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importance in combating bacterial resistance.

Materials & Methods: In this study, a total of 75 actinomycete isolates were obtained from
licorice plant samples collected in Ilam Province, Iran. These samples were carefully selected
due to licorice’s traditional use in herbal medicine, suggesting a rich microbial diversity.
Results: Molecular identification through /6S rRNA gene amplification confirmed that 57 of
the isolates belonged to the class Actinomycetia, within the phylum Actinomycetota. Further
screening for biosynthetic gene clusters (BGCs) revealed that an impressive 96% of the isolates
harbored genes for nonribosomal peptide synthetases (NRPS). In contrast, only 28% and 17%
of the isolates contained genes associated with polyketide synthase type I (PKS-I) and type
IT (PKS-II), respectively. Utilizing agar well diffusion assays, the study demonstrated that
16 isolates (28%) exhibited significant antibacterial activity against both drug-resistant and
drug-sensitive strains of Staphylococcus aureus and Pseudomonas aeruginosa. Among these,
two isolates, S12 and S14, showcased remarkable broad-spectrum antibacterial properties by
inhibiting three members of the ESKAPE pathogen group.

Conclusion: The strong correlation between the presence of NRPS genes and antibacterial
activity underscores the potential of actinomycetes associated with licorice as a promising
source of novel antimicrobial compounds. These findings emphasize the importance of
bioprospecting medicinal plant-derived microbiomes as a strategic approach to address

LG . the escalating global challenge of antibiotic resistance, paving the way for future research
Actinomycetes, Antibacterial . and development in antimicrobial therapies. Future research should focus on elucidating
activity endophytes, Isolation, :  the genetic and metabolic networks that underpin these interactions to fully exploit their
Licorice (Glycyrrhiza glabra) ~ *  pharmaceutical potential.
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1. Introduction

ntibiotics have been a cornerstone of mod-

ern medicine since their discovery, drasti-

cally reducing the burden of bacterial dis-

eases and transforming clinical outcomes

worldwide. By offering effective treat-

ment options for bacterial infections, anti-
biotics have significantly lowered morbidity and mortal-
ity rates and are considered one of the greatest medical
achievements of the 20" century [1]. Despite these suc-
cesses, the benefits of antibiotics are being increasingly
undermined by the rise of antibiotic-resistant bacteria, a
phenomenon exacerbated by the overuse, misuse, and
inappropriate prescription of these life-saving drugs.
These practices have created an environment in which
bacteria can evolve resistance mechanisms, rendering
many commonly used antibiotics ineffective.

The proliferation of multidrug-resistant (MDR) patho-
gens, including Staphylococcus aureus (MRSA), Kleb-
siella pneumoniae, and Pseudomonas aeruginosa, has
emerged as a significant public health challenge. These
pathogens are associated with increased morbidity, mor-
tality, and healthcare costs, particularly in hospital settings
where they complicate infection management and treat-
ment outcomes [2]. The situation is further aggravated in
low- and middle-income countries, where limited access
to effective infection control measures and antibiotic stew-
ardship programs contribute to the unchecked spread of re-
sistance [3]. This crisis demands a multifaceted response,
including the development of novel therapeutic strategies,
optimization of antibiotic usage, and exploration of alter-
native approaches to bacterial infection management.

Among the promising avenues to counteract antibiotic
resistance is the discovery of new antibiotics, particularly
those derived from natural sources. Historically, natural
products have served as the foundation for most antibiotics,
with microorganisms such as actinomycetes playing a criti-
cal role in their discovery and development. For instance,
members of the genus Streptomyces within the phylum
Actinomycetota are responsible for producing over two-
thirds of clinically used antibiotics, demonstrating their un-
paralleled biosynthetic capabilities [4]. These filamentous,
gram-positive bacteria possess specialized gene clusters,
such as nonribosomal peptide synthetases (NRPS) and
polyketide synthases (PKS), that encode enzymes capable
of synthesizing a diverse array of bioactive compounds.
This genetic machinery allows for the modular assembly
of complex molecules with significant antimicrobial, an-
tifungal, and anticancer properties, making actinomycetes
indispensable in pharmaceutical development [5].
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Genomics, metabolomics, and synthetic biology ad-
vancements have further expanded the potential for
discovering novel antibiotics. By unlocking the biosyn-
thetic potential of actinomycetes and activating cryptic
gene clusters—those that remain silent under standard
laboratory conditions—researchers are uncovering pre-
viously untapped reservoirs of bioactive compounds.
These breakthroughs are critical for addressing the ur-
gent need for new antimicrobial agents capable of over-
coming resistance mechanisms and combating MDR
pathogens [6].

