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Abstract

Verticillium wilt, caused by Verticillium dahliae, poses a significant threat to olive trees
(Olea europaea L.). The isolation of endophytic Streptomyces strains from olive roots has led
to the discovery of several strains showing strong antifungal activity against V. dahliae, as
demonstrated through in vitro and small-scale soil experiments. Molecular analyses con-
firmed that strain OE54 belongs to Streptomyces iranensis. The main antifungal compound
identified in this strain was rapamycin. Rapamycin displayed potent antifungal effects,
notably inhibiting conidiospore germination (ICsy = 87.36 pg/mL) and the hyphal growth
of V. dahliae, with a minimum inhibitory concentration (MICsg) of 3.91 ng/mL. Additionally,
a second rapamycin-producing strain, OE57%, was isolated. Phenotypic and genotypic
analyses indicated that OE57" represents a new species, which is proposed to be named
Streptomyces lacaronensis sp. nov., with OE57" designated as the type strain (=DSM 1187417%;
CECT 31164"). The discovery of two endophytic rapamycin-producing Streptomyces strains
residing within olive roots is especially notable, given the rarity of rapamycin production
among microorganisms. These findings highlight the potential of rapamycin-producing
Streptomyces strains in developing biofertilizers to manage V. dahline and reduce the impact
of Verticillium wilt on olive trees and other crops.

Keywords: Verticillium wilt; olive; endophytic streptomycetes; biocontrol; antifungal
compounds; rapamycin

1. Introduction

Verticillium is a genus of ascomycete fungi responsible for vascular wilt diseases, collec-
tively termed Verticillium wilt, which affect a diverse range of plant hosts [1]. Verticillium
wilt is widely regarded as one of the most devastating fungal diseases globally, posing a
significant threat to numerous economically important crops, including alfalfa, almond,
pistachio, peach [2,3], cotton, lettuce, ornamental plants, potato, strawberry [1], hops [4],
and olive [3,5], among others. While different Verticillium species contribute to the disease,
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Verticillium dahliae is the most prevalent and virulent, largely due to its broad host range
and extensive geographic distribution.

Olea europaea L. (olive) is one of the earliest domesticated and cultivated tree species,
possessing substantial economic, historical, and social significance across many Mediter-
ranean Basin countries. It serves primarily as the principal source of olive oil, a fundamental
component of the Mediterranean diet [5]. However, in recent years, Verticillium wilt caused
by V. dahliae has emerged as a severe threat to olive cultivation, with no effective control
treatments currently available. This challenge is exacerbated by the pathogen’s ability to
establish itself within plant tissues, rendering curative treatments ineffective. Given that
V. dahliae is a soil-borne fungal pathogen that invades plants through their root systems,
considerable attention has been directed toward developing biocontrol agents (BCAs) capa-
ble of colonizing the rhizosphere, or root tissues, as endophytic strains, thereby forming a
protective barrier against infection [6]. Numerous studies have demonstrated the potential
of various fungal BCAs in reducing the soil inoculum density and mitigating the disease
severity, including Fusarium oxysporum [7,8], Mucor sp., Rhizopus sp., and Phoma sp. [9],
as well as Trichoderma asperellum [10]. Additionally, entomopathogenic fungi such as
Beauveria bassiana and Metarhizium brunneum have been investigated for their potential
biocontrol efficacy [11]. Research has also explored the effectiveness of bacterial BCAs in
managing V. dahliae infection, including various Pseudomonas strains [12,13] and members
of the Bacillales order, such as Paenibacillus alvei K165 [14] and Bacillus velezensis [15].

Recent research underscores the potential efficacy of Streptomyces species as new and
promising BCAs against Verticillium wilt in olive trees [16,17]. Members of the Streptomyces
genus exhibit a range of distinctive properties that make them strong candidates for the
development of BCAs targeting soil-borne fungal pathogens [6]. These characteristics
include the following: (1) Streptomyces species are predominantly soil saprophytes and
are ubiquitously distributed in diverse environments worldwide, including soils and sedi-
ments, where they are found in considerable abundance [18]. Some studies indicate that
Streptomyces comprises approximately 0.06% of the bacterial abundance in soil, as deter-
mined from the 165 rRNA gene libraries [19]. (2) These species can effectively colonize the
root environments of diverse plants, with a significant presence in both the rhizosphere [20]
and the endosphere [21-23]. This colonization contributes to plant health and promotes
growth, reinforcing their role in biological control strategies. (3) Streptomyces is the foremost
genus in terms of bioactive secondary metabolite production, including numerous antibi-
otics and antifungal (AF) compounds [24]. Indeed, more than 50% of all clinically relevant
antibiotics are derived from Streptomyces species [25]. (4) The antimicrobial properties of
Streptomyces species extend beyond antibiotic production and are supported by additional
mechanisms, such as the secretion of extracellular hydrolytic enzymes [26], the emission
of volatile organic compounds [27], and the release of proteinaceous umbrella toxins [28].
(5) With over 755 validly named species (https://lpsn.dsmz.de/genus/streptomyces, ac-
cessed on 1 June 2025), Streptomyces constitutes one of the most taxonomically diverse
bacterial genera. Ongoing discoveries of new species continue to expand their antimicrobial
and AF capabilities, further reinforcing their importance in biological control applications.

This study describes the isolation and characterization of endophytic Streptomyces
strains from the internal root tissues of olive plants, followed by their selection based on the
potent AF activity against Verticillium dahline. The two most effective isolates were identified
as rapamycin producers, with one representing a new species within the Streptomyces genus.
Ultimately, this research seeks to improve the health of vegetatively propagated olive plants
in nursery settings by promoting root colonization by these beneficial microorganisms or
developing biofertilizers to control this devastating disease.
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2. Materials and Methods
2.1. Isolation of Culturable Endophytic Streptomycetes from Olive Roots

Root samples from three adult olive trees were collected in a plot belonging to the
company Rio Lacar6n S.L. (La Garrovilla, Spain), at 215 m above sea level (38°55'08.1” N
6°31'27.7” W). Root samples were placed in sterile plastic bags and maintained at 4 °C
until processing. Endophytic streptomycetes were isolated from the interior of root tissue
samples. Roots were washed in sterile phosphate buffer (PBS) and sonicated (160 W;
2 min) to dislodge soil and organic matter from the sample surface. After drying at
room temperature (RT), roots were cut into 2.0 cm-long fragments. Root fragments were
surface-sterilized by immersing in 20 mL of Tween 20 (0.1%) for 30 s, followed by sodium
hypochlorite (1%) for 6 min, and then NayS,03 (2.5%) for 10 min to remove the residual
chlorine. Next, samples were washed three times with sterile water, submerged in 70%
(v/v) ethanol for 6 min, followed by being subjected to three washes with sterile water and
air-dried in a laminar flow hood (Telstar AV-100; Telstar, Terrassa, Spain). To confirm the
effectiveness of the surface disinfection process, 0.2 mL of liquid from the final washing step
was spread onto International Streptomyces Project 2 (ISP 2) [29] agar media and incubated
at 28 °C. The isolation of endophytic streptomycetes was carried out from 5 g of previously
disinfected root material. This material was cut into small fragments (using a scalpel under
sterile conditions) that were later frozen in liquid nitrogen and ground into a fine powder
using a mortar and pestle. Then, 20 mL of a solution containing yeast extract (6%, w/v)
and sodium dodecyl sulfate (0.5%; w/v) were added to the samples and incubated at
40 °C for 15-30 min. Ten-fold serial dilutions of the samples were plated on starch-casein
agar (SCA) [30]) and ISP 2 agar media, containing pimaricin (100 pg/mL) and nalidixic
acid (50 ng/mL), to avoid fungi and Gram-negative bacterial growth, respectively. Plates
were incubated at 28 °C for 3 to 7 days. Different isolates were selected based on their
morphological and cultural characteristics, such as colony properties, presence/absence
of aerial mycelia, spore mass color, distinctive reverse colony color, and production of
diffusible pigments. The isolates were routinely cultivated and maintained the isolates on
MEY (Maltose Yeast Extract) medium [31] at 4 °C. Spore-producing isolates were preserved
as spore suspensions at —20 °C in glycerol (40%; w/v).

