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Endophytic actinomycetes of medicinal plants have recently been in focus for developing novel 
antimicrobial compounds to combat multidrug-resistant pathogens. In this study, we isolated and 
characterised endophytic actinomycetes of Panax sokpayensis rhizome traditionally used as medicine 
in Sikkim-Himalayan region and assessed their antimicrobial activity against multidrug-resistant 
(MDR) clinical isolates of Staphylococcus aureus. Saccharopolyspora dominated as the endophytic 
actinomycetes of P. sokpayensis rhizome. However, a novel actinomycete strain PSRA5T belongs to the 
genus Streptomyces, with the highest genome sequence similarity of 91.54% with its closest relative 
Streptomyces niveus NCIMB 11891 has shown an effective inhibition of six clinical isolates of MDR S. 
aureus during disc diffusion assay. Further comparative analysis of cellular fatty acids composition and 
phenotypic and biochemical characteristics of strain PSRA5T with its phylogenetically closely related 
strain of S. niveus, classified as representing a novel species of the genus Streptomyces, for which 
the name Streptomyces panacea sp. nov. is proposed here with type strain PSRA5T (= MCC5238T). 
The minimum inhibition concentration of ethyl acetate crude extract of PSRA5T culture supernatant 
against MDR S. aureus isolates was 5.5 to 13.5 µg/mL. Further correlation between biosynthetic gene 
clusters identified by genome search with LC-MS analysis-based chemical profiling of PSRA5T culture 
extract and antibacterial activity of the representative compounds detected several compounds of 
aminoglycosides and polyketides with antimicrobial activity against MDR S. aureus isolates. Scanning 
electron microscope imaging viewed an interesting change in the S. aureus cell morphology with 
flocs of thread-like biofilm formation in response to the PSRA5T culture crude extract treatment. 
We conclude that the antimicrobial compounds produced by S. panacea PSRA5T can be further 
purified, characterised, and evaluated for their mode of action and efficacy against MDR S. aureus for 
developing novel drugs.
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The emergence of multidrug resistance in human pathogens is a global challenge1,2. Staphylococcus aureus is 
one of the most notorious multidrug-resistant (MDR) opportunistic bacterial pathogens, which is a major cause 
of nosocomial infection3. World Health Organisation (WHO) report that methicillin-resistant Staphylococcus 
aureus (MRSA) is the cause of 20% of nosocomial infections in most countries and even up to 80% in 
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some countries4. Some MRSA strains have gradually increased their resistance to vancomycin, macrolides, 
trimethoprim-sulfamethoxazole (TMP-SMZ), streptogramins and lincosamides, thus compelling us to find new 
antibiotics against multidrug-resistant S. aureus5.

Actinomycetes, namely Streptomyces are the prolific producer of antibiotics and accounts for almost 75% 
of the world’s antibiotics6. Several compounds produced by Streptomyces, like polyketomycin, citreamicin, 
noseheptide, and marinopyrrole exhibit anti-MRSA activity7–9. Compounds like waldiomycin and walamycin 
that inhibit quorum sensing and streptogramin-B that disrupts biofilm formation are also produced by 
Streptomyces10. Most of the antibiotics mentioned above were discovered in the 1980s from Streptomyces isolated 
from soil and marine habitats. Some strains of MRSA have already developed resistance against the majority of 
these antibiotics5. The exploration of endophytes has recently been accelerated due to their capabilities towards 
the production of plethora of bioactive metabolites and antimicrobial agents11. The isolation of the endophytes 
that produce bioactive compounds is of great attention in the development of new molecules to fight against 
many pathogens especially with the emergence of antibiotic multi-resistant pathogens. Keeping in view of the 
potential of actinomycetes, it is appropriate and necessary to screen Streptomyces from unexplored unique 
habitats like endophytes of medicinal plants for developing novel antibiotics against multidrug-resistant MRSA.

Endophytic actinomycetes from several medicinal plants show antimicrobial activity against many 
pathogens12. Alkaloids, sesquiterpenes, lactones, organic acids and flavonoids are the range of compounds that 
have been derived from endophytic Streptomyces with antimicrobial properties13. Several antibiotic compounds 
like munumbicins, rhodostreptomycins, and alchivemycin were derived from endophytic Streptomyces of 
medicinal plants14–16. However, a recent review reported only three endophytic Streptomyces with anti-MRSA 
activity5. Actinomycetes occupy 20–40% of the culturable fraction of endophytes present in the rhizome of 
Panax17while their antimicrobial potential has not been explored, particularly against pathogens with multidrug 
resistance18. This study aims to assess the antimicrobial potential of endophytic actinomycetes of Panax 
sokpayensis, an endemic medicinal plant of Sikkim-Himalayas, against multidrug-resistant Staphylococcus 
aureus (MDRSA) by in-vitro assays, chemical profiling, and genome mining.

Materials and methods
Sample collection
The rhizome of P. sokpayensis was collected from Jorbotay, Gyalshing district, Sikkim, India (Latitude: 27°16′ 
54.84″ N; Longitude: 88°5′ 8.12″ E; Altitude: 2297 m). The collected sample was placed in a sterilized plastic bag 
and brought to the laboratory in a cool box, and endophyte isolation was carried out within 24 h of collection. 
The collection of sample was done as per the guideline of the Sikkim State Government after availing research 
permit {letter no. 78/GOS/FEWMD/BD-R-2015/CCF(T&HQ)35 dated May 15, 2017}from the office of the 
Chief Conservator of Forest (T&HQ) cum CWLW, Department of Forest, Environment & Wildlife Management, 
Government of Sikkim, Deorali, Gangtok–737102, Sikkim. The plant material was identified by Ms. Dukchen 
Bhutia, Botanical Assistant at the Botanical Survey of India (BSI), Sikkim Himalayan Regional Centre (SHRC), 
Gangtok-737103, Sikkim, Ministry of Environment, Forest and Climate Change, Government of India and 
authentification letter issued by Dr. Rajib Gogoi, Scientist E & Head BSI, SHRC (vide letter no. SHRC/5/40/2021-
Tech-273). The voucher specimen of the plant material has been deposited at BSI, SHRC, Gangtok, Sikkim, India 
and the accorded accession number is IBSD-SC-M11.