Medicinal plants represent another promising source
of novel antibiotics due to their symbiotic relationships
with endophytic microorganisms. Licorice (Glycyrrhiza
glabra), amedicinal plant widely recognized for its phar-
macological properties, including anti-inflammatory, an-
timicrobial, and antioxidant effects, serves as a reservoir
for endophytes such as actinomycetes [7]. These endo-
phytic communities contribute to the plant’s therapeutic
potential by producing bioactive secondary metabolites
and enhancing the synthesis of key compounds such as
glycyrrhizin [8]. Additionally, endophytes improve the
plant’s resilience to abiotic stresses, highlighting the in-
tricate ecological interactions that can be harnessed for
drug discovery [9].

Given the critical role of actinomycetes and their as-
sociation with medicinal plants, this study focuses on
exploring the biosynthetic capabilities of actinomycetes
isolated from G. glabra. By leveraging advanced ge-
nomic and metabolomic approaches, we aim to identify
novel bioactive compounds with antimicrobial potential.
This research seeks to address the escalating challenge
of antibiotic resistance and contribute to the discovery
of new therapeutics that are essential for safeguarding
global health.

2. Materials and Methods

2.1. Sample collection and isolation of endophytic
actinomycete

Licorice (G. glabra) plant samples were collected in
the spring of 2023 from various regions of Ilam Prov-
ince, Iran. These samples were stored in sterile plastic
bags and transported to the laboratory on ice to preserve
microbial integrity.

In the laboratory, the plant samples underwent a modi-
fied six-step surface sterilization process within 24 hours
of collection, as described elsewhere [10]. The sterilized
plant parts—roots, stems, and leaves—were aseptically
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fragmented into 1-centimeter pieces and spread on starch
casein agar (SCA), which was supplemented with cyclo-
heximide (50 pg/mL) and nalidixic acid (20 pg/mL) to
inhibit the growth of fungi and non-actinomycete bacte-
ria, respectively [11]. The culture media were incubated
at 28 "C for up to four weeks, with regular observations
made for the potential growth of new colonies. The puta-
tive actinomycete colonies were purified through repeat-
ed streaking on the international streptomyces project 2
(ISP2) medium. Additionally, 100 pL of the final rinse
solution was applied to SCA plates and incubated at 28
°C for two weeks to assess microbial growth and the ef-
fectiveness of the surface sterilization process.

2.2. DNA Isolation and molecular identification
of actinomycetes

Genomic DNA extraction were conducted for all
endophytic isolates using a straightforward boiling
method, as outlined in previous studies, followed by
polymerase chain reaction (PCR) with taxon-specific
primers (Table 1) to identify actinomycetes, as previ-
ously demonstrated [15].

2.3. Evaluation of antibacterial activity of actino-
mycetes

Each actinomycete isolate was cultured in trypticase
soy broth (TSB) and ISP2 medium at 28 °C while being
shaken at 180 rpm. After 7 and 14 days of cultivation,
the fermentation broth was centrifuged at 13,000xg for
15 minutes to remove biomass. An equal volume of eth-
yl acetate was then added to the supernatant and shaken
vigorously. Following this, a vacuum rotary evaporator

Table 1. Oligonucleotide primers used in this study
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was used to evaporate the organic layer at 40 °C. The
resulting organic extracts were employed for antimicro-
bial activity screening.

The drug-sensitive and resistant bacteria, as selective
members of the ESKAPE (Enterococcus faecium, S. au-
reus, K. pneumoniae, Acinetobacter baumannii, P. aeru-
ginosa, Enterobacter spp.) pathogens [16], were used to
assess the antibacterial activity of the actinomycete strains
(Table 2). These bacteria were grown overnight at 37 'C
in Mueller-Hinton (MH) broth, which was subsequently
adjusted to a 0.5 McFarland standard turbidity.

Bacterial lawns were prepared on MH agar, making
wells approximately 6 mm in diameter using a sterilized
cork borer. One hundred microliters (uL) of the crude
extracts were added to each well. The plates were left
at room temperature for one hour to allow the crude ex-
tract to diffuse before being incubated at 37 'C. After 24
hours, the diameters of the inhibition zones were mea-
sured in millimeters (mm). The control used was 100 puL.
of ethyl acetate.