2.2. In Vitro Selection of Isolates Based on Antifungal Activity in Plate Assays

The AF activity of all isolated Streptomyces strains was checked using an in vitro plate
assay [22]. Briefly, isolates were inoculated onto potato dextrose agar (PDA) plates (Sigma-
Aldrich, Madrid, Spain) within a 1.0 cm? area, with four isolates per plate, positioned 1 cm
from the plate’s edge. A 0.5 cm agar plug containing the V. dahliae V9371 strain [32] was
placed at the center of each plate. The plates were incubated at 25 °C for up to 12 days,
after which the growth inhibition zones were measured. To quantify the AF activity of
the most effective isolates, they were further tested individually on MEY agar plates,
where bacterial colonies were arranged in a circular pattern 1 cm from the plate’s edge.
A V. dahlige-containing agar plug was placed at the center, and plates were incubated at
25 °C for up to 10 days. The inhibition index (I) was calculated using the formula: I index
(%) = [(Rc — R)/Rc] x 100, where R represents the radius of the fungal colony in the
presence of the bacterial isolate, and Rc is the maximum radius of the fungal colony in the
control condition. Each assay was performed in triplicate for all tested strains.

2.3. Analysis of Antifungal Activity in Small-Scale Soil Experiments

The AF activity in soil of selected isolates was evaluated using small-scale soil tests,
following the methodology described by Calvo-Pefia et al. (2023) [16]. Soil samples were
collected from a depth of 20-30 cm after removing the uppermost 5 cm of surface soil.
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Five subsamples were taken, combined, and homogenized for analysis. Physicochemi-
cal properties of the soil were determined at the Laboratory of Instrumental Techniques
(University of Le6n, Spain). Parameters analyzed included soil texture and mechanical
composition, organic carbon content, pH, electrical conductivity, nitrogen levels, available
phosphorus, exchangeable potassium, micronutrients (Fe, Cu, Mn, and Zn), magnesium,
available boron, and total and active carbonates. These analyses were conducted following
standard procedures as described by Calvo-Pefia et al. (2023) [16].

2.4. In Vitro Confrontation of Endophytic Streptomyces Strains

To check potential antagonistic interactions between endophytic Streptomyces strains, pair-
wise confrontation assays were conducted following the methodology initially described by
Schrey et al. (2012) [33], with minor modifications as detailed by Calvo-Pefia et al. (2023) [16].

2.5. Molecular Identification of Strains and Genome Sequencing

Strains exhibiting the highest AF activity were identified at the genus level through
partial sequencing of the 165 rRNA gene. Genomic DNA was extracted following the
protocol described by Hopwood et al. (1985) [34]. The 16S rRNA genes were amplified
using the oligonucleotide primers 27F and 1492R [35], and the resulting sequences were
compared to those of type strains available in the EzTaxon-e database [36]. Sequence
alignments were performed using MEGA v11.0 (http:/ /www.megasoftware.net/), and
evolutionary distances were calculated using the Kimura two-parameter (K2P) model for
nucleotide sequences [37].

For putative species-level identification, a multilocus sequence analysis (MLSA) was
conducted using five housekeeping genes: atpD (ATP synthase F1, 3-subunit), gyrB (DNA
gyrase B subunit), recA (recombinase A), rpoB (RNA polymerase, 3-subunit), and trpB
(tryptophan synthase, 3-subunit) [38]. Amplification of these genes was performed using
primers and conditions described by Guo et al. (2008) [39] and Rong et al. (2009) [40]. The
GenBank accession numbers for the housekeeping gene sequences are listed in Table 1.

Table 1. GenBank accession numbers of DNA sequences corresponding to partially sequenced genes
used in the MLSA analysis of the Streptomyces sp. OE54 and OE57T strains.

GenBank Accession Numbers
16S rRNA  atpD gyrB recA rpoB trpB

OE54 PP980539 PP979823 PP979829 PP979835 PP979841 PP979847
OE57T PP980540 PP979824 PP979830 PP979836 PP979842 PP979848

Strain

A phylogenetic tree was constructed based on the concatenation of the five housekeep-
ing genes. Sequences were manually trimmed to uniform positions before alignment using
MEGA v11.0, incorporating sequences from type strains obtained from the ARS Microbial
Genomic Sequence Database (https:/ /blogs.cornell.edu/buckley/streptomyces-sequence-
database/, accessed on 20 January 2025). Phylogenetic analysis was performed using the
maximum likelihood method with the Kimura two-parameter model (Kimura, 1980 [37]).
MLSA evolutionary distances were calculated using MEGA v11.0 based on K2P distance.
Strains exhibiting an MLSA evolutionary distance of <0.007 were considered conspecific,
following the empirical guidelines established by Rong and Huang (2012) [38].

The genomes of strains OE54 and OE57T were sequenced using next-generation se-
quencing (NGS) technologies, employing both the PacBio Sequel II system and the Illumina
platform, as provided by Macrogen Inc. (Seoul, Republic of Korea). De novo genome assem-
bly was performed using Canu v2.2 [41], and assembly quality was assessed with QUAST
v5.3.0 [42]. Draft genome annotation was conducted using the RAST-SEED webserver
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(https:/ /rastnmpdr.org/) [43]. The genome sequences of strains OE54 and OE57T have
been deposited in the GenBank database under the accession numbers JBLHDJ000000000
and JBLHDKO000000000, respectively. The associated BioProject accession number
is PRINA1185486.

2.6. Cultural and Growth Properties

The cultural characteristics of the strains were assessed on various agar media, in-
cluding ISP 1 (DSMZ 1764), ISP 2 (DSMZ 987), ISP 3 (DSMZ 609), ISP 4 (DSMZ 547),
ISP 5 (DSMZ 993), ISP 6 (DSMZ 1269), ISP 7 (DSMZ 1619) [29], nutrient agar (DSMZ
1) (Scharlab S.L., Sentmenat, Spain), Bennett’s agar (DSMZ 548) (HiMedia Laboratories
GmbH, Modautal, Germany), and trypticase soy agar (TSA) (DSMZ 535) (Scharlab S.L.).
Plates were incubated at 28 °C for seven days. Growth tolerance was evaluated across a
range of temperatures (4 °C to 45 °C) and pH values (5.0 to 12.0) using DSMZ 65 medium
(glucose 4 g/L; yest extract, 4 g/L; malt extract, 10 g/L; CaCO3, 2 g/L; agar, 20 g/L;
pH 7.2). All tests were conducted in duplicate with bacterial suspensions standardized
to 5 on the McFarland scale. The coloration of aerial and substrate mycelium, as well
as the production of diffusible pigments, was recorded and compared against standard
color charts. The close phylogenomic neighbors, Streptomyces rapamycinicus DSM 415307
and Streptomyces iranensis DSM 419547, were included in this study and obtained from the
Leibniz Institute DSMZ—German Collection of Microorganisms and Cell Cultures.

2.7. Phenotypic and Chemotaxonomic Properties

Freeze-dried biomass from a 7-day old culture of strain OE57" and its phylogenomic
neighbor, Streptomyces rapamycinicus DSM 415307, prepared in ISP 2 medium with shaking
at 120 rpm, was used for chemotaxonomic analysis. Standard chromatographic procedures
were applied to determine isomeric forms of diaminopimelic acid (A2pm) [44], whole cell
sugars [45], and the polar lipid profile of strain OE57T [46,47]. Cellular fatty acids and iso-
prenoid quinones of the strain were extracted from wet biomass prepared under the same
growth conditions as mentioned above. Cellular fatty acids were analyzed after conversion
into fatty acid methyl esters by gas chromatography (GC) using an Agilent 6890N equip-
ment (Agilent Technologies, Santa Clara, CA, USA) as described by Sasser [48]. The fatty
acid pattern was confirmed via gas chromatography—mass spectrometry (GC-MS) using an
Agilent GC-MS 7000D instrument, as described in Vieira et al. (2021) [49]. The position
of double bonds was determined by a derivatization with dimethyl sulfide and a further
GC-MS measurement [50]. Menaquinone extracts were analyzed by high-performance
liquid chromatography (HPLC), and identified with both a diode-array detector (DAD) and
high-resolution MS [51]. The biochemical and enzymatic properties of the OE54 and OE577
strains and their phylogenomic relatives (S. iranensis DSM 41954 and S. rapamycinicus
DSM 415307) were characterized using API-ZYM and API 20NE test strips (bioMérieux,
Lyon, France). For API 20NE, inoculation of the cupules was performed at 28 °C with a
bacterial suspension standardized to a turbidity of 5 on the McFarland scale, and results
were recorded at 24 and 48 h. API-ZYM assays were conducted at 28 °C instead of the
standard 37 °C, with an incubation period of 24 h.

