa DSM 500717 (NR_026078)




Diversity and Plant Growth-Promoting Properties of Endophytic ... 175

Fig. 2. Neighbor-joining phylogenetic tree based on nearly complete 16S rRNA gene sequences
showing the position of strains P20-L2 and P20-L3 relative to the most closely related members
of the P. fluorescens group. Bootstrap percentages based on 1000 replications are displayed for
each node; only values above 50% are shown. Strains isolated in this study and branches
supported by bootstrap values >70% are indicated in bold.

All three bacterial strains isolated from flower tissue were closely related to B.
siamensis KCTC 13613(T) and B. velezensis CR-502(T), with sequence similarity
ranging from 99.86% to 99.93%.

Fungal strains were isolated from stem and leaf tissues. Strain P20-S1-1 exhibited
100% sequence similarity to Fusarium acuminatum F3-2, while the remaining strains
showed the highest sequence similarity (99.82—100%) to Mucor hiemalis 23.

3.3  InVitro Test for Plant Growth Promoting Properties of Endophytes

The endophytic isolates were further studied for their PGPP, including IAA production,
phosphate solubilization, and zinc oxide solubilization.

We determined the IAA synthesis capacity of five bacterial and four fungal strains
at 24,48, 72, 96, and 114 hours of incubation. The quantitative values were calculated
and presented in Figure 3. The IAA synthesis of Pseudomonas strains was observed to
be higher in comparison to that of Bacillus strains. Specifically, Pseudomonas sp. P20-
L2 synthesised 48.57 pg/ml at 24 hours and reached a maximum level of 268.77 pg/ml
at 96 hours. Concurrently, Pseudomonas sp. P20-L3 and Bacillus sp. P20-F2 initiated
synthesis at 18.30 ug/ml and 17.43 ug/ml, respectively, at 24 hours, and both increased
to comparable levels of 50.30 pg/ml and 48.99 pg/ml at 48 hours. After this, the IAA
synthesised by Pseudomonas sp. P20-L3 exhibited a marked increase, reaching 121.65
pg/ml at 72 hours and 214.10 pg/ml at 96 hours.

350.0 -

E 300.0 +-W- Pseudomonas sp. P20-L2

) [ -=-- Pseudomonas sp. P20-L3 .

;250'0 1 - @ - Bacillus sp. P20-FI el T

< 200.0 +-A-- Bacillus sp. P20-F2 ,,” R I

5 - - &~ Bacillus sp. P20-F4 T

£ 150.0 1

é 100.0 -

& 50.0 4 _—"’_:__ :’.: ------ &------ &-------- a
:::::__, ===::::::‘:=:=====‘=:::::::‘
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24 h 48 h 72 h 96 h 114h

Incubation time (hours)

Fig. 3. IAA production in L-tryptophan-supplemented medium by endophytic bacterial strains.
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Conversely, for Bacillus sp. P20-F2, the values were 61.05 pg/ml and 64.25 pg/ml at
those time points. The IAA synthesis by Bacillus sp. P20-F1 and Bacillus sp. P20-F4
was found to be the lowest, measuring 7.59 pg/ml and 10.35 pg/ml at 24 hours,
respectively. During the experimental period, while a sharp increase was observed in
other strains at 72 and 96 hours, the IAA levels of Bacillus sp. P20-F1 were 27.4 and
28.2 pg/ml, and for Bacillus sp. P20-F4, they were 22.08 and 24.71 ug/ml, respectively.
At 114 hours, the IAA synthesis of all strains gradually decreased (Fig. 3).

The four fungal strains produced IAA only at low levels; therefore, the results are
not presented.

To assess IAA synthesis, bacterial growth was monitored at each sampling interval
using a spectrophotometer OD at 600 nm. Figure 4 illustrates the growth patterns of
endophytic bacterial strains. At the start of the experiment, the strains were grown for
24 hours and adjusted to an OD at 600nm of 0.3 before being inoculated into the [AA
production medium. At time zero, the ODggo values for all strains were between 0.07
and 0.08. After 24 hours, the OD600 values for Pseudomonas sp. P20-L2 and Bacillus
sp. P20-F4 were 1.13 and 1.06, respectively. Meanwhile, Pseudomonos sp. P20-L3 and
Bacillus sp. P20-F1 and P20-F2 had reached an ODgg value of 0.82, 0.85, and 0.97,
respectively. During this period, the P20-L2 strain produced between 2.7 and 6.4 times
more TAA than the other strains. All strains remained in the exponential growth phase
over the next 24 hours. Pseudomonas sp. P20-L2 transitioned into the stationary phase
at 72 and 96 hours with respective ODggo values of 1.67 and 1.73, and entered the
decline phase by 114 hours. Meanwhile, Pseudomonas sp. P20-L3 remained in the
stationary phase from 72 hours until the end of the experiment.
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Fig. 4. Growth of endophytic bacterial strains in L-tryptophan-supplemented medium.
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The optical density of all Bacillus strains began to decline after 72 hours of cultivation.
Notably, Bacillus sp. P20-F4 showed the most pronounced decrease, with its optical
density dropping sharply to 0.92, 0.61, and 0.36 at 72, 96, and 114 hours, respectively,
compared to the other two strains. The amount of IAA by bacterial strains transitioning
from the exponential to the stationary phase was 3.7, 8.09, and 12.8 times higher than
that synthesised by strains shifting directly from the exponential to the decline phase.