2.4. Detection of PKS-1, PKS-11, and NRPS genes

Genes encoding NRPS and polyketide synthases I and
IT (PKS-I and PKS-IT) were detected via PCR using spe-
cific primers (Table 1). Amplifications were performed
with 30 cycles of denaturation (95 °C, 1 minute), anneal-
ing (58 °C or 60 °C, 1 minute), and extension (72 °C, 1
minute). Products were analyzed on 1.5% agarose gels.

Product Size

Primer Name Sequence (5’-3’) Gene (bp) Ref.
ACT235f CGCGGCCTATCAGCTTGTTG
16S rRNA 640 [12]
ACT878r CCGTACTCCCCAGGCGGGG
A3F GCSTACSYSATSTACACSTCSGG
NRPS 700-800 [13]
A7R SASGTCVCCSGTSCGGTAS
KIF TSAAGTCSAACATCGGBCA
PKS-1 1200-1400 [14]
M6R CGCAGGTTSCSGTACCAGTA
PKS-II-A TSGCSTGCTTCGAYGCSATC
PKS-1I 600 [13]
PKS-1I-B TGGAANCCGCCGAABCCGCT
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3. Results

3.1. Isolation and morphological characterization
of endophytic actinomycetes

Ninety-six bacterial isolates were obtained from lico-
rice plants, of which 75 actinomycete isolates were ien-
tified by morphology and gram staining. Actinomycete
colonies exhibited powdery or chalky textures, firm and
sticky structures, and pigmentation in white, orange, or
gray, accompanied by a characteristic earthy odor.

3.2. Molecular identification of actinomycetes

PCR amplification of the /6S rRNA gene successfully
identified 57 isolates as actinomycetes, with amplicons of
approximately 640 bp (Figure 1). The distribution of isolates
among plant parts was as follows: 25 from stems (43.9%),
23 from roots (40.4%), and nine from leaves (15.8%).

3.3. Antibacterial activity of actinomycetes

Of the 57 molecularly confirmed isolates, 16(28%) ex-
hibited antibacterial activity against the test pathogens.
Seven isolates inhibited drug-resistant S. aureus, eight
inhibited drug-sensitive S. aureus, and nine inhibited P
aeruginosa. Isolates S12 (stem) and S14 (root) showed
broad-spectrum activity, inhibiting all three tested patho-
gens (Figure 2).

3.4. Detection of biosynthetic gene clusters (BGCs)

PCR revealed NRPS genes in 96% of isolates, PKS-
I genes in 28%, and PKS-II genes in 17% (Figures 3,
4, and 5). Isolates S12 and S14, which exhibited the
broadest antibacterial spectra, contained NRPS genes
but lacked PKS genes, suggesting a strong correlation
between NRPS clusters and bioactivity.

3.5 Summary of antibacterial activity and gene
presence

The presence of NRPS and PKS-I genes was associated
with higher antibacterial activity. Among the 16 active
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isolates, 62.5% inhibited one pathogen, 25% inhibited
two pathogens, and 12.5% (isolates S12 and S14) inhib-
ited three pathogens.

4. Discussion

This study highlights the significant potential of lico-
rice (G. glabra) as a valuable source of bioactive acti-
nomyecetes, focusing on their ability to produce second-
ary metabolites through NRPS and PKS-I genes. These
BGCs are crucial for synthesizing diverse bioactive
compounds, many of which exhibit strong antibacterial
properties. Our findings support previous research em-
phasizing the therapeutic promise of actinomycetes from
plant-associated environments, particularly in drug dis-
covery and pharmaceutical development [17].

The strong correlation between the detection of NRPS
and PKS-I genes and the observed antibacterial activities
underscores the essential role of actinomycetes in the
biosynthesis of antimicrobial agents. These results rein-
force the hypothesis that actinomycetes associated with
licorice produce unique bioactive compounds capable of
combating a wide range of bacterial pathogens. This is
especially relevant in addressing the growing challenge
of antibiotic resistance, as new compounds with distinct
modes of action are urgently needed [18].

In addition to antibacterial properties, actinomycetes
have diverse therapeutic applications. Secondary metab-
olites produced by these microorganisms also exhibit an-
tifungal, anticancer, and immunomodulatory activities,
significantly expanding their pharmaceutical potential
[19]. actinomycetes from underexplored environments,
such as licorice, represent an untapped reservoir for dis-
covering molecules that could lead to breakthroughs in
medical treatments.