2.8. Phylogeny and Comparative Genomic Analyses

For preliminary taxonomic identification at the genus level, partial 16S rRNA gene
sequences were analyzed as described above. Complete 165 rRNA gene sequences (average
length 1485 bp), obtained from whole-genome sequencing, were used for more refined
phylogenetic analyses. Pairwise 16S rRNA gene sequence similarities between the strains
and their closest phylogenetic relatives were estimated using the parameters described
by Meier-Kolthoff et al. (2013) [52], as implemented in the Genome-to-Genome Distance
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Calculator (GGDC) 2.1 (http://ggdc.dsmz.de) [53]. Reference strain sequences were re-
trieved from the EzBioCloud database (https://www.ezbiocloud.net/) [54]. Phylogenetic
relationships were inferred using maximum-likelihood (ML) trees based on both 16S rRNA
gene and whole-genome sequences. These analyses were conducted using the Type (Strain)
Genome Server (TYGS) v1.0 (https://tygs.dsmz.de/), a bioinformatics tool for genome-
based taxonomic classification [55]. The TYGS platform utilizes an extensive, continuously
updated genome database containing taxonomic and nomenclatural information for all
available type strains. This system enables full-genome phylogenetic comparisons by
aligning the genome sequence of the strain of interest with those of type strains, facilitating
taxonomic placement. Genomic relatedness between the strains and their closest phy-
logenomic relatives was assessed using digital DNA-DNA hybridization ({IDDH) values
calculated with GGDC 2.1 [56] and differences in genomic G + C content.

2.9. In Silico Screening for Secondary Metabolites

The presence of putative biosynthetic gene clusters (BGCs) in the genome sequences
of the strains and their closest phylogenomic relatives was analyzed using the antiSMASH
web tool v7.0 [57]. antiSMASH predicts secondary metabolite BGCs by identifying rele-
vant genes and grouping them into clusters based on sequence similarity and genomic
proximity. The tool employs domain recognition through HMMER to detect key enzyme
domains, and the identified clusters are compared against multiple databases to predict
the potential metabolites they may encode [58]. The analysis was performed using the
relaxed strictness setting with all additional features enabled, including ClusterBLAST
(https://docs.antismash.secondarymetabolites.org/modules/ clusterblast/, accessed on
15 December 2024)and MIBIG cluster comparisons (https://mibig.secondarymetabolites.
org/, accesed on 15 December 2024). For clusters of particular interest, manual curation and
further assessments were conducted using BLAST (v2.16.0. https:/ /blast.ncbinlm.nih.gov/
Blast.cgi, accessed on 15 December 2024). Genes of unknown function were analyzed with
InterProScan (version 5.72-103.0; https:/ /ebi.ac.uk/interpro/about/interproscan; accessed
on 15 December 2024) to predict their potential roles within the clusters. Additionally,
CAGECAT (https://cagecat.bioinformatics.nl; accessed on 15 December 2024) [59] and
BiG-SCAPE v1.1.9 (https:/ /git.wageningenur.nl/medema-group/BiG-SCAPE; accessed
on 15 December 2024) [60] were used to assess similarities among the identified clusters.

2.10. Fermentation, Culture Extract Preparation, and HPLC Analysis of Antifungal Activity

To analyze the production of AF compounds in liquid media, crude extracts of strains
OE54 and OE57T grown in ISP 2 medium were prepared following the method described
by Das et al. (2018) [61]. Briefly, the cell-free culture supernatant was vigorously mixed
with ethyl acetate in a 1:1 (v/v) ratio for 30 min, followed by separation of the organic layer.
The ethyl acetate extract was evaporated under vacuum using a CentriVap concentrator
(Labconco, Kansas City, MO, USA), and the residue was dissolved in 80% methanol to
a final concentration of 1 mg/mL. To test AF activity, 60 uL of the crude extract were
used following the AF bioassay described above. The remaining extract was filtered
through Corning® Costar® Spin-X® centrifuge tube filters (0.45 pum pore size; Merck KGaA,
Darmstadt, Germany) and stored at —20 °C until further analysis. HPLC analysis of
the crude extracts was performed using an Agilent 1200 Series Gradient HPLC System
(Agilent Technologies), following the chromatographic method described by Awla et al.
(2020) [62]. The system was equipped with a quaternary pump delivery system (G1311A),
a preparative autosampler (G1329A), a diode array multi-wavelength detector (G7115A),
and an analytical fraction collector (G1364F) with an Autosampler Thermostat (G1330B).
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A 10 pL sample was injected and resolved using an analytical Lichospher RP18 column
(40 x 250 mm; 5 pm) (Teknokroma, San Cugat del Vallés, Spain).

2.11. Purification of Rapamycin and Epoxinnamide by Vacuum Flash Chromatography (VFC)

Strain OE54 was cultivated in 500 mL indented Erlenmeyer flasks containing 125 mL
of ISP 2 medium. Each flask was inoculated with 10 agar plugs (0.5 cm diameter) of
the bacterial strain, which had been previously grown on SCA plates until sporulation
was achieved. Cultures were incubated at 30 °C with agitation at 150 rpm for 72 h. The
resulting fermentation broth (6.5 L) was mixed with the adsorption resin Amberlite XAD-
1180 (Dupont, Mississauga, ON, Canada) and filtered using Radifil RW50 as a filtration
aid (Agrovin, Alcdzar de San Juan, Spain). The exhausted broth was discarded, and the
resin-mycelium mixture was extracted with 3 L of EtOAc/MeOH (3:1). Following filtration
and solvent evaporation under vacuum, 2.90 g of crude extract was obtained. The crude
extract was analyzed by LC-MS and tested for AF activity using a plate bioassay. A 2 mg
aliquot of the extract was dissolved in 400 pL of MeOH and analyzed using a 1290 Infinity
II HPLC system (Agilent) coupled to an Agilent 6230 time-of-flight LC/MS (LC/TOF)
mass spectrometer. Chromatographic separation was performed on an Agilent Zorbax
Eclipse Plus C18 RRHD column (2.1 x 50 mm, 1.8 pm particle size) with a gradient system
of MeOH/H;0 (0.1% formic acid), increasing from 20% to 100% MeOH over 8 min. UV
detection was performed at 220 nm with a flow rate of 0.6 mL/min. Upon confirming that
the crude extract exhibited AF activity, it was subjected to VFC using silica gel (40-60 pum,
60 A) (Thermo Fisher Scientific Inc., Waltham, MA, USA) as the stationary phase and
eluted with a stepwise gradient of hexane/EtOAc/MeOH. The obtained fractions were
analyzed by LC-MS, as described above, and tested for AF activity. Those active fractions
were combined and further purified by C18 reversed-phase column chromatography using
MeOH/H,0 (9:1). Some active fractions were pooled and subjected to an additional
round of VFC using a stepwise gradient of dichloromethane/MeOH. This process yielded
12 fractions (F1'-F12’), each of which was tested again for AF activity.

2.12. Structural Elucidation of Rapamycin and Epoxinnamide

The purified compound was analyzed by nuclear magnetic resonance (NMR) for
structural elucidation. The molecular formula of the major compound detected in the active
fractions was determined using high-resolution electrospray ionization mass spectrometry
(HRESIMS) and Nuclear Magnetic Resonance (NMR) spectroscopy. Structural elucidation
was conducted through extensive NMR analyses, including 'H NMR, 1*C NMR, 'H-'H
COSY, gHSQC, and gHMBC experiments. 'H and '*C NMR spectra were recorded on
a Varian Mercury 400 spectrometer (Agilent Technologies) operating at 400 MHz and
100 MHz, respectively. gHMQC and gHMBC experiments were performed using an inverse
resonance probe. Chemical shifts are reported in parts per million (ppm) relative to the
solvent signals (CDCl3: 6H 7.26, 6C 77.0). Mass spectrometric data were acquired using an
Agilent 6230 time-of-flight LC/MS (LC/TOF) mass spectrometer, providing high-resolution
mass measurements for molecular formula determination.

2.13. Analysis of Rapamycin’s Inhibitory Effect on Conidiospore Germination and Hyphal Growth

The effect of rapamycin on conidiospore germination was tested using a protocol
based on L6épez-Moral et al. (2022) [63]. Conidial suspensions were prepared from 12-day-
old Verticillium dahliae V9371 colonies grown on PDA and adjusted to a final concentration
of 1 x 10° conidia/mL. A 5 mg/mL stock solution of rapamycin (Thermo Fisher Scientific
Inc.) was prepared in DMSO and diluted in 50% ethanol to generate working solutions
(50 to 350 ug/mL). This approach minimized any potential inhibitory effects of DMSO
and ethanol on conidiospore germination. For the germination assay, a 5 uL drop of the
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conidial suspension was placed in the center of a microscope coverslip and mixed with
5 pL of rapamycin solution. A negative control (0 pg/mL rapamycin) was prepared by
mixing 5 uL of conidial suspension with 5 puL. of 50% ethanol. Coverslips were placed
inside Petri dishes containing water agar to create humid chambers and incubated at 25 °C
in the dark for 10 h. Following incubation, conidial germination was halted by adding a
5 uL drop of 0.01% acid fuchsin in lactoglycerol (lactic acid:glycerol:water, 1:2:1) to each
coverslip. The coverslips were then mounted onto slides for microscopic examination. The
experiment was conducted in triplicate for each concentration and repeated twice. For
each coverslip, 100 randomly selected conidia were examined under x400 phase-contrast
microscopy Olympus CX41 (Olympus Europe, Hamburg, Germany), and germinated
conidia were counted. Conidia were considered germinated if the germ tube length was at
least equal to the longitudinal axis of the conidia. The relative germination inhibition (RGI,
%) was calculated as RGI = [(Geontrol — Grap)/ Geontrol] X 100, where Geonirol Tepresents the
percentage of germinated conidia in the control group (35% ethanol), and Gy,p represents
the percentage of germinated conidia in the presence of rapamycin. The data were used
to generate a regression line, and the 50% inhibitory concentration (ICsp) was determined
via Probit analysis of mortality data. The effect of rapamycin on hyphal growth and the
calculation of minimum inhibitory concentration (MIC) was determined using different
rapamycin concentrations on PDA plates [64], with rapamycin concentrations ranging from
0to 20 ng/mL.