Isolation of endophytic actinomycetes
With little modifications, the methodology described by Mazumder et al.11 was followed to isolate endophytic 
actinomycte from the rhizome of P. sokpayensis. The rhizome sample was washed thoroughly under tap water to 
remove the soil and dust particles which was followed by rinsing with sterile distilled water and cut into small 
fragments (3–4 cm) under sterile conditions. The rhizome fragment was then subjected to surface sterilization 
in aseptic condition under laminar airflow. Surface sterilization is a decisive step to eliminate any epiphytic 
microorganism which was performed by adopting the standard protocol; the rhizome fragment was initially 
immersed in 70% (v/v) ethanol for 5 min, followed by treatment with sodium hypochlorite (6%) for 5 min and 
then with 70% (v/v) ethanol for 30 s. Finally, the sterilized rhizome fragment was washed with sterile distilled 
water. The sterilized rhizome was allowed to dry aseptically and then the outer tissues were removed with the 
help of sterile scalpel. The sterilized rhizome fragment was then cut into small pieces (0.5 × 0.5 cm) and placed 
in Petri dishes with Streptomyces agar (SA) medium (HiMedia Laboratories Pvt. Ltd, Mumbai, India) amended 
with cycloheximide (50 µg/mL) and nalidixic acid (50 µg/mL). The inoculated petri dishes were incubated at 28 
± 1 °C for 30 days and examined daily for the growth of new colonies. The tip of the colony emerging out of the 
plated rhizome pieces were picked and grown on SA medium. The endophytic actinomycete isolate was purified 
by the streak technique on SA medium and the pure culture was preserved as glycerol stock in cryovials at −80 
°C. As an additional test of surface sterilization, aliquots (100 µl) of the final rinse water of rhizome fragment 
were also plated on SA medium. No growth on SA plate inoculated with final rinse water ensured the efficacy of 
the surface sterilization process and absence of any epiphytic contamination.

DNA extraction and 16 S rRNA gene sequencing
The genomic DNA of the endophytic actinomycetes culture was extracted using the phenol-chloroform 
method19. The 16S rDNA gene was amplified by using primer pair ACT283 F (5′-​G​G​G​T​A​G​C​C​G​G​C​C​U​G​A​G​A​
G​G​G-3′) and 1360R (5′-​C​T​G​A​T​C​T​G​C​G​A​T​T​A​C​T​A​G​C​G​A​C​T​C​C-3′). The PCR amplification was performed in 
thermal cycler (Bio-Rad, USA) (94 °C, 5 min; 10 cycles of denaturation at 94 °C (1 min), 65 °C (30 s), 72 °C (2 
min) and 72 °C (5 min) followed by 20 cycles of denaturation at 92 °C (30 s), annealing at 65 °C (30 s), extension 
at 72 °C (2.5 min) and final extension at 72 °C (5 min). The PCR product was purified using a gel extraction kit 
(Promega) and subjected to sequencing by the Sanger method (Eurofins Genomics India Pvt Ltd., Bangalore, 
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India). Taxonomic positioning was done by NCBI Blast-based sequence similarity with the closest relative. The 
evolutionary history was inferred by using the Maximum Likelihood method based on the Kimura 2-parameter 
model20 and evolutionary analyses were conducted in MEGA621.

MDR isolates and test microorganisms
Six clinical isolates of MDR S. aureus (resistant to oxacillin, trimethoprim/sulfamethoxazole, ciprofloxacin, 
and levofloxacin) were obtained from the Department of Microbiology, Sikkim Manipal Institute of Medical 
Sciences (SMIMS), Gangtok, Sikkim. The drug resistance and sensitive details of the MDR S. aureus strains are 
listed in supplementary Table S1. In addition, Escherichia coli MTCC739, Candida albicans MTCC227, Listeria 
monocytogenes MTCC839, and Mycobacterium phlei MTCC1724 were also used as test microorganisms. All the 
bacterial cultures were cultivated and maintained in freshly prepared Nutrient agar (NA) medium (Himedia 
Laboratories Pvt. Ltd, Mumbai, India) at 37 ± 1 °C and C. albicans in Potato Dextrose agar medium (Himedia 
Laboratories Pvt. Ltd, Mumbai, India) at 37 ± 1 °C.

Extract Preparation and antimicrobial activity determination
The antimicrobial activity of the endophytic actinomycete isolate was evaluated by growing the strain in 
CSPYME broth (Casein 0.1%, Corn starch 1%, di-Potassium hydrogen phosphate 0.5%, Peptone 0.1%, Yeast 
Extract 0.1%, Malt Extract 1%) (Himedia Laboratories Pvt. Ltd, Mumbai, India). A uniform suspension of the 
isolate PSRA5T (0.2 O. D measure at 600 nm) in Tween 20 (0.05%) was prepared by taking inoculum from 
fresh grown culture on SA plate at 28 ± 1 °C. Five ml of this suspension was inoculated into 100 ml of CSPYME 
broth contained in 250 mL Erlenmeyer flask and incubated at 28 ± 1 °C in a shaking incubator upheld at 140 
rpm for 25 days. The broth culture was subjected to centrifugation at 15,000 x g (Sorvall Biofuge Primo R) at 
4 °C for 20 min. The cell free supernatant was filter sterilized using a 0.2 μm disc filter (Merck Millipore) and 
tested for extracellular antimicrobial activity by adopting standard agar well diffusion method6 against the MDR 
S. aureus strains and other test microorganisms. Mueller Hinton agar (MHA) plates were seeded uniformly 
using disposable sterile L-spreader with 1.5 mL of overnight culture suspensions of MDR S. aureus strains and 
other test microorganisms containing 1.5 × 108 colony forming units (CFU/spores)/mL6. Sabouraud dextrose 
agar (SDA) plate was use for C. albicans. Agar wells (6 × 4 mm) were punctured on the MHA and SDA plates 
by scooping out the medium with a sterile cork borer. 100 µl of the sterilized supernatant of strain PSRA5T 
was then added to the wells separately. The MHA plates were incubated at 37 ± 1 °C for 24 h while SDA plate 
was incubated at 37 ± 1 °C for 48 h. Antimicrobial activity was determined by measuring the diameter zone of 
inhibition (DZI) in mm of the tested microorganisms around the well6. Each experiment was carried out in three 
replicates. Uninoculated CSPYME broth added to the wells serve as control.