Licorice plants create a unique microenvironment that
promotes the growth, diversity, and metabolic capabili-
ties of endophytic actinomycetes. This environment is
characterized by a consistent supply of nutrients, specific
metabolites, and physiological conditions conducive to

Table 2. ESKAPE pathogen members included in this study for evaluating antibacterial activity

Bacteria Drug-sensitive Drug-resistant
S. aureus ATCC 25923 ATCC 33591
K. pneumoniae ATCC 10031 ATCC 700603
P. aeroginosa ATCC 27853 ATCC 2774

A. baumannii

ATCC BAA-747
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Figure 1. Agarose gel electrophoresis of 165 rRNA PCR products from bacterial isolates

Note: Lanes M: DNA size marker; Lanes 1-19: PCR products from bacterial isolates showing a band at 640 bp, representing

the amplified 165 ¥RNA gene

microbial colonization and activity. Actinomycetes asso-
ciated with licorice utilize these plant-derived compounds
as substrates, enabling them to produce a range of second-
ary metabolites with potential therapeutic value [19].

The co-evolutionary relationship between licorice and
its endophytic actinomycetes is a fascinating aspect of
their interaction. Through long-term associations, these
microorganisms have developed the ability to synthesize
compounds that benefit both themselves and their plant
hosts. Such compounds include growth-promoting phy-

tohormones and antimicrobial agents that protect plants
from pathogens, thereby enhancing plant resilience and
productivity [20].

This co-evolutionary adaptation not only highlights the
ecological importance of licorice but also positions it as
an ideal candidate for bioprospecting. The unique bio-
chemistry of the plant shapes the diversity and special-
ization of its microbial inhabitants, potentially leading to
the discovery of novel bioactive compounds [21].

Figure 2. Antibacterial activity of isolates S12 and S14 against S. aureus (ATCC 33591)

Note: +ve: Positive control. Doxycycline disk (30 pg) placed in the center of the MH medium.

1473



https://archrazi.areeo.ac.ir/

November & December 2025, Volume 80, Issue 6

Archives of Razi
Institute Journal

Figure 3. Agarose gel electrophoresis of NRPS gene PCR products from actinomycete isolates

Note: Lanes M: DNA size marker; Lane 1: Negative control; Lanes 2-19: PCR products from actinomycete isolates, displaying
bands between 700-750 bp, indicative of the amplified NRPS gene.

Figure 4. Agarose gel electrophoresis of PKS-I gene PCR products from actinomycete isolates

Note: Lanes M: DNA size marker; Lane 1: Negative control; Lanes 2-19: PCR products from actinomycete isolates showing a
band at approximately 1200 bp, representing the amplified PKS-I gene.

Understanding plant-microbe interactions is vital for
optimizing antibiotic discovery and other therapeutic
advancements. The symbiotic relationship between lico-
rice and its endophytic actinomycetes involves complex
signaling pathways that regulate microbial activity and
plant defense mechanisms. For example, the microbial
synthesis of phytohormones, such as auxin, can influ-
ence plant growth and development while also indirectly
affecting the production of microbial secondary metabo-
lites [22]. These interactions highlight the intricate inter-
dependencies that contribute to the biosynthetic poten-
tial of microbial communities.

The evolutionary dynamics of plant-microbe interac-
tions reinforce their value in biotechnological applica-
tions. Beneficial microbes such as actinomycetes en-
hance plant resilience against environmental stresses
and pathogens. This mutualistic relationship creates fa-
vorable conditions for microbial metabolite production,
providing dual benefits for the agriculture and pharma-
ceutical industries [23]. By leveraging these interactions,
researchers can identify novel biosynthetic pathways and
optimize conditions for metabolite production, thereby
improving the yield and efficacy of antibiotics [24].

Figure 5. Agarose gel electrophoresis of PKS-II gene PCR products from actinomycete isolates

Note: Lanes M: DNA size marker; Lane 1: Negative control; Lanes 2-19: PCR products from actinomycete isolates exhibiting a

band at 600 bp, corresponding to the amplified PKS-II gene.
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The remarkable diversity of endophytic actinomycetes
found in licorice emphasizes its immense potential for
bioprospecting. Medicinal plants such as licorice serve
as reservoirs of microbial biodiversity, often housing rare
or unique strains with specialized metabolic capabilities.
Exploring this diversity can lead to the identification of
novel compounds with therapeutic applications, particu-
larly those with antibacterial, antifungal, and anticancer
properties [25].