3. Results

3.1. Isolation and Selection of Culturable Endophytic Streptomycetes Associated with Olive Roots
and Their Antifungal Activity Against V. dahliae

A total of 106 putative different endophytic Streptomyces strains (designated OE1 to
OE106, where OE denotes Olive Endophyte) were isolated from the internal tissues of olive
roots. Selection was based on distinct morphological and cultural characteristics. In an
in vitro bioassay-based screening, 27.3% (29 out of 106) of the isolates exhibited AF activity
against V. dahlige strain V9371. Among them, two strains demonstrated particularly strong
inhibitory effects on V. dahliae mycelial growth: strain OE54, with an inhibition index of
96.86% (£0.68), and strain OE57T, with an inhibition index of 96.21% (40.91) (Figure 1).

(b)

100 A

Inhibition index (%)

OE54  OES57T

Figure 1. (a) Antifungal activity of the endophytic isolates OE54 and OE57T against the phy-
topathogenic fungus Verticillium dahliae V9371, as determined by an in vitro bioassay-based screening;
and (b) quantification of the antifungal activity by calculating the inhibition index. Data shown
represent the mean values from three independent experiments, each conducted in duplicate.

3.2. Evaluation of Antifungal Activity in a Small-Scale Soil Assay

While many microbial isolates exhibit strong AF activity in in vitro assays, their
efficacy under real soil conditions remains uncertain. This trait is crucial for their potential
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application as BCAs in field trials and for promoting root colonization in the case of
endophytic strains. To address this, a small-scale in vitro soil experiment was designed to
evaluate the AF activity of Streptomyces strains OE54 and OE577, both individually and in
combination, against V. dahliae under soil conditions. For this experiment, both strains were
inoculated into sterile soil to eliminate potential interference from other microorganisms
present in natural soil. The soil used was classified as loamy according to the USDA
standard, with a pH of 7.98, an organic matter content of 6.59%, and a total nitrogen content
of 0.32%. V. dahliae was introduced at an initial concentration of 1.25 x 10° colony-forming
units (CFUs) per gram of soil. Over time, its viability decreased by 20.1% and 36.0% at
7 and 14 days post-inoculation, respectively. Co-inoculation with strain OE54 led to a
significant reduction in V. dahliae survival, with declines of 90.0% and 92.3% at 7 and
14 days, respectively. By the end of the experiment, only 6.20 x 10° CFU/g of V. dahliae
remained detectable (Figure 2a). Similarly, co-inoculation with strain resulted in V. dahliae
reductions of 88.8% and 89.4% at 7 and 14 days, respectively, with a final viable count of
8.47 x 10® CFU/g of soil (Figure 2a).

10

(a)

Control

105_

10%—

103

102_

V. dahliae CFU/g of soil

101~

100 7
Incubation time (d)

Figure 2. (a) Small-scale in vitro soil assay to test the antifungal activity of isolates OE54 and
OE57T against V. dahliae. The values shown are the average of two independent experiments made
by duplicate. The inhibition percentages corresponding to each bar are shown in white letters.
(b) Analysis of the cross interaction between both strains. Each strain was challenged with the other
on a Petri dish co-culture bioassay 3 times (1 = 9).

3.3. Strain-Specific Inhibition Patterns in Streptomyces—Streptomyces Interaction Bioassays

Considering the strong performance of both strains in the small-scale soil assay, we
aimed to assess the potential negative interactions between OE54 and OE57" that could
hinder their combined application in future field trials. To this end, a co-culture bioassay
was conducted (Figure 2b). The results indicated that strain OE54 exerted a minimal
inhibitory effect on strain OE57 T, reducing its growth by only 2.0% (+0.3). In contrast,
strain OE57T exhibited a slightly higher inhibitory effect on OE54, with a reduction of 9.58%
(£2.0) (Figure 2b).

3.4. Molecular Identification of Isolates OE54 and OE57" Using 16S rRNA Analysis, Multilocus
Sequence Analysis (MLSA), and Comparative Genomics

A partial sequencing of the 16S rRNA gene from strain OE54 revealed a sequence sim-
ilarity exceeding 99.00% with multiple Streptomyces species, including S. iranensis (99.93%),
S. rapamycinicus (99.21%), S. yogyakartensis (99.07%), S. javensis (99.07%), S. violaceusniger
(99.07%), and S. demainii (99.00%). Similarly, strain OE57T exhibited a >99.00% sequence
similarity with S. yogyakartensis (99.22%), S. javensis (99.22%), S. violaceusniger (99.22%),
and S. albiflaviniger (99.14%). These findings confirmed that both isolates belong to the
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Streptomyces genus. However, accurate species-level identification was not possible, as all
similarity values exceed the 98.65% threshold for prokaryotic species delineation based
on 165 rRNA gene sequences [65]. Given the limitations of 165 rRNA for discriminating
closely related Streptomyces species, an MLSA was conducted using five housekeeping
genes (atpD, gyrB, recA, rpoB, and trpB). This analysis placed strain OE54 within a subclade
with S. iranensis (Figure 3), with a Kimura 2-Parameter MLSA distance of 0.005 (Table 2),
supporting its classification as S. iranensis, since strains with MLSA distances < 0.007 are
considered conspecific [38]. Conversely, strain OE57T clustered within a subclade that
included S. rapamycinicus (Figure 3), but showed a genetic distance of 0.011 (Table 2),
suggesting it represents a distinct species.

100 Streptomyces malaysiensis NRRL B-24313T

27
Streptomyces samsunensis NRRL B-24803T

100 [~ Streptomyces iranensis HM 357

8 OE54

29 Streptomyces javensis DSM 417647

Streptomyces rapamycinicus NRRL B-54917T

72 OE57T

40|— Streptomyces griseiniger NRRL B-18657

Figure 3. Partial view of the Neighbor-Joining tree derived from the MLSA analysis, illustrating
the phylogenetic placement of Streptomyces strains OE54 and OE57T (highlighted with yellow back-
ground). The complete tree is available in Supplementary Information (Figure S1).

Table 2. Identification of Streptomyces strains OE54 and OE57T based on MLSA analysis and their
MLSA evolutionary distances from phylogenetically related strains.

MLSA (Kimura 2-Parameter) Distance *

Strain Streptomyces sp. OE54  Streptomyces sp. OE577
Streptomyces sp. OE577 0.021

Streptomyces iranensis HM 357 0.005 0.022
Streptomyces rapamycinicus NRRL 54917 0.018 0.011
Streptomyces javensis DSM 417647 0.018 0.014

* Strain pairs having a <0.007 MLSA evolutionary distance were considered conspecific based on the guideline
empirically determined by Rong and Huang (2012) [38].

The discovery of two phylogenetically related Streptomyces strains residing as endo-
phytes in olive roots prompted further investigation through whole-genome sequencing.
Strain OE57" was sequenced at 94x coverage, yielding a genome size of 12.39 Mbp with a
G + C content of 70.8%, 10,904 coding sequences, and 82 RNA genes, while strain OE54
was sequenced at 52 x coverage, revealing a genome size of 11.71 Mbp with a G + C content
of 71.0%, 10,077 coding sequences, and 82 RNA genes. The genomic features of both strains
were consistent with those characteristics of the Streptomyces genus [66].

A whole-genome-based phylogenetic classification of strains OE54 and OE577, along
with their closest relatives, revealed a distinct grouping within a subclade that also includes
S. iranensis and S. rapamycinicus (Figure 4). Consistent with previous MLSA and 165 rRNA
phylogenetic analyses, this whole-genome phylogeny confirmed that strain OE54 belongs
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to the S. iranensis species (Figure 5). In contrast, while strain OE57 clustered within the
same subclade, it represents a distinct and novel Streptomyces species.