The crude bioactive secondary metabolite produced in the broth culture medium by the strain PSRA5T was 
extracted from the cell-free supernatant by shaking manually three times with equal volume of ethyl acetate (1:1) 
using a separating funnel. The solvent layer was collected in a round-bottomed flask and concentrated under 
vacuum using a rotary evaporator (Buchi R-114, Germany) maintained at 40 °C water bath. The antimicrobial 
activity of the crude metabolite was evaluated by the disc diffusion assay. Each strain of MDR S. aureus was 
inoculated on NA plates and incubated at 37 ± 1 °C for 24 h. Colonies from this fresh culture were used for the 
preparation of bacterial suspension. 1.5 mL of bacterial suspension (1.5 × 108 CFU/mL in sterile normal saline) 
was seeded on MHA plates by spreading uniformly using disposable sterile L-spreader as mentioned above. 
Sterile discs (6 mm) (Himedia Laboratories Pvt. Ltd, Mumbai, India) impregnated with 15 µg/mL of crude 
extract were then dispensed onto the surface of inoculated MHA plates and incubated at 37 ± 1 °C for 24 h. 
Disc saturated with ethyl acetate was used as control. Antimicrobial activity was determined by measuring the 
diameter zone of inhibition in mm around the disc. Each experiment was performed in triplicates. Minimum 
inhibitory concentration (MIC) was determined based on the methodology described by Singh et al.6. 1.5 mL 
of bacterial suspension (3 × 105 cfu/mL in sterile normal saline) of each test pathogen was added to 5 mL of 
MH broth in separate test tubes. Serial dilutions of the crude extract (ranging from 15 µg/mL to 1.0 µg/mL) 
were added in the respective tube at the same time. MIC of the crude extract against the test pathogen was 
evaluated after 48 h of incubation by removing 10 µl from each tube and spread inoculating on NA plates. 
Each experiment was performed in three replicates. Growth of the test pathogen were observed after 24 h of 
incubation at 37 ± 1 °C. MIC is considered as the lowest concentration needed to inhibit any visible growth. The 
representative compounds of Aminoglycosides (puromycin: TC198, spectinomycin, TC034, gentamicin, TC026, 
netilmicin, EM095, neomycin, TC301: Himedia Laboratories Pvt. Ltd, Mumbai, India), terpenoid-alkaloids 
(caffeine, xanthine, X0626: Sigma; hypoxanthine, PCT0206: Himedia Laboratories Pvt. Ltd, Mumbai, India) and 
polyketides (clindamycin, PCT1147, oxytetracycline, TC200, tetracycline, TC036: Himedia Laboratories Pvt. 
Ltd, Mumbai, India) with antimicrobial potential detected by the LC-MS in the crude extract of PSRA5T were 
analysed against six clinical isolates of MDR S. aureus by disc diffusion assay.

LC-MS profiling of the crude extract
The crude extract of strain PSRA5T was subjected to chemical profiling by LC-MS (C-CAMP facility, Bengaluru, 
India). The dried crude extract sample was reconstituted with 100% methanol. The reconstituted sample was 
centrifuged at 14,800 rpm for 10 min at 4  °C and passed through a 0.2 μm nylon membrane filter (Merck 
Millipore). The sample filtrate of 10 µl was injected (in duplicate) for analysis. Reserprine and Taurocholate-D8 
were added as internal standards to check the method’s efficiency. The UHPLC (Ultimate 3000, Dionex) with C18 
column (Phenomenex, Jupiter) and Q Exactive (Thermo Fisher Scientifc) were used for the mass spectroscopy. 
The filtered data of metabolites were annotated using mzCloud (Analysis on Compound Discoverer 3.2) and 
ChemSpider search from KEGG, HMDB, MassBank, E.coli Metabolome Database, and LipidMaps.
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Genome sequencing and annotation
The genome sequence of PSRA5T was derived by using the Illumina HiSeq 2500 at the Genome Sequencing 
facility of the National Centre for Biological Sciences, Bengaluru, Karnataka, India. For the library preparation, 
Illumina Nextera XT DNA Library Preparation Kit (Catalog no-FC-131–1096) was used. The de novo assembly 
of raw sequence reads was done using Unicycler platform v0.4.8 and QUAST v5.0.2 was used to assess the quality 
on the PATRIC server22,23. Using a standalone Orthologous Average Nucleotide Identity Tool (OAT) with default 
parameters (https://www.ezbiocloud.net/tools/orthoani)24 pairwise Average Nucleotide Identity (ANI) values 
were calculated between the closest genomes of strain PSRA5T (S. camponoticapitis 2 H-TWYE14T and S. niveus 
NRRL 2466[T 25), and OrthoVenn web server was used to identify orthologous clusters and protein counts. The 
G + C content was calculated from the genomic sequence data. The antiSMASH server was used to identify, 
annotate and analyse potential secondary metabolite biosynthesis gene clusters in the genome of PSRA5[T 26.