The results of the solubilisation of zinc, organic and inorganic phosphate by
endophytic bacterial and fungal strains were analyzed and presented in Figures 6 and
7, based on their respective solubilisation index. Additionally, Figure 5 includes an
image of the strain Pseudomonas sp. P20-L3, which exhibited the most prominent halo
zone.

Fig. 5. Solubilization of minerals by endophytic bacterial strain P20-L3.
a) zinc; b) inorganic phosphate

Of the five endophytic bacterial strains tested, Pseudomonas sp. P20-L2 and P20-L3
demonstrated the greatest ability to solubilise zinc, with a solubilisation index of 4.3
and 4.2, respectively.

5 -
=
'qé 4 - i BZinc I Inorganic P 0O Organic P
EERN [ T & +
2 -
21
8 0 I — T - T — T — T — 1
P20-L2 P20-L3 P20-F1 P20-F2 P20-F4

Strain number

Fig. 6. Solubilization index of organic and inorganic phosphate and zinc by endophytic
bacterial strains.
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All four of the endophytic fungal strains were also capable of solubilizing zinc, with
indices ranging from 2.2 to 3.0. All five endophytic bacterial strains demonstrated the
ability to solubilise inorganic phosphate. The highest solubilisation index was observed
in Pseudomonas sp. P20-L3 (4.2), followed by Pseudomonas sp. P20-L2 (3.4) and
Bacillus sp. P20-F2 and P20-F4 (both 3.1). Bacillus sp. P20-F1 exhibited a slightly
lower index of 2.9. Among the endophytic fungal isolates, two strains (Fusarium sp.
P20-S1-1 and Mucor sp. P20-S2-1) solubilised inorganic phosphate, with indices of 2.2
and 2.3, respectively. Only the two Pseudomonas strains among the endophytic
bacterial strains showed activity for organic phosphate solubilisation, with a soluble
index of 2.7 and 2.6 for P20-L2 and P20-L3, respectively.

Among the endophytic fungal isolates, only Fusarium sp. P20-S1-1 demonstrated
the ability to solubilise organic phosphate, with an index of 2.1. These results indicate
that the two Pseudomonas strains (P20-L2 and P20-L3), previously identified as strong
IAA producers, and the endophytic fungal isolate Fusarium sp. P20-S1-1 possesses the
ability to solubilise all three tested minerals. These three strains are thus promising
candidates for further trials to promote plant growth.

3.5 7

3 | BZinc - Inorganic P OOrganic P

Solubilization index
—_ )
— W N W
1 1 1 1

e
W
1

[«
|

P20-L1-1

Fig. 7. Solubilization index of organic and inorganic phosphate and zinc by endophytic fungal
strains.

4 Discussion

The presence of S. bogedaensis in Mongolia was first documented in the Baitag Bogd
Mountain of the Dzungarian Gobi region (Baasanmunkh et al., 2020), and our findings
extend its known range to the Emeeltseg Mountain of the Mongol Altai region. The
identity of the specimen was validated using ITS region DNA barcode analysis, which
revealed 100% sequence similarity with previously deposited S. bogedaensis sequences
from both China (Chen & Wang, 2018) and Mongolia (Baasanmunkh et al., 2020). This
discovery is significant, as S. bogedaensis is listed as Critically Endangered under
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IUCN Red List criteria due to its restricted distribution, habitat specificity, and
increasing threats from human disturbance and over-harvesting for medicinal use. Also,
the finding suggests that this species may have a broader ecological range than
previously assumed and provides information for conservation planning.