100

Streptomyces iranensis DSM 41954' s . |
_I
100
—— OEs4 I s
78
oo ——Streptomyces rapamycinicus DM 41530 I e e
go] ————0ES7" /W s
L Streptomyces endocoffeicus NBRC 114296" | I
ss["| —————— Streptomyces javensis DSM 41764" | .
-~ Streptomyces cangkringensis DSM 41769" | I
83|
. Streptomyces asiaticus DSM 41761" I e
100
a3 Streptomyces indonesiensis DSM 41759" | I
- Streptomyces rhizosphaericus DSM 41760" I
Streptomyces violaceusniger NBRC 13459" 1 I
- Steptomyees ygroseopess NBRC 13472 I D W
Streptomyces dafiensis DSM 42095 I B
Embleya scabrispora DSM 41855" I I
0 10 20 30 40 50 60 70 80

Siderophore Terpene M Ectoine RiPP-like/Lassopeptide

I PKS ™ NRPS/NAPAA M Lanthipeptide B Hybrid W Others

Figure 4. Whole-genome sequence-based phylogenetic tree of strains OE54 and OE57T (highlighted
in blue color) and their closest related species, constructed using the TYGS web server. The tree was
inferred using FastME based on genome-to-genome distances computed with the Genome Blast
Distance Phylogeny (GBDP) method, employing the d4 distance formula. Branch lengths are scaled
according to GBDP distance values. The biosynthetic gene cluster (BGC) composition of each strain
is displayed on the right side of the tree, with BGC classes color-coded according to the legend below.

Digital DNA-DNA hybridization (dDDH) values further corroborated these results.
Strain OE54 showed a 81.7% similarity with S. iranensis DSM 419547, exceeding the 70%
threshold for species delineation [67], thereby confirming its classification as S. iranensis.
On the other hand, OE57T showed dDDH values of 60.3% with S. iranensis DSM 419547,
60.0% with S. rapamycinicus DSM 415307, and 56.3% with S. endocoffeicus NBRC 1142967
The dDDH similarity between OE54 and OE57" was 59.8%. These dDDH values were well
below the 70% threshold established for species delineation, supporting the recognition of
strain OE57T as a distinct Streptomyces species.

In addition, the full-length 16S rRNA gene sequences retrieved from the genome
assemblies were used to construct a phylogenetic tree (Supplementary Figure S52), which
corroborated the previous results. OE54 clustered with S. iranensis, while OE57T grouped
with species of the S. violaceusniger clade, particularly S. javensis and S. violaceusniger.
Although these associations reflect close evolutionary relationships, they also underscore
the limited resolution of the 16S rRNA gene for species-level discrimination within the
Streptomyces genus.
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Figure 5. Comparative analysis of rapamycin biosynthetic gene clusters (BGCs) from the following:
(a) Streptomyces rapamycinicus NRRL 54917; (b) Streptomyces sp. OE577; (c) Streptomyces iranensis DSM
41954T; and (d) Streptomyces iranensis OE54.

3.5. In Silico Screening for Secondary Metabolite Production in Strains OE54 and OE577

The biosynthetic potential of both strains was assessed through a bioinformatic anal-
ysis of their genome sequences using the antiSMASH software. In the genome of strain
OE54, a total of 51 predicted BGCs were identified (Figure 4). Among these, eight BGCs
were predicted to encode compounds with AF activity. Notably, four BGCs exhibited a
high sequence identity (>60%) to known AF biosynthetic pathways. These included the
following: (i) a BGC with a 96% sequence identity to neomediomycin B, a polyketide-class
aminopolyol compound that is an analog of mediomycin (also known as clethramycin),
a known AF agent [68]; (ii) a BGC with a 95% sequence identity to azalomycin F3a, a
36-membered polyhydroxyl macrolide with demonstrated AF activity against various fun-
gal phytopathogens [69]; (iii) a BGC with a 82% sequence identity to rapamycin, a potent
AF compound effective against multiple fungal phytopathogens [70,71], including V. dahliae,
which exhibits hypersensitivity to this compound [72] (S. iranensis is one of only two known
Streptomyces species capable of producing rapamycin [73]); and (iv) a BGC with a 66% se-
quence identity to nigericin, a polyether compound with weak AF activity that, nonetheless,
enhances the AF activity of rapamycin [74]. Additional putative BGCs associated with AF
activity were identified, albeit with lower sequence identity. These included the following:
rustmicin (33%), a 14-membered macrolide that inhibits sphingolipid synthesis [75]; the
polyene macrolactam BE-14106 (28%) [76]; and notonesomycin (11%) [77].

A total of 52 predicted biosynthetic gene clusters (BGCs) were identified in the genome
of strain OE57" (Figure 4), five of which were predicted to encode potential AF compounds.
Among these, three BGCs exhibited a sequence similarity greater than 60% to known AF
biosynthetic pathways: azalomycin F3a (86%), rapamycin (82%), and nigericin (66%). Ad-
ditional putative BGCs with a lower sequence similarity included toyocamycin (30%) [78]
and notonesomycin (11%).
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The identification of a putative rapamycin-encoding BGC in the genome of strain
OE57T was particularly noteworthy, as the production of this compound has only been
experimentally confirmed in two Streptomyces species: S. iranensis and S. rapamycinicus.
To further investigate this finding, a comparative analysis was conducted to exam-
ine the organization of the rapamycin BGC among S. rapamycinicus NRRL 54917 [79],
S. iranensis DSM 419547 (complete genome annotation from October 2024, available at
https:/ /www.ncbinlm.nih.gov/datasets/genome/GCF_042466515.1/), and the OE54 and
OE577 strains (Figure 5).

The comparative analysis of rapamycin BGCs from Streptomyces rapamycinicus (A),
Streptomyces iranensis (C), and the strains OE57" (B) and OE54 (D) (Figure 5) revealed both
conserved and strain-specific features, potentially reflecting evolutionary adaptations that
influence rapamycin biosynthesis. The overall organization of the rapamycin BGC is highly
conserved across the four strains, with the core genes rapB, rapA, and rapC, encoding the
multifunctional polyketide synthase (PKS), as well as the NRPS-like gene rapP, maintaining
a consistent arrangement.

However, minor structural differences were observed: (a) The BGC organization in
S. iranensis and strain OE54 was nearly identical, except for the presence of a small open
reading frame, orf5, in S. iranensis (Figure 5). This gene encodes a hypothetical protein
and is absent in the OE54 BGC, as well as in the S. rapamycinicus and OE57" clusters.
(b) The genes rapO, rapN, rapM, rapL, rapK, rap], rapl, rapH, and rapG, which are involved in
regulation, precursor synthesis, and macrolactone tailoring, are located downstream of the
PKS core region in S. rapamycinicus and strain OE57". In contrast, in S. iranensis and strain
OEb54, rapG has been repositioned to the right end of the cluster (Figure 5). (c) The most
pronounced differences were observed upstream of the PKS core region. In S. rapamycinicus
and OE577, the genes rap$, rapR, rapV, rapW, and rapX are organized in an identical manner.
However, the rapY, rapZ, and rapZZ genes, which have unknown functions, are absent in
the OE57T cluster. Similarly, the rapT and rapU genes, located between rapB and rap$ in
S. rapamycinicus, are missing in OE57". The rapY encodes a protein homologous to antibiotic
export repressors, such as Actll in the actinorhodin cluster and TemR in the tetracenomycin
cluster (Supplementary Information Table S1) [80]. It negatively regulates the expression
of most rapamycin biosynthetic genes [81]. In contrast, in the OE57" cluster, three open
reading frames (orf2, orf3, and orf4) occupy the region between rapB and rap$S. orf2 encodes
a TetR/AcrR family transcriptional regulator with >99% similarity to homologs found in
various Streptomyces species. These regulators typically function as repressors involved
in antibiotic resistance and the regulation of small-molecule exporters [82], suggesting
that orf2 in OE57 may serve a regulatory role analogous to rapY in S. rapamycinicus. orf3
encodes a protein with >90% similarity to O-methyltransferases, including acetylserotonin
O-methyltransferases, while orf4 encodes a hypothetical protein with no database homologs.
(d) In S. iranensis and strain OE54, three ORFs (orf6, orf7, and orf8) are located between
rapB and rap$S. orf6 encodes a protein belonging to the SGNH/GDSL hydrolase family,
orf7 encodes a putative FAD-dependent mono-oxygenase, and orf8§—similar to orf2 in
S. rapamycinicus and OE57—encodes a protein related to TecR/AcrR family regulators.
(e) Finally, attention should be drawn to the orfl gene, which encodes a protein with
a high amino acid identity to orfDD. Both genes are predicted to encode a pyridoxal
phosphate-dependent cystathionine synthase. In S. rapamycinicus and the OE577 strain, this
gene is located outside the rapamycin cluster, with its right boundary defined by orfDD,
which, according to Molnér et al. (1996) [83], also lies outside the cluster. In contrast,
in Streptomyces iranensis and the OE54 strain, orfl is positioned between rapD and rapDD
(Supplementary Information, Figure S3). In S. rapamycinicus, a homologous orf1 is situated
approximately 10 kb downstream of the rapamycin BGC, close to the actinoplanic acid BGC.
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Notably, in this species, the actinoplanic acid BGC is located immediately downstream of
the rapamycin cluster [84]. While actinoplanic acid BGCs are also present in S. iranensis,
OE54, and OE577, in these strains, they are positioned at a considerable genomic distance
(~8.5-9 Mb) from the rapamycin cluster (Supplementary Information, Figure S3).