Morphological, cultural, biochemical and physiological characterisation
The morphological characteristics of the strain PSRA5T were studied by adopting cover slip method wherein 
the culture was transferred to the base of cover slips buried in SA medium6 and incubated at 28 ± 1 °C for 
14 days. The morphology of hyphae with spore chain was then observed under a phase contrast microscope 
(Nikon ECLIPSE Ci, Tokyo, Japan) and analysed as illustrated in Bergey’s manual27. Cultural characteristics were 
determined after 2 weeks of growth at 28 ± 1 °C using International Streptomyces Project 3 (ISP3), ISP5, ISP6, 
ISP7, and SA media28. The cellular fatty acids profiling of strain PSRA5T was carried out by FAME (Fatty Acid 
Methyl Ester) analysis29 based on the MIDI Microbial Identification System (MIS, Sherlock Version 6.1). The 
utilization of different carbohydrates (0.5%, w/v), hydrolysis of starch, esculin, urea, casein, reduction of nitrate, 
gelatin liquefaction, hydrogen sulfide (H2S) production and other biochemical tests were examined as described 
previously25. All the results were recorded after 2 weeks of incubation. Growth at different temperature ranges 
(15–45 ℃), pH ranges (pH 5–13), and NaCl tolerance (2–6%, w/v) were determined after incubation for 2 weeks 
in SA medium25.

Scanning electron microscopy (SEM)
The growth of MDR S. aureus culture in nutrient broth was stopped at 0.6 OD at 660 nm, and 100 µl was 
inoculated in a fresh nutrient broth. In one test tube, the crude extract of PSRA5T culture was reconstituted 
with ethyl acetate and filter sterilized, which served as the test. To the other, only ethyl acetate was added, which 
served as the control. The tubes were allowed to incubate at 37 ± 1 °C for 24 h. For fixing the sample for SEM, 
0.5 ml of culture broth was centrifuged to a pellet in a sterile microcentrifuge tube, 250 µl of 2% glutaraldehyde 
was added to the cell pellet and kept at room temperature for 30 min. Further, the mixture was kept for 2 h at 
4 °C. The mixture was then centrifuged, the supernatant was discarded, and one ml of phosphate buffer was 
then added and incubated at 4 °C for 15 min and then centrifuged. This process was repeated thrice for washing. 
To this, sequentially 30%, 50% and 70% ethanol was added to the pellet, centrifuged, and discarded. Finally, 
100% ethanol was then added to the pellet and centrifuged and the resulting pellet was slowly suspended for 
some time so that no clumps were formed. Then on the stub, a circular coverslip was placed on the adhesive 
material (carbon tape) where a 20 µl drop of the suspended sample was taken over the cover slip. The sample was 
then prepared to dry by keeping it in the vacuum desiccator for 3–4 h. Once it was completely dry, the sample 
was sputter coated with gold for 30 mA and 82 s time duration. After that, scanning electron microscopy was 
performed in Zeiss-Merlin compact VP (Gemini), and the secondary and In-lens detector images were taken at 
electron energies between 4 keV and 5 keV.

Culture and sequence data deposition
The culture of strain PSRA5T was deposited to the Microbial Culture Collection (MCC), National Centre for 
Cell Science (NCCS), Pune, India, and the assigned accession number is MCC 5238T. The genome of strain 
PSRA5T was deposited to NCBI GenBank (BioProject PRJNA944806) and the assigned accession number is 
JARJHW000000000 having BioSample SAMN33762233.

Statistical analyses
Statistical analysis was done by calculating the means and standard deviations of the results obtained. Duncans 
multiple range test was performed to compare that the sample means were not significantly different from each 
other at a significant level of P > 0.00130.

Results
Endophytic actinomycetes of Panax sokpayensis showed antimicrobial activity against 
clinical isolates of MDR S. aureus
The endophytic actinomycetes of P. sokpayensis rhizome, dominated by Saccharopolyspora (Saccharopolyspora 
gloriosae and Saccharopolyspora dendranthemae) and Streptomyces spp. The taxonomic positions of 12 endophytic 
actinomycetes isolates of P. sokpayensis identified by 16S rDNA sequence similarity are shown in Fig. 1. Screening 
of these endophytic actinomycetes isolates against six clinical isolates of MDR S. aureus resistant to Oxacillin (1 
1 µg), Trimethoprim/Sulfamethoxazole (1.25/23.75 µg), Ciprofloxacin (5 µg), and Levofloxacin (5 1 µg), showed 
an effective inhibition. The filter-sterilised ethyl acetate extract of strain PSRA5T culture supernatant showed an 
inhibition zone ranging from 19.1 to 22.5 mm against MDR S. aureus isolates during disc diffusion assay with 
no inhibition against other test pathogens (E. coli MTCC 739, L. monocytogenes MTCC 839, M. phlei MTCC 
1724 and C. albicans MTCC 227). The colony and cell morphology of strain PSRA5T with potential antimicrobial 
activity against six clinical isolates of MDR S.aureus is shown in Fig. 2. The minimum inhibition concentration 
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of ethyl acetate crude extract of strain PSRA5T culture supernatant was 5.5 to 13.5 µg/mL against MDR S. aureus 
isolates.

Description of Streptomyces panaceae sp. nov
The 16S rRNA gene sequence (1524 bases) similarity analysis of strain PSRA5T by NCBI-BLAST refseq_rna 
resulted in 98.07% similarity with Streptomyces niveus NRRL 2466T and 97.86% similarity with Streptomyces 
camponoticapitis 2 H-TWYE14T. The whole genome sequencing of PSRA5T by Illumina HiSeq 2500 and de novo 
assembly resulted in a genome size of 7,874,420 bp with a G + C content of 70.5%, 7478 coding sequences, 73 tRNAs 
and three rRNAs. The whole genome sequence-based ANI value comparison of strain PSRA5T with the closest 
species genomes showed 91.54% similarity with S. niveus NCIMB 11891 (NZCM002280) and 90.31% similarity 
with S. camponoticapitis DSM 100523T (NZ_BMMV01000083) (Fig. 3A), which were below the threshold ANI 
value of 95% that indicates that strain PSRA5T belong to a novel species. Moreover, comparative genomics by 
OrthoVenn showed a lack of 160 gene clusters (Fig. 3B) than the closest S. niveus NCIMB 11891 and the presence 
of 20 unique proteins in strain PSRA5T, indicating biologically much different that support its novelty. To further 
describe the novelty in the species, we analysed the composition of cellular fatty acids in the strain PSRA5T. The 
major cellular fatty acids of strain PSRA5T were iso-C16:0 (20.38%), anteisoA-C15:0 (18.58%), C16:00 (14.37%); 
anteiso-C17:0 (13.29%). anteisoA-C15:1 (8.68%), cis9-C16:1 (8.34%), anteisoC-C17:1 (2.13%), C15:00 (1.97%), 
iso-C15:0 (1.79%), isoH-C16:1 (1.39%), iso-C17:0 (1.20%), and cis9-C17:1 (1.12%). The comparative fatty acid 
profile of strain PSRA5T with the closest relative S. camponoticapitis strain 2 H-TWYE14T confirmed its novelty 
(Supplementary Table S2).