Advances in genomic, transcriptomic, and metabolo-
mic technologies provide powerful tools for bioprospect-
ing. By examining the genetic and metabolic profiles of
actinomycetes associated with licorice, researchers can
identify BGCs to enhance drug discovery efforts.

5. Conclusion

In summary, licorice-associated actinomycetes represent
a rich and underexplored resource for discovering bioac-
tive compounds with significant therapeutic and agricul-
tural potential. The presence of NRPS and PKS-I genes
highlights their role in secondary metabolite production,
particularly antibacterial agents. Licorice’s unique micro-
environment supports the metabolic versatility of these
microorganisms, while plant-microbe interactions pro-
vide valuable insights into optimizing antibiotic discov-
ery. Advancing our understanding of these interactions,
together with the application of cutting-edge biotechno-
logical tools, could unlock new frontiers in bioprospecting
and drug development, ultimately contributing to human
health and environmental sustainability.

Acknowledgements

The authors gratefully acknowledge the Vice Chancellor
for Research and Technology at Ilam University, Ilam,
Iran, for providing partial financial support for this study.

Compliance with ethical guidelines

There were no ethical considerations to be considered
in this research.

Data availability

The data supporting this study are not publicly avail-
able but are available from the corresponding author
upon reasonable request.

Funding

This research did not receive any grant from funding
agencies in the public, commercial, or non-profit sectors.

November & December 2025, Volume 80, Issue 6

Authors' contributions

Conceptualization, study design, and statistical analy-
ses: Sara Sadeghian and Fazel Pourahmad; Samples
collections, experiments, data interpretation and writ-
ing: All authors; Final approval: Fazel Pourahmad and
Mostafa Nemati.

Conflict of interest

The authors declared no conflict of interest.

References

[1] Bottalico L, Charitos IA, Potenza MA, Montagnani M, San-
tacroce L. The war against bacteria, from the past to present
and beyond. Expert Rev Anti-infect Ther. 2022; 20(5):681-706.
[DOI:10.1080/14787210.2022.2013809]

[2] Mwangi J, Hao X, Lai R, Zhang ZY. Antimicrobial peptides:
new hope in the war against multidrug resistance. Zool Res.
2019; 40(6):488-505. [DOI:10.24272 /j.issn.2095-8137.2019.062]
[PMID]

[3] Campos JC, Antunes LC, Ferreira RB. Global priority
pathogens: Virulence, antimicrobial resistance and prospec-
tive treatment options. Future Microbiol. 2020; 15:649-77.
[DOI:10.2217/ fmb-2019-0333] [PMID]

[4] Zong G, Fu ], Zhang, P, Zhang W, Xu Y, Cao G, et al. Use of
elicitors to enhance or activate antibiotic production in Strep-
tomyces. Crit Rev Biotechnol. 2022; 42(8):1260-83. [DOI:10.108
0/07388551.2021.1987856] [PMID]

[5] Harris NC, Sato M, Herman NA, Twigg F, Cai W, LiuJ, et al.
Biosynthesis of isonitrile lipopeptides by conserved nonribo-
somal peptide synthetase gene clusters in Actinobacteria. Proc
Natl Acad Sci U S A. 2017; 114(27):7025-30. [DOI:10.1073/
pnas.1705016114] [PMID]

[6] Singh BP, Rateb ME, Rodriguez-Couto S, Polizeli MLTM, Li
W]J. Editorial: Microbial secondary metabolites: Recent devel-
opments and technological challenges. Front Microbiol. 2019;
10:914. [DOI:10.3389/ fmicb.2019.00914] [PMID]

[7] Dang H, Zhang T, Wang Z, Li G, Zhao W, Lv X, et al. Dif-
ferences in the endophytic fungal community and effective
ingredients in roots of three Glycyrrhiza species in Xinji-
ang, China. Peer]. 2021; 9:€11047. [DOI:10.7717 / peetrj.11047]
[PMID]