3.6. Identification of Rapamycin as the Main Antifungal Compound Produced by OE54 and
OE57T Strains

To identify the compound(s) responsible for the AF activity observed in strain OE54,
a total of 6.5 L of fermentation broth was obtained using the ISP2 medium following
incubation for 72 h at 28 °C and 200 rpm. Optimal AF production was confirmed through
a bioassay using the culture broth against Verticillium dahliae (Figure 6a). Subsequently,
an activity-guided vacuum flash chromatography (VFC) was performed, yielding 2.90 g
of extract. A 2 mg sample of this extract was analyzed by liquid chromatography—mass
spectrometry (LC-MS) and tested for AF activity via a plate bioassay. Following VFC,
12 fractions were collected and subjected to AF activity testing using a plate bioassay. AF
activity was detected in fractions 6-12, with the most pronounced inhibition observed in
fractions 7-9 (Figure 6b).

Figure 6. (a) Antifungal activity against Verticillium dahliae detected in the supernatant of the fermen-
tation broth of strain OE54 after 72 h of growth, and (b) in the 12 fractions (F1-F12) obtained from
the initial round of vacuum flash chromatography (VFC) during fractionation of the fermentation
broth. Antifungal activity was observed in fractions F6-F12, with the strongest inhibition detected in
fractions F7-F9.

An HPLC and LC/MS analysis of the active fractions revealed a common major peak.
This peak was scarcely detected in the diode array detector (DAD) at A = 220 nm due to the
compound’s UV spectrum, which exhibited absorption maxima at 267, 277, and 288 nm
(Figure 7a). However, it was clearly visible in the evaporative light-scattering detector
(ELSD) chromatogram (Supplementary Information Figure S4). Active fraction 9 (429.0 mg)
was further purified using C18 reversed-phase column chromatography, yielding 17.2 mg
of a pure active compound. High-resolution electrospray ionization mass spectrometry
(HRESIMS) analysis determined the molecular formula as C51Hy79NO;3, indicating 13 de-
grees of unsaturation (Supplementary Information Figure 54). Structural elucidation was
performed using extensive NMR spectroscopy, including 'H NMR, 13C NMR, 'H-'H COSsY,
gHSQC, and gHMBC experiments, confirming the compound as rapamycin (Figure 7b).
The spectroscopic data were consistent with previously reported values [85]. TH-NMR and
I3C-NMR data are provided in Supplementary Information Table S2.
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Figure 7. (a) UV spectrum of rapamycin, displaying absorption maxima at 267, 277, and 288 nm; and
(b) chemical structure of rapamycin with carbon positions numbered as determined by NMR analysis.

The presence of a putative rapamycin BGC in the genome of strain OE57T suggested
that the strong AF activity observed against V. dahliae could be attributed to the production
of this compound. To test this hypothesis, liquid cultures were grown in ISP2 medium, and
the culture broth was extracted with ethyl acetate. The solvent was then evaporated, and
the residue was dissolved in 80% methanol for HPLC analysis. The HPLC chromatogram
revealed a peak with a retention time of 16.3 min, identical to that of a pure rapamycin
standard. Additionally, the UV absorption spectrum of the detected compound matched
that of rapamycin. These results confirm that rapamycin is responsible for most of the AF
activity exhibited by strain OE577.

3.7. Identification of the Epoxy Cinnamoyl-Containing Nonribosomal Peptide Epoxinnamide
Produced by OE54

During the purification of rapamycin from the fermentation broth, a second round of
VFC was applied to the combined fractions F10-F12 (see Figure 6b). Notably, fraction F8’
contained 14.7 mg of a highly pure compound, as confirmed by HPLC with ELSD detection
(Supplementary Information Figure S5). This compound, identified as epoxinnamide,
exhibited no AF activity and displayed a UV absorption peak at 280 nm (Figure 8a). An
HRESIMS analysis determined the molecular formula of epoxinnamide as CgpH79N11Ox9,
corresponding to 29 degrees of unsaturation (Supplementary Information Figure S5). Struc-
tural elucidation using 'H and '*C NMR spectroscopy (Figure 8b) confirmed its identity,
with spectroscopic data consistent with previously reported values [86]. The corresponding
'H-NMR and '*C-NMR data are provided in Supplementary Information Table S3.

Epoxinnamide is an epoxy cinnamoyl-containing nonribosomal peptide (NRP) that
has, to date, only been reported in a Streptomyces sp. strain isolated from intertidal mudflats
in Oido, Republic of Korea. This finding establishes strain OE54 as the second known
producer of this compound. Furthermore, epoxinnamide BGCs have been identified in
the genomes of S. iranensis, S. rapamycinicus, OE54, and OE57". The overall organization
of the epoxinnamide BGC is highly conserved in Streptomyces sp. OID44, where it was
first described [86], as well as in S. rapamycinicus and strain OE57". However, notable
differences in the gene arrangement were observed in S. iranensis and strain OE54 BGCs
(Supplementary Information Figure S6).
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Figure 8. (a) UV spectrum of epoxinnamide and (b) chemical structure of epoxinnamide with carbon
positions labeled as determined by NMR analysis. Abbreviations: Dht, 33-dihydroxytyrosine; Hgy,
a-hydroxyglycine; Hle, 3-hydroxyleucine; Hpg, hydroxyphenylglycine; EPCA, O-1,2-epoxypropyl
cinnamic acid.

3.8. Effect of Rapamycin on V. dahliae Conidiospore Germination, Radial Growth Inhibition, and
MIC Determination

Rapamycin effectively inhibited the germination of Verticillium dahliae V9371 conid-
iospores within the tested concentration range of 5-125 pg/mL. A probit analysis of the
germination data produced a regression equation of y = 0.6649x + 3.7187 (R? = 0.9175), allow-
ing for the calculation of the LCs (lethal concentration for 50% inhibition) as 87.36 pg/mL
(Supplementary Information Figure 57).

Rapamycin exhibited significantly greater potency in inhibiting the radial growth
of V. dahliae, with detectable effects at concentrations as low as 2 ng/mL. The ICsy (half-
maximal inhibitory concentration) was determined to be 3.91 ng/mL.

3.9. Cultural, Morphological, and Phenotypic Properties of OE54 and OE57 Strains

Strains OE54 and OE57T exhibit phenotypic and morphological features consis-
tent with their classification within the genus Streptomyces [66]. As summarized in
Supplementary Information Table S4, OE54 and S. iranensis demonstrated growth within
a temperature range of 15-37 °C, whereas S. rapamycinicus and OE57T were capable of
growth at temperatures ranging from 15 °C to 42 °C. Regarding pH tolerance, S. iranensis
and OE57T were able to grow in a pH range of 5-10, while OE54 and S. rapamycinicus
exhibited a broader tolerance of pH 5-12, though the growth of S. rapamycinicus was weak
at pH 12. Differences in salt tolerance were also observed: S. iranensis and OE54 exhibited
low salt tolerance, growing only in the presence of 2.5% NaCl, whereas S. rapamycinicus
and OE57T were able to grow in up to 5.0% NaCl. None of the strains were capable of
growth at 7.5% NaCl.

The strains also displayed distinct growth characteristics on various culture media
(Supplementary Information Table S4). All strains exhibited moderate to good growth
on ISP 1, ISP 2, ISP 3, ISP 4, Bennet, R5, and GYM agar media (growth characteristics
of S. iranensis and S. rapamycinicus type strains are available at https://www.dsmz.de/
collection/catalogue). Growth on TSA was weak for all strains except for OE57T, which
exhibited moderate growth. In ISP 5, S. iranensis demonstrated moderate growth, whereas
all other strains displayed weak growth. In ISP 6, all strains exhibited weak growth.