Besides the genotypic and cellular fatty acid profile, we could distinguish the strain PSRA5T from S. niveus JCM 
4251T and S. camponoticapitis 2 H-TWYE14T based on several physiological, morphological and biochemical 
characteristics (Supplementary Table S3). Strain PSRA5T showed good growth on SA, ISP3, ISP5 and ISP7 while 
moderate growth on ISP6. The colour of the aerial mycelium was white, and greyish-brown soluble pigments 
were observed on the SA medium. The cellular morphology of strain PSRA5T showed spirals and a long chain, 
distinguishing it from S. niveus JCM 4251T and S. camponoticapitis 2 H-TWYE14T. The PSRA5T culture grew at 
a temperature range of 20–35 ℃ (optimum temperature being 28 ℃), at pH 5–11 (optimum pH being 7) and 
at NaCl concentrations of 2–5% (w/v). In contrast to S. camponoticapitis 2 H-TWYE14T, strain PSRA5T culture 

Fig. 1.  The phylogenetic tree based on 16S rDNA sequences constructed using the Maximum Likelihood 
method based on the Kimura 2-parameter model shows the taxonomic positions of 12 endophytic 
actinomycetes isolates of Panax sokpayensis. The percentage of trees in which the associated taxa clustered 
together is shown next to the branches. The tree is drawn to scale, with branch lengths measured in the number 
of substitutions per site.
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produced no pigments on ISP7 medium. The detail morphological, physiological, biochemical characteristics 
and carbohydrate utilization pattern of the strain PSRA5T is shown in supplementary Table S4. It is evident from 
the genotypic and phenotypic data that strain PSRA5T represents a novel species of the genus Streptomyces, for 
which the name Streptomyces panacea sp. nov. is proposed.

Streptomyces panacea (panəˈsiːə, named for its isolation from the rhizome of Panax with a potential remedy 
for antimicrobial resistance) is an aerobic, gram-positive bacteria that forms branched, non-fragmenting 
vegetative hyphae. Spores are non-motile with a smooth surface and are borne in chains on the aerial mycelium. 
Growth was observed on SA, ISP3, ISP5, ISP6, and ISP7 media. Greyish-brown soluble pigments were observed 
on SA medium not on ISP7. The strain tolerates up to 5% (w/v) NaCl and grows at temperatures between 20 
and 35 ℃, with an optimum temperature of 28 ℃. Growth occurs at pH values between 5 and 11, the optimum 
being pH 7. Positive for production of urease, catalase, hydrolysis of starch, reduction of nitrate and utilisation 
of citrate. Among the tested carbohydtares, the strain PSRA5T utilizes galactose and glucose as carbon sources. 
The major fatty acids are iso-C16:00, anteiso-C15:00, C16:00, and anteiso-C17:00. The type strain is PSRA5T 
(= MCC5238T), isolated from the rhizome of Panax sokpayensis, collected from Jorbotay, Uttarey, Gyalshing 
district, Sikkim, India. The G + C content of the DNA of the type strain is 70.5%.

Genome mining identified gene clusters with antibacterial potential in Streptomyces panacea 
PSRA5T

The antiSMASH biosynthetic gene clusters (BGCs) similarity analysis identified 10 gene clusters in the genome 
of Streptomyces panacea PSRA5T with high similarity coding for potential antimicrobial compounds or their 
precursors of terpenes, T3PKS (Polyketide: Type III), non-ribosomal peptide synthetase (NRPS), lanthipeptide-
class III and ectoine pathways (Table 1). We observed the presence of gene clusters for producing alkaloids-
terpenoids like hopene, geosmin, raimonol and isorenieratene in the S. panacea PSRA5T. The presence of gene 
clusters for istamycin (an aminoglycoside antibiotic) with lesser gene cluster similarity was also observed in the 
antiSMASH results.

LC-MS chemical profiling of S. panacea PSRA5T culture extract detected antimicrobial 
metabolites
We correlated the potential antimicrobial compounds predicted (gene clusters and related secondary metabolite 
biosynthetic pathways) in the genome, by chemical profiling of S. panacea PSRA5T culture extract by mass 
spectrometry. LC-MS analysis of the ethyl acetate extract of S. panacea PSRA5T culture supernatant detected a 
total of 446 metabolites (after removal of the data with CV_QC > 20%) and assigned the identity of the possible 
compounds by tallying their mass on Compound Discoverer based on ChemSpider Database. Further literature 

Fig. 2.  Colony and cell morphology of S. panacea PSRA5T (A) Colony morphology on Streptomyces agar 
medium after 14 days of incubation at 28 ± 1 °C. (B) Microscopic view shows spore chain morphology of S. 
panacea PSRA5T under 100x oil immersion.
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Genome contig region No. Type of secondary metabolite biosynthetic pathways Most similar known gene cluster
Similarity
(%)

3.1 Terpene Hopene 76

9.1 T3PKS (Polyketide: Type III) Naringenin 100

13.1 NRPS (Non-ribosomsl peptide synthetase) Naphthyridinomycin 32

21.1 Terpene Geosmin 100

28.1 Lanthipeptide-class III Coelichelin 100

55.1 Terpene Raimonol 90

57.1 NRPS (Non-ribosomsl peptide synthetase) Napthyridinomycin 100

64.1 Terpene Isorenieratene 87

169.1 Ectoine Ectoine 100

171.1 T3PKS (Polyketide: Type III) Alkylresorcinol 100

Table 1.  AntiSMASH biosynthetic pathways gene cluster similarity analysis results for S. panacea PSRA5T.