To our knowledge, this is the first study to provide insights into the culturable
bacterial and fungal endophytes associated with the medicinal plant S. bogedaensis.
Through molecular identification, a total of nine endophytic strains, five bacterial and
four fungal, were isolated from different plant tissues. Among the bacterial isolates, the
two Pseudomonas strains (P20-L2 and P20-L3), both obtained from stem tissue, were
phylogenetically placed near members of the P. fluorescens group. The latter is one of
the nine phylogenetic groups within the genetically diverse P. fluorescens complex
(Garrido-Sanz et al., 2016). This group is widely known for harboring plant-associated
bacteria that exhibit multiple beneficial traits, such as plant growth promotion,
biocontrol activity, induction of systemic resistance, and ecological adaptability (Flury
et. al., 2016). For example, P. azotoformans FAPS enhances drought tolerance in crops
by improving antioxidant activity, photosynthetic efficiency, and biofilm formation,
thereby helping plants withstand abiotic stress (Ansari et al., 2016). P. fluorescens DSM
50090(T) was placed outside the clade that includes other members of the P.
fluorescens group (like P. azotoformans, P. carnis, and P. paralactis), presumably due
to limited resolution, but it correctly groups within it in 7poB gene-based or multilocus
phylogeny in other studies (Girard et al., 2021). P. pergaminensis 1008, recently
isolated from the wheat rhizosphere, demonstrated in vitro phosphate solubilization and
TIAA production, and consistently increased wheat grain yield by an average of 8%
across diverse field conditions, seed genotypes, and fungicide treatments, highlighting
its potential as an effective agricultural biostimulant (Diaz et al., 2022). Another
Pseudomonas strain, SWRI1126, also isolated from the wheat rhizosphere in 2004, was
phylogenetically clustered within the P. fluorescens group and later described as a new
species, P. salmasensis (Girard et al., 2021). Our strains P20-L2 and P20-L3 exhibited
the strongest PGPP among the nine endophytic strains, including the highest IAA
production (268.77 pg/ml and 214.10 pg/ml, respectively), superior zinc solubilization
(solubilisation index of 4.3 and 4.2, respectively) as well as inorganic phosphate
solubilization (solubilisation index of 4.2 and 3.4, respectively), and exclusive ability
to solubilize organic phosphate. These results highlight their potential as biofertilizer
candidates for enhancing plant growth under nutrient-limited conditions. P. paralactis
DSM 29164(T), P. carnis B4-1(T), and P. paracarnis V5/DAB/2/5(T) were discovered
from bovine raw milk, refrigerated poultry processing meat, and refrigerated beef,
respectively (von Neubeck et al., 2017; Lick et al., 2020; Lick et al., 2021). Although
they exhibit high 16S rRNA gene sequence similarities (>99 %) to P. azotoformans
DSM 18862(T), they represent distinct species based on phenotypic and
chemotaxonomic characterizations, phylogenetic analysis of the complete rpoB gene
sequences, as well as average nucleotide identity (ANIb) values obtained from the draft
genomes.

The Bacillus isolates (P20-F1, P20-F2, P20-F4), all derived from flower tissues, were
closely related to B. siamensis and B. velezensis. These species are also recognized for
their roles as biofertilizers and biocontrol agents in agricultural systems, primarily
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through the production of secondary metabolites and nutrient-solubilizing enzymes. B.
velezensis is a recently described species within the genus Bacillus that has gained
considerable attention for its broad applications in agriculture and biotechnology. It is
commonly used as a biocontrol agent, known for enhancing plant growth by producing
phytohormones and inhibiting a wide variety of plant pathogens through the secretion
of diverse secondary metabolites (Jin et al., 2025).

Fungal endophytes were isolated primarily from stem and leaf tissues. Notably, one
strain (P20-S1-1) exhibited 100% sequence similarity to F. acuminatum F3-2 based on
the ITS region, suggesting a close relationship to F. acuminatum, a species reported
both as an endophyte (Kim et al., 2025) and as a pathogen (Zakaria, 2023) depending
on the host context. Fusarium was the third dominant species (8 strains out of 49)
isolated from S. involucrata, the closely related species of S. bogedaensis (Lv et al.,
2010). Four out of the 8 Fusarium strains exhibited antimicrobial activity against at
least one of the test bacteria and fungi, but their PGPPs are unknown. The authors
investigated the promotion role of the dark-septate endophytic (DSE) fungal strain EF-
37 in its host plant, S. involucrata, and found a positive effect on the development of
the plant roots. In our study, F. acuminatum P20-S1-1 showed the broadest mineral
solubilization capacity, solubilizing both organic and inorganic phosphate and zinc.
This suggests that despite the general lower functional activity among fungal
endophytes, specific strains such as F. acuminatum may play complementary roles in
nutrient mobilisation. The remaining three fungal strains were identified as closely
related to M. hiemalis 23, with high sequence similarity (99.82—-100%), indicating
possible tissue preference or redundancy in the colonizing fungal community of S.
bogedaensis. M. hiemalis was found to be non-pathogenic to date palm inflorescences
but demonstrated antagonistic activity against Thielaviopsis paradoxa in vitro. In
particular, M. hiemalis reduced the incidence of inflorescence brown rot when applied
as a biocontrol agent, particularly when sprayed before pathogen infestation,
highlighting its potential for the management of biological diseases (Ziedan et al.,
2013).

Collectively, the results highlight a subset of endophytes, namely Pseudomonas sp.
P20-L2 and P20-L3, as well as F. acuminatum P20-S1-1, as promising candidates for
future studies on biofertilizer development or ecological restoration, particularly for
critically endangered medicinal plants like S. bogedaensis, which grows under extreme
environmental conditions.

5 Conclusion

With this new distribution record for the critically endangered species S. bogedaensis
within the Mongolian flora, its confirmed geographic range is expanded. Our study
revealed that this medicinal plant, which naturally thrives in rocky habitats under cold
and arid conditions, harbours diverse bacterial and fungal endophytes. These
endophytes exhibited a range of plant growth-promoting properties, suggesting their
potential application in the propagation of both medicinal and crop plants.
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