Biochemical and enzymatic properties further differentiate these strains from one another
and from their closest phylogenomic relatives (Supplementary Information Table S5). Notably,
OE54 and S. iranensis differ in traits such as urea degradation and the production of esterase
C4 and a-glucosidase, which are absent in the reference strain S. iranensis DSM 419547,
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Given that phylogenetic analyses clearly classify OE54 within the S. iranensis species, these
differences may reflect environmental adaptation. While the S. iranensis type strain was
isolated from rhizosphere soil at a depth of 10 cm with no indication of the associated
plant [87], OE54 was isolated as an endophyte from the interior of olive roots. Similarly;,
OE57T can be distinguished from the reference strains of S. iranensis DSM 419547 and
S. rapamycinicus DSM 415307 by the absence of enzymatic activities such as C8 and C14
lipases, a-galactosidase, and a-mannosidase (Supplementary Information Table S5).

3.10. Chemotaxonomic Features

The chemotaxonomic feature of strain OE57! were in concordance with those of the
genus Streptomyces [66]. Whole-organism hydrolysates of strain OE57! and its close phy-
logenomic neighbor Streptomyces rapamycinicus DSM 415307 were rich in LL-diaminopimelic
acid in the cell-wall peptidoglycan and have glucose and ribose as whole-cell sugars. The
strain contained diphosphatidylglycerol (DPG), phosphatidylethanolamine (PE), hydroxy
phosphatidylethanolamine (OH-PE), phosphatidylinositol (PI), phospholipid (PL), aminophos-
pholipid (APL), and unidentified lipids (Ls), while strain DSM 41530" had phosphatidyl-
methylethanolamine (PME) and glycophospholipid (Supplementary Information Figure S8).
The major fatty acids (>10%) of strain OE57T contained is0-Cy5.9, C16:0, and is0-Cy7., while strain
DSM 41530% showed is0-Cys,, anteiso-Cqsy, is0-Cie0, and Cigo (Supplementary Information
Table S6). The predominant menaquinone (>5%) of strains OE57T and DSM 41530 con-
sisted of MK9-(H4), MK9-(H6), MK9-(H8), and MK-10(H6).

3.11. Description of Streptomyces lacaronensis sp. nov.

Streptomyces lacaronensis (la.ca.ro.nen’sis N.L. gen. N. lacaronensis, referring to river
Lacarén, on whose bank the type strain was isolated from the roots of an olive tree,
Extremadura region, Spain):

The strain is a Gram-stain-positive, aerobic, non-motile bacterium that forms light grey
aerial mycelium on oat meal (ISP 3) agar and signal white aerial mycelium in starch-mineral
(ISP 4),ISP 1,1SP 2, ISP 5, ISP 6, NA, and GYM agars. A salmon range diffusible pigment is
produced in ISP 7 media at 28 °C. The strain is able to grow from 15 °C to 42 °C, optimally
at 28 °C, and from pH 5.0-10.0, optimally at pH 7.0. Additional cultural and morphological
properties are mentioned in Supplementary Tables 54 and S5.

The strain has LL-diaminopimelic acid of the cell wall peptidoglycan and glu-
cose and ribose as whole cell sugars. It contained diphosphatidylglycerol (DPG), phos-
phatidylethanolamine (PE), hydroxy phosphatidylethanolamine (OH-PE), phosphatidyli-
nositol (PI), phospholipid (PL), aminophospholipid (APL), and unidentified lipids (Ls).
The fatty acid profile consists of (>5%) iso-Cqs.g, anteiso-Cqs.9, C16:1 Cis 9, 150-C16:0, Ci16:0,
is0-Cq7.1 cis 9, and iso-Cy7.¢. It has MK9-(H4), MK9-(H6), MK9-(H8), and MK-10(H6) as
predominant menaquinone.

The genome size of the strain is 12.29 Mbp, and its in silico G + C content is 70.9%.
The type strain OE57" (=DSM 1187417 = CECT 31164T) was isolated from inside a sample
of an olive root collected from a tree exhibiting visual symptoms compatible with Verti-
cillium wilt that was located on a commercial plot located in the town of La Garrovilla
(Spain) and at geographic coordinates 38°55'08.1” N 6°31'27.7” W. The genome sequence
of OE57T strain has been deposited in the GenBank database under the accession number
JBLHDKO000000000. The BioProject accession number is PRINA1185486.

4. Discussion

The genus Streptomyces represents one of the most complex and diverse bacterial taxa
characterized to date, comprising over 755 validly named species (https:/ /lpsn.dsmz.de/
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genus/streptomyces; accessed on 1 June 2025), with this number continually increasing
as new species are discovered. A defining evolutionary feature of Streptomyces species is
their large genome size relative to other bacterial groups, which encodes the biosynthetic
pathways for numerous secondary metabolites with significant industrial applications.
Among these metabolites, many exhibit potent AF properties, making Streptomyces particu-
larly attractive candidates for use as BCAs in the management of fungal phytopathogens
affecting a wide range of cultivated plants.

In a screening study aimed to isolate Streptomyces strains from the interior root tissues
of olive plants, two strains, OE54 and OE57T, were identified based on their strong in vitro
AF activity against V. dahliaze. Molecular, physiological, and growth analyses confirmed
that strain OE54 belongs to S. iranensis, whereas strain OE57" represents a novel species,
herein designated S. lacaronensis. The discovery of a new Streptomyces species is inherently
valuable, as it contributes to a more comprehensive understanding of the genus. How-
ever, a particularly noteworthy finding of this study was that both S. iranensis OE54 and
S. lacaronensis OE57T exhibited pronounced AF activity attributable to rapamycin production.

The simultaneous isolation of two distinct rapamycin-producing Streptomyces species
from the same plant tissue is highly unusual, as the production of this compound has
been reported in only a limited number of bacterial species to date. This finding suggests
that olive trees affected by Verticillium wilt may recruit rapamycin-producing Streptomyces
strains from the rhizosphere, enabling their establishment as endophytes. Such recruit-
ment could confer advantages to the host plant, including the production of antifungal
compounds that may mitigate the impact of pathogenic infections. Previous research
has indicated that the rhizosphere of hop plants affected by Verticillium wilt undergoes
significant shifts in microbial composition compared to that of healthy plants, specifically
characterized by the recruitment of putatively beneficial fungi [88]. This phenomenon of
attracting potentially beneficial microorganisms to the rhizosphere of plants afflicted by
phytopathogenic fungi may facilitate subsequent colonization by those capable of adopting
an endophytic lifestyle.

Prior to this study, rapamycin biosynthesis had been documented exclusively in
Streptomyces rapamycinicus (formerly S. hygroscopicus) [89], S. iranensis [73], and Actinoplanes sp.
strain N902-109 [90]. The detection of rapamycin in the fermentation broths of S. iranensis
OE54 and S. lacaronensis OE57T expands this previously limited list, underscoring the po-
tential ecological significance of rapamycin production in endophytic Streptomyces strains.
This finding is particularly noteworthy, as rapamycin—often referred to as a “billion-dollar
molecule”—is the second most widely used immunosuppressant of microbial origin, fol-
lowing cyclosporine [91]. Initially regarded as a low-toxicity AF compound, its potent
immunosuppressive properties were identified in 1977 [92], leading to its widespread
clinical application in organ transplantation and autoimmune disease management. More-
over, rapamycin has since been recognized for its broad therapeutic potential, including
antitumor activity [93], neuroprotective effects in neurodegenerative diseases [94,95], and
its possible role in lifespan extension [96].

The molecular target of rapamycin in eukaryotic cells is well-established. Rapamycin
interacts with FK506-binding protein 12 (FKBP12), forming a complex that inhibits the
activity of the Target of Rapamycin (TOR) kinase. TOR is an evolutionarily conserved
phosphoinositide 3-kinase (PI3K)-related protein kinase that regulates numerous cellu-
lar processes in response to diverse extracellular and intracellular signals [72,97]. In this
study, we demonstrate that V. dahline exhibits a high degree of sensitivity to rapamycin,
which markedly suppresses hyphal growth and significantly inhibited conidiospore ger-
mination. These findings align with the results of Li et al. (2019) [72], who reported that
rapamycin effectively inhibits ribosomal biogenesis, RNA polymerase II transcription
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factors, and various metabolic pathways, including the transcription of genes encoding
cell-wall-degrading enzymes in V. dahlige-treated cells. Moreover, their study confirmed
that rapamycin substantially reduces the pathogenicity of V. dahliae, thereby preventing
the onset of Verticillium wilt [72]. Collectively, these findings suggest that rapamycin may
serve as a promising biofungicide, offering a viable alternative to conventional chemical
fungicides for the management of Verticillium wilt. Furthermore, rapamycin-producing
Streptomyces spp. strains, such as those identified in this study, hold significant potential as
effective BCAs.