 

Fig. 3.  Genome analysis shows novelty in strain PSRA5T (A) UPGMA tree based on OrthoANI similarity 
values calculated from the phylogenetically closely related species of strain PSRA5T (B) Ven diagram shows 
the distribution of shared and unique gene clusters between phylogenetically closely related species of strain 
PSRA5T.
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search identified compounds with antimicrobial potential that mostly belong to the aminoglycosides, terpenoid-
alkaloids, and polyketides types (Table  2). The detection of terpenoid-alkaloid isorenieratene (C40H48, m/z 
528.3756), different types of polyketides like naringenin; and resorcinol, and ectoine (C6H10N2O2, m/z 142.0742) 
during the LC-MS analysis supported the genome mining based prediction results (Table 1). The presence of 
other antimicrobial compounds like benzoic and decanoic acid derivatives and linezolid and clindamycin in 
the crude extract of S.panacea PSRA5T supported the inhibition of clinical isolates of MDRSA. Further analysis 
of the antibacterial activity of the representative compounds detected by LC-MS in the culture extract of S. 
panacea PSRA5T resulted in the polyketides (clindamycin and tetracycline) and aminoglycosides (netilmicin 
and gentamicin) being the major antibacterial compounds against the MDR S.aureus clinical isolates. However, 
the terpenoid-alkaloids (caffeine and xanthine) did not show antibacterial activity against the MDR S. aureus 
isolates (Table 3).

SEM ultrastructure imaging visualised unusual cell deformation in the MDR S. aureus cells 
treated with S. panacea PSRA5T extract
The cells of MDR S. aureus isolates formed flocs of thread-like fibres and settled at the bottom of the test tube 
while treated with S. panacea PSRA5T culture crude extract (Fig. 4B), whereas the control ethyl acetate (used for 
the crude extract) treatment maintained the culture turbidity. Figure 4A shows the zone of inhibition exhibited 
by crude extract of S.panacea PSRA5T against MDR S. aureus P-435 in comparison to oxacillin which does 