1475



https://archrazi.areeo.ac.ir/
https://doi.org/10.1080/14787210.2022.2013809
https://doi.org/10.24272/j.issn.2095-8137.2019.062
https://www.ncbi.nlm.nih.gov/pubmed/31592585
https://doi.org/10.2217/fmb-2019-0333
https://www.ncbi.nlm.nih.gov/pubmed/32495702
https://doi.org/10.1080/07388551.2021.1987856
https://doi.org/10.1080/07388551.2021.1987856
https://www.ncbi.nlm.nih.gov/pubmed/34706600
https://doi.org/10.1073/pnas.1705016114
https://doi.org/10.1073/pnas.1705016114
https://www.ncbi.nlm.nih.gov/pubmed/28634299
https://doi.org/10.3389/fmicb.2019.00914
https://www.ncbi.nlm.nih.gov/pubmed/31105684
https://doi.org/10.7717/peerj.11047
https://www.ncbi.nlm.nih.gov/pubmed/33854843

November & December 2025, Volume 80, Issue 6

[8] Mardonova G, Shurigin V, Eshboev F, Egamberdieva D.
Potential plant benefits of endophytic microorganisms associ-
ated with halophyte Glycyrrhiza glabra L. AIMS Microbiol.
2024; 10(4):859-79. [DOI:10.3934 / microbiol.2024037] [PMID]

[9] Tan]Y, Yue ZC, LiST, Pan YY, Chu ZY, Ban YH, et al. Allevi-
ation of salt stress and changes in glycyrrhizic acid accumula-
tion by dark septate endophytes in Glycyrrhiza glabra grown
under salt stress. ] Agric Food Chem. 2024; 72(26):14557-69.
[DOI:10.1021/ acs.jafc.4c00700] [PMID]

[10] Qin S, Xing K, Jiang JH, Xu LH, Li WJ. Biodiversity, bio-
active natural products, and biotechnological potential of
plant-associated endophytic actinobacteria. Appl Microbiol
Biotechnol. 2011; 89(3):457-73. [DOI:10.1007/500253-010-2923-
6] [PMID]

[11] Mohseni M, Norouzi H, Hamedi J, Roohi A. Screening of
antibacterial producing actinomycetes from sediments of the
caspian sea. Int ] Mol Cell Med. 2013; 2(2):64-71. [PMID]

[12] Stach JE, Maldonado LA, Ward AC, Goodfellow M, Bull
AT. New primers for the class Actinobacteria: application to
marine and terrestrial environments. Environ Microbiol. 2003;
5(10):828-41. [DOI:10.1046/}.1462-2920.2003.00483.x] [PMID]

[13] Ayuso A, Clark D, Gonzalez I, Salazar O, Anderson A,
Genilloud O. A novel actinomycete strain de-replication ap-
proach based on the diversity of polyketide synthase and
nonribosomal peptide synthetase biosynthetic pathways.
Appl Microbiol Biotechnol. 2005; 67(6):795-806. [DOI:10.1007 /
s00253-004-1828-7] [PMID]

[14] Metsd-Ketelda M, Salo V, Halo L, Hautala A, Hakala J,
Mintsala P, et al. An efficient approach for screening minimal
PKS genes from Streptomyces. FEMS Microbiol Lett. 1999;
180(1):1-6. [DOI:10.1111/j.1574-6968.1999.tb08770.x] [PMID]

[15] Tavarideh F, Pourahmad F, Nemati M. Diversity and an-
tibacterial activity of endophytic bacteria associated with
medicinal plant Scrophularia striata. Vet Res Forum. 2022;
13(3):409-15. [PMID]

[16] Miller WR, Arias CA. ESKAPE pathogens: Antimicro-
bial resistance, epidemiology, clinical impact, and therapeu-
tics. Nat Rev Microbiol. 2024; 22(10):598-616. [DOI:10.1038/
$41579-024-01054-w] [PMID]

[17] Singh R, Dubey AK. Diversity and applications of en-
dophytic actinobacteria of plants in special and other eco-
logical niches. Front Microbiol. 2018; 9:1767. [DOI:10.3389/
fmicb.2018.01767] [PMID]

[18] Rossiter SE, Fletcher MH, Wuest WM. Natural products
as platforms to overcome antibiotic resistance. Chem Rev.
2017; 117(19):12415-74. [DOI:10.1021/acs.chemrev.7b00283]
[PMID]

[19] Mohamad OAA, Li L, Ma JB, Hatab S, Xu L, Guo JW, et
al. Evaluation of the antimicrobial activity of endophytic
bacterial populations from the Chinese traditional medicinal
plant licorice and characterization of the bioactive secondary
metabolites produced by Bacillus atrophaeus against Verti-
cillium dahliae. Front Microbiol. 2018; 9:924. [DOI:10.3389/
fmicb.2018.00924] [PMID]