Molecular weight Formula CSID Compound Type Reference

137.04768 C7H7NO2 5369 Trigonelline Terpenoid-Alkaloids (Zhou et al. 2012)

152.03227 C5H4N4O2 1151 Xanthine Terpenoid-Alkaloids (Ozturk et al. 2020)

155.09461 C8H13NO2 13,872,064 Arecoline Terpenoid-Alkaloids (Jubair et al. 2021)

168.06875 C11H8N2 58,486 Norharman Terpenoid-Alkaloids (Zheng et al. 2005)

176.09496 C10H12N2O 746,405 Cotinine Terpenoid-Alkaloids (Machova et al. 2021)

184.10994 C10H16O3 26,610,009 Ieodomycin D Polyketides (Mondol et al. 2011)

194.08038 C8H10N4O2 2424 Caffeine Terpenoid-Alkaloids (Almeida et al. 2006)

210.12559 C12H18O3 26,628,550 Ieodomycin B Polyketides (Mondol et al. 2011)

242.15181 C13H22O4 26,633,344 Ieodomycin A Polyketides (Mondol et al. 2011)

265.13141 C14H19NO4 222,267 Anisomycin Polyketides (Jimenez and Vazquez, 1979)

304.21106 C13H28N4O4 30,791,532 Istamycin AP Aminoglycosides (Hotta et al. 1980)

332.15835 C14H24N2O7 14,785 Spectinomycin Aminoglycosides (Washington & Yu, 1972)

332.24236 C15H32N4O4 30,791,526 Istamycin B0 Aminoglycosides (Hotta et al. 1980)

336.20088 C13H28N4O6 30,791,533 Istamycin KL1 Aminoglycosides (Hotta et al. 1980)

337.13728 C13H23NO9 16,739,596 Streptobiosamine Aminoglycosides (Jawetz et al. 1954)

339.25621 C23H33NO 4,476,189 Evocarpine Terpenoid-Alkaloids (Casciaro et al. 2020)

340.14818 C12H24N2O9 30,791,545 Fortimicin FU-10 Aminoglycosides (Thornsberry et al. 1981)

346.17400 C15H26N2O7 111,484 Acmimycin Aminoglycosides (Awata et al. 1986)

348.2373 C15H32N4O5 4,447,578 Astromicin B Aminoglycosides (Thornsberry et al. 1981)

405.25873 C17H35N5O6 4,447,577 Astromicin Aminoglycosides (Thornsberry et al. 1981)

416.27472 C18H36N6O5 30,791,527 Istamycin A3 Aminoglycosides (Hotta et al. 1980)

416.27472 C18H36N6O5 30,791,524 Istamycin B3 Aminoglycosides (Hotta et al. 1980)

424.17987 C18H33ClN2O5S 393,915 Clindamycin Polyketides (Robertsen and Musiol-Kroll, 2019)

426.14270 C22H22N2O7 20,117,965 Anhydrotetracycline Polyketides (Pickens and Tang, 2010)

431.27438 C19H37N5O6 30,791,521 Istamycin C1 Aminoglycosides (Hotta et al. 1980)

449.28495 C19H39N5O7 65,329 Gentamicin C1a Aminoglycosides (Yoshizawa et al. 1998)

459.22570 C25H33NO7 4,945,111 Lankacidin C Polyketides (Arakawa et al. 2005)

460.14818 C22H24N2O9 10,482,174 Oxytetracycline Polyketides (Pickens and Tang, 2010)

471.22302 C22H29N7O5 388,623 Puromycin Aminoglycosides (Aviner, 2020)

474.29814 C28H42O6 5,293,744 Ambruticin Polyketides (Liu and Jacobsen, 2001)

475.30060 C21H41N5O7 5,256,761 Netilmicin Aminoglycosides (Miller et al. 1976)

477.31625 C21H43N5O7 65,328 Gentamicin C1 Aminoglycosides (Yoshizawa et al. 1998a)

483.25404 C18H37N5O10 388,449 Bekanamycin Aminoglycosides (Fosso et al. 2015)

491.29551 C21H41N5O8 17,229,513 N(2’)-acetylgentamycin C1a Aminoglycosides (Yoshizawa et al. 1998)

539.28026 C21H41N5O11 2,339,128 Apramycin Aminoglycosides (Juhas et al. 2019)

567.28640 C21H41N7O11 10,128,124 Dihydrodesoxystreptomycin Aminoglycosides (Obuchi et al. 1958)

657.30687 C25H47N5O15 28,184,758 2′′′-acetyl-6′′′-hydroxyneomycin C Aminoglycosides (Robertson et al. 1971)

Table 2.  List of potential antimicrobial compounds present in the Ethyl acetate culture extract of S. panacea 
PSRA5T detected by LC-MS and identified via chemspider.
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not show zone of inhibition.We used SEM ultrastructure imaging to visualise the changes in the S. aureus cell 
morphology due to the antimicrobial activity of the S. panacea PSRA5T culture extract. Interestingly, SEM 
imaging visualised distinct changes in the morphology of S. panacea PSRA5T extract treated MDRSA strains, 
with unexplained clumping with thread-like structures similar to biofilm formation, whereas untreated control 
MDRSA cells maintain the spherical shape (Fig. 5). This observation confirmed a drastic physical change in the 
cell morphology of MDRSA cultures by the antimicrobial compound present in the crude extract of S. panacea 
PSRA5T.

Fig. 4.  Antimicrobial activity of S. panacea PSRA5T against MDR S. aureus strain. (A) Agar disc diffusion 
assay shows zone of inhibition exhibited by the crude extract of S. panacea PSRA5T against MDR S. aureus 
P-435, OX indicates oxacillin 1 µg/disc. (B) S. aureus P-435 culture treated with crude extract of S. panacea 
PSRA5T shows flocculation in broth culture, whereas untreated control maintains the turbidity.

 

Antibacterial activity against MDR S. aureus clinical isolates
(Diameter zone of inhibition in mm)

Name of compounds Concentration/disc P−443 PUS-394 P−454 PUS-416 P−435 PUS-407

A. Aminoglycosides

 Puromycin 16 µg 10.33 ± 0.33 11.33 ± 0.33 10.33 ± 0.33 10.33 ± 0.33 10.67 ± 0.33 11.00 ± 0.58

 Spectinomycin 50 µg 9.33 ± 0.88 7.67 ± 0.67 6.67 ± 0.88 8.33 ± 0.33 7.00 ± 0.58 6.67 ± 0.67

 Gentamicin 8 µg 15.33 ± 0.88 16.33 ± 0.33 11.00 ± 0.58 14.67 ± 0.33 15.67 ± 0.33 15.00 ± 0.58

 Netilmicin 8 µg 16.50 ± 0.41 17.00 ± 0.00 16.00 ± 0.00 17.50 ± 0.41 17.00 ± 0.00 16.5 ± 0.41

 Neomycin 0.5 µg 0.00 0.00 0.00 0.00 0.00 0.00

B. Terpenoid-Alkaloid

 Caffeine 3 mg 0.00 0.00 0.00 0.00 0.00 0.00

 Xanthine 200 µM 0.00 0.00 0.00 0.00 0.00 0.00

 Hypoxanthine 50 µM 0.00 0.00 0.00 0.00 0.00 0.00

C. Polyketides

 Clindamycin 2 µg 20.67 ± 0.33 18.67 ± 0.67 20.67 ± 0.88 20.00 ± 0.58 21.00 ± 1.73 21.67 ± 0.88

 Oxytetracycline 0.5 mg 0.00 0.00 0.00 0.00 0.00 0.00

Tetracycline 8 µg 27.3 ± 0.88 28 ± 0.58 26.3 ± 0.33 26.6 ± 0.33 26.3 ± 0.67 25.6 ± 0.33

Table 3.  The antibacterial activity of the representative compounds detected by LC-MS in the culture extract 
of S. panacea PSRA5T against the MDR S. aureus clinical isolates.
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Discussion
Endophytic actinomycetes of medicinal plants have recently been a prime focus in recent days for developing 
novel antimicrobial compounds to combat the MDR S. aureus31. In our study, though Saccharopolyspora presents 
dominantly as endophytic actinomycetes in the rhizome of P. sokpayensis, a novel strain of S. panacea PSRA5T 
showed effective inhibition on the clinical isolates of MDR S. aureus. In addition, the 16S rRNA gene similarity 
threshold of Streptomyces sp. PSRA3 also indicates a possible novel species that supports rich biodiversity in the 
Himalayan region, particularly in the plant endophytes. The members of the genus Streptomyces are well known 
for antibiotic production and prominent resources for developing anti-MRSA drugs5. Uncovering the genomes 
of actinomycetes has promoted several researchers to explore biosynthetic gene clusters (BGC) and pathways 
responsible for antibiotic production32. S. panacea PSRA5T contains BGC that codes for antibiotic production 
pathways, including terpene, polyketide (T3PKS), non-ribosomal peptide synthetase (NRPS), lanthipeptide-
class III and ectoine. In recent days, naturally occurring terpenoid-alkaloids of plant origin with antimicrobial 
activity have been proposed to combat MDR S. aureus33. Caffeine, evocarpine, trigonelline, arecoline, Norharman 
(β-carboline), xanthine, and cotinine are a few examples of plant terpenoid–alkaloids with antimicrobial effects 
against MDR S. aureus34–40. Our study detected terpene-type secondary metabolite biosynthetic pathways and 
gene clusters for hopene, geosmin, raimonol and isorenieratene production in S. panacea PSRA5T genome. The 
LC-MS analysis results of S. panacea PSRA5T culture extract supported the genome mining results with the 
detection of several terpenoid-alkaloid compounds with antimicrobial activity namely caffeine, evocarpine, 
trigonelline, arecoline, xanthine, norharman, xanthine, and cotinine34–40. However, the MDR S. aureus clinical 
isolates were resistant to the representative terpenoid-alkaloids (caffeine and xanthine) screened during this 
study.

The genus Streptomyces is one of the best producers of polyketides, which are the major source of 
antibiotics41,42. The presence of polyketides (Polyketide: Type III, T3PKS) type secondary metabolites 
biosynthetic pathways related gene clusters (naringenin and alkylrescorcinol) in S. panacea PSRA5T genome, 
along with LC-MS detection of several polyketides namely oxytetracycline, anhydrotetracycline, ieodomycin, 

Fig. 5.  Scanning electron micrographs show the bizarre changes in the cell morphology of MDR S. aureus 
P-435 after treatment with the crude extract of S. panacea PSRA5T. (A) Untreated control culture of MDR S. 
aureus P-435. (B) MDR S. aureus P-435 treated with ethyl acetate crude culture extract of S. panacea PSRA5T.
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anisomycin, lankacidin, ambruticin, and clindamycin with antimicrobial potential in the S. panacea PSRA5T 
culture extract (Table  2) supported its antibacterial activity42–47. However, the screening of representative 
polyketides detected by LC-MS against MDR S.aureus clinical isolates showed that isolates were sensitive to 
clindamycin and tetracycline, not oxytetracycline.

Aminoglycosides are the major group of antimicrobial compounds mostly used against infection by gram-
negative pathogens48recently proposed as effective against MDR S. aureus. The major antimicrobial mechanism 
involved in the aminoglycoside is its ability to bind to the coding region of the 16S ribosomal RNA (rRNA) 
component of the 30S subunit of the bacterial ribosome. Also, aminoglycosides inhibit aminoglycoside-6′-N-
acetyltransferase and 2″-O-phosphotransferase which are produced by MDR S. aureus49. We have observed the 
presence of gene clusters for istamycin production with lower similarity level in S. panacea PSRA5T genome 
and detected several aminoglycosoides (istamycin, spectinomycin, acmimycin, puromycin, bekanamycin, 
apramycin, dihydrodesoxystreptomycin, streptobiosamine, 2′′′-acetyl-6′′′-hydroxyneomycin, fortimicin, 
astromicin, gentamicin, n(2’)-acetyl gentamycin, netilmicin) during the LC-MS analysis of S. panacea PSRA5T 
culture extract, with antimicrobial activity reported by earlier researchers50–61. However, the screening of 
representative aminoglycosides detected by LC-MS against MDR S. aureus clinical isolates showed that the 
isolates were sensitive to netlilmicin, gentamicin, puromycin and spectinomycin, not to neomycin, supported 
the strong antibacterial activity visualised by S. panacea PSRA5T culture extract against clinical isolates of MDR 
S. aureus during this study. Our correlation studies relate the genome mining results with detected compounds 
during LC-MS analysis of S. panacea PSRA5T culture extract. Also, the results of activity screening of the detected 
representative pure compounds against the MDR S. aureus support the findings.

Non-ribosomal protein synthetases (NRPS) gene clusters have been associated with several drug 
discoveries62with an example of non-ribosomal peptide echinomycin with excellent anti-MRSA activity63. 
Detection of NRPS gene cluster with 100% similarity supported the antimicrobial activity visualised in this 
study.

Interestingly, the changes in the ultrastructure of MDR S. aureus in response to the crude extract of S. 
panacea PSRA5T revealed peculiar cell morphology changes. Prior research works on antimicrobial compounds 
have shown bacterial cell wall collapse, small surface depression or overall stop in growth rate64. In the case of 
daptomycin-treated bacterial cells, the authors report “bizarre” formations along the line of cell cleavage65. While 
in our study, the cells of clinical isolates of MDR S. aureus treated with ethyl acetate extract of S. panacea PSRA5T 
culture showed unusual cell deformations and progressed further to flocs formation with unexplained thread-
like structural changes like a biofilm formation. This structure deformation could be due to the inherent resistant 
mechanism to neutralise the antimicrobial activity of S. panacea PSRA5T extract by biofilm formation66. The 
most known component of biofilm in S. aureus is the intercellular adhesion of bacterial cells by polysaccharide 
(poly-β(1–6) - N-acetylglucosamine (PNAG) formation67. This ability of cell deformation can be attributed to 
the variety of compounds (predicted by genome mining and detected by LC-MS analysis) with antimicrobial 
potential produced by S.panacea PSRA5T. More detailed studies are required to explain the mode of action, 
particularly bioactivity-guided purification and characterisation of molecules responsible for the bizarre effect 
visualised in MDR S. aureus culture by S.panacea PSRA5T culture extract.

Conclusion
To the best of our knowledge, this is the first report of endophytic actinomycetes of the medicinal plant, P. 
sokpyensis endemic to the Sikkim-Himalayan region, with the dominant presence of the Saccharopolyspora in 
its rhizome. We identified a novel endophytic actinomycete for which the name Streptomyces panacea sp. nov. is 
proposed here with type strain PSRA5T (= MCC5238), which shows the importance of studying the endophytes 
of medicinal plants in the Himalayan biodiversity hotspot. Due to its novelty in the genome, S. panacea PSRA5T 
could be a potential source of novel antimicrobial compounds. The genome mining, LC-MS analysis and 
antimicrobial activity of representative compounds showed the potential of S. panacea PSRA5T against MDR 
S. aureus. The MICs of the crude extract of S. panacea PSRA5T against the test pathogens indicates the effective 
activity that highlights its potential and could be a contender in the generation of new antimicrobial agents to 
fight against MDR S. aureus. The finding paves the way forward for further detailed investigation on purification, 
characteriastion of bioactive compound produce by S. panacea PSRA5T, mode of action, and efficacy in animal 
models for developing a novel drug. Such a detailed characterization and structure elucidation of the bioactive 
compound may lead to a new entity reported from this untapped location.

Data availability
The datasets generated and/or analysed during the current study are available in the respective database. The 
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 
[1] partner repository with the dataset identifier PXD053596. The Whole Genome (of Streptomyces sp. PSRA5) 
Shotgun project has been deposited at GenBank under the accession JARJHW000000000. The version described 
in this paper is version JARJHW010000000. The BioProject accession number is PRJNA944806.
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