[20] Hamid B, Zaman M, Farooq S, Fatima S, Sayyed RZ, Baba
ZA, et al. Bacterial plant biostimulants: A sustainable way to-
wards improving growth, productivity, and health of crops.
Sustainability. 2021; 13(5):2856. [DOI:10.3390/su13052856]

Archives of Razi
Institute Journal

[21] Laine AL, Tylianakis JM. The coevolutionary consequences
of biodiversity change. Trends Ecol Evol. 2024; 39(8):745-56.
[DOI:10.1016/j.tree.2024.04.002] [PMID]

[22] Torres-Rodriguez JA, Reyes-Pérez JJ, Quifiones-Aguilar
EE, Hernandez-Montiel LG. Actinomycete potential as a bio-
control agent of phytopathogenic fungi: Mechanisms, sourc-
es, and applications. Plants. 2022; 11(23):3201. [DOI:10.3390/
plants11233201] [PMID]

[23] Delaux P, Schornack S. Plant evolution driven by interac-
tions with symbiotic and pathogenic microbes. Science. 2021;
371(6531):eaba6605. [DOI:10.1126/ science.aba6605] [PMID]

[24] Chaudhry V, Runge P, Sengupta P, Doehlemann G, Parker
JE, Kemen E. Shaping the leaf microbiota: Plant-microbe-mi-
crobe interactions. ] Exp Bot. 2021; 72(1):36-56. [DOI:10.1093/
jxb/eraa417] [PMID]

[25] Selim MSM, Abdelhamid SA, Mohamed SS. Secondary
metabolites and biodiversity of actinomycetes. ] Genet Eng
Biotechnol. 2021; 19(1):72. [DOI:10.1186/s43141-021-00156-9]
[PMID]



https://archrazi.areeo.ac.ir/
https://doi.org/10.3934/microbiol.2024037
https://www.ncbi.nlm.nih.gov/pubmed/39628723
https://doi.org/10.1021/acs.jafc.4c00700
https://www.ncbi.nlm.nih.gov/pubmed/38957088
https://doi.org/10.1007/s00253-010-2923-6
https://doi.org/10.1007/s00253-010-2923-6
https://www.ncbi.nlm.nih.gov/pubmed/20941490
https://pubmed.ncbi.nlm.nih.gov/24551793/
https://doi.org/10.1046/j.1462-2920.2003.00483.x
https://www.ncbi.nlm.nih.gov/pubmed/14510836
https://doi.org/10.1007/s00253-004-1828-7
https://doi.org/10.1007/s00253-004-1828-7
https://www.ncbi.nlm.nih.gov/pubmed/15647936
https://doi.org/10.1111/j.1574-6968.1999.tb08770.x
https://www.ncbi.nlm.nih.gov/pubmed/10547437
https://pubmed.ncbi.nlm.nih.gov/36320307/
https://doi.org/10.1038/s41579-024-01054-w
https://doi.org/10.1038/s41579-024-01054-w
https://www.ncbi.nlm.nih.gov/pubmed/38831030
https://doi.org/10.3389/fmicb.2018.01767
https://doi.org/10.3389/fmicb.2018.01767
https://www.ncbi.nlm.nih.gov/pubmed/30135681
https://doi.org/10.1021/acs.chemrev.7b00283
https://www.ncbi.nlm.nih.gov/pubmed/28953368
https://doi.org/10.3389/fmicb.2018.00924
https://doi.org/10.3389/fmicb.2018.00924
https://www.ncbi.nlm.nih.gov/pubmed/29867835
https://doi.org/10.3390/su13052856
https://doi.org/10.1016/j.tree.2024.04.002
https://www.ncbi.nlm.nih.gov/pubmed/38705768
https://doi.org/10.3390/plants11233201
https://doi.org/10.3390/plants11233201
https://www.ncbi.nlm.nih.gov/pubmed/36501241
https://doi.org/10.1126/science.aba6605
https://www.ncbi.nlm.nih.gov/pubmed/33602828
https://doi.org/10.1093/jxb/eraa417
https://doi.org/10.1093/jxb/eraa417
https://www.ncbi.nlm.nih.gov/pubmed/32910810
https://doi.org/10.1186/s43141-021-00156-9
https://www.ncbi.nlm.nih.gov/pubmed/33982192