A comparative analysis of the BGCs associated with rapamycin production in
S. rapamycinicus, S. iranensis, and strains OE54 and OE577 reveals both conserved and
strain-specific features, reflecting potential evolutionary adaptations that influence ra-
pamycin biosynthesis. As illustrated in Figure 5, the BGCs of S. iranensis and strain OE54
exhibit a high degree of similarity, with the sole distinction being the presence of a small
open reading frame (orf5) located between rapD and rapE in S. iranensis, which is absent in
the OE54 cluster. orfb encodes a small hypothetical protein with no significant homologs in
existing databases, suggesting that its presence or absence may stem from a sequencing
artifact in one of the genomes. The close similarity between these BGCs further supports
the classification of strain OE54 as S. iranensis.

The core biosynthetic genes (rapA, rapB, rapC, and rapP) are highly conserved across all
four clusters, underscoring their essential role in rapamycin biosynthesis. Additionally, the
downstream flanking region encompassing rapQ, rapO, rapN, rapM, rapL, rapK, rap], rapl,
and rapH exhibits substantial conservation, suggesting that these genes play crucial roles
in rapamycin production (see Supplementary Table S1 for a description of their putative
functions). Previous studies have demonstrated that rapG and rapH function as positive
regulators of rapamycin biosynthesis in S. rapamycinicus [98]. Furthermore, rapl, rapM, and
rapQ encode S-adenosylmethionine (SAM)-dependent O-methyltransferases [83], which are
likely responsible for the O-methylation of positions C16, C27, and C39 of the rapamycin
molecule (Figure 7). In contrast, the products of rap] and rapN (encoding cytochrome P450
mono-oxygenases) and rapO (encoding a ferredoxin-like protein) [83,99] are predicted to
mediate the formation of keto groups at positions C9, C27, and, potentially, C32 (Figure 7).
Lastly, rapL encodes a lysine cyclodeaminase, an enzyme that catalyzes the cyclization of
lysine to generate L-pipecolate, a direct precursor in rapamycin biosynthesis [83,100].

A notable degree of variability is observed in the organization of genes located down-
stream of rapH, using the S. rapamycinicus BGC as a reference. In both S. rapamycinicus
and strain OE577, this region maintains a conserved gene arrangement, comprising rapG,
rapE, orfE, and orfD, with orfDD positioned outside the cluster, as reported by Molndr et al.
(1996) [83]. In contrast, S. iranensis and strain OE54 exhibit an inverted gene organization,
with orfDD, orfl, orfD, orfE, rapF, and rapG positioned downstream of rapH. This rearrange-
ment suggests a potential inversion event affecting a DNA fragment containing these genes.
The presence of orfl within the S. iranensis, and OE54 and OE57 BGCs is particularly note-
worthy. This gene encodes a protein exhibiting a 92.12% amino acid identity with orfDD. An
InterPro analysis indicates that both orfl and orfDD contain conserved domains characteris-
tic of cysteine synthase/cystathionine 3-synthase (IPR050214) (see Supplementary Table S1).
Additionally, orfl shares a homology with a 2,3-diaminopropionate biosynthesis protein
(SbnA), a homologous enzyme identified in multiple Streptomyces species. The biological
function of SbnA has been extensively studied in Staphylococcus aureus, where it participates
in the biosynthesis of L-2,3-diaminopropionic acid (L-DAP), a precursor for siderophores
and antibiotics [101]. Specifically, SbnA catalyzes the condensation of O-phospho-L-serine
and L-glutamate to produce N-(1-amino-1-carboxyl-2-ethyl)-glutamic acid, a direct precur-
sor of L-DAP. Interestingly, in S. rapamycinicus, orfl is located approximately 10 kb down-
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stream from the right boundary of the rapamycin BGC (see Supplementary Figure S2).
Despite its genomic proximity, no direct evidence currently supports its involvement in
rapamycin biosynthesis. However, its presence within or near this biosynthetic cluster,
along with its high sequence similarity to orfDD and its conserved domain architecture,
raises intriguing questions regarding its potential evolutionary, regulatory, or functional
significance. Further investigations are warranted to elucidate its precise role in rapamycin
biosynthesis and its broader physiological implications.

The genomic region upstream of rapB, which encompasses regulatory and accessory
genes associated with rapamycin biosynthesis, exhibits considerable variation among the
analyzed strains. In Streptomyces rapamycinicus, this region includes rapT, orfU, rap$S, rapR,
orfV, orfW, rapX, rapY, and rapZ, with orfZZ positioned outside the cluster, as previously
described by Molnar et al. (1996) [83]. Notably, rapS, rapR, orfV, orfW, and rapX are
universally conserved across all four strains (Figure 5). The co-occurrence of orfV, orfW,
and rapX suggests that these genes may form an operon involved in rapamycin export,
given their homology with known transport proteins (see Supplementary Table S1) [83].
However, rapT and orfU are absent in S. iranensis and strains OE54 and OE577, indicating
that these genes may not be essential for rapamycin biosynthesis. This finding is particularly
significant given that rapT encodes a putative ketoreductase implicated in the synthesis of
the dihydroxycyclohexane carboxylic acid starter unit of rapamycin [83]. Similarly, rapY
and rapZ are absent from the S. iranensis, OE54, and OE57" clusters. The absence of rapY is
especially notable, as this gene has been identified as a negative regulator of rapamycin
biosynthesis, alongside rapR and rap$ [81]. In S. rapamycinicus, the overexpression of rapY,
rapR, or rap$ results in a marked reduction in rapamycin production, further confirming
their role as negative regulators [81]. Interestingly, rapY encodes a protein with a high
sequence identity to members of the TetR family of transcriptional regulators. Its regulatory
function may be compensated by orf2 in strain OE57" and orf8 in S. iranensis and OE54, as
these genes encode putative TetR/AcrR family transcriptional regulators. Additionally,
the absence of orfZ, which encodes a hypothetical protein with no significant sequence
similarity to known functional domains (see Supplementary Table S1), suggests that it may
not play a crucial role in rapamycin biosynthesis.

The OE57! strain harbors three unique genes within its rapamycin BGC —orf2, orf3,
and orf4— that are absent in the other analyzed clusters. Notably, orf3 encodes a protein
with homology to various methyltransferases (see Supplementary Table S1), suggesting
a potential role in the site-specific methylation of the rapamycin structure. Meanwhile,
orf2 encodes a putative transcriptional regulator belonging to the TetR/AcrR family, which
may influence rapamycin biosynthesis. The orf4 gene product exhibits a similarity to
protein kinase domain-containing proteins, implying a possible role in regulatory pathways
controlling rapamycin production. Similarly, the S. iranensis and OE54 clusters contain three
unique genes orf6, orf7, and orf8. orf8 encodes another TetR/AcrR family regulator, likely
contributing to the transcriptional control of rapamycin biosynthesis in these strains. The
orf7 gene product shares a similarity with FAD-dependent mono-oxygenases, suggesting
a potential involvement in hydroxylation reactions that could modify the rapamycin
structure. Lastly, orf6 encodes a protein belonging to the SGNH/GDSL hydrolase family,
which is known to participate in diverse biological processes, including lipid metabolism
and secondary metabolite biosynthesis. The considerable genetic variability observed
in the left-flanking region of the rapamycin BGC across these strains suggests that these
additional genes may contribute to the biosynthesis of structurally distinct rapamycin
analogs (rapalogs) or modulate biosynthetic regulatory mechanisms. These variations
likely reflect diverse ecological adaptations among rapamycin-producing Streptomyces
species and warrant further investigation to elucidate their functional significance.
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Finally, we would like to emphasize that this comparative genomic analysis pro-
vides valuable insights into the conservation and diversification of rapamycin biosynthesis
among different Streptomyces species and highlights the genetic basis underlying its pro-
duction in strains OE54 and OE57T. These variations in gene content and organization
highlight potential regulatory adaptations in rapamycin-producing Streptomyces species
and suggest functional redundancy, or alternative regulatory mechanisms that warrant
further investigation.

Beyond the rapamycin BGC, we analyzed the clusters responsible for actinoplanic
acid and epoxinnamide biosynthesis. Notably, neither cluster was directly identified by
antiSMASH. Instead, their classification was inferred based on literature comparisons
and detailed analyses of sequence homology and synteny. Our findings indicate that the
epoxinnamide cluster belongs to the non-ribosomal peptide synthetase (NRPS) family with
arylpolyene-like features, exhibiting 50% similarity to kitacinnamycin. Meanwhile, the
actinoplanic acid cluster is classified as NRPS-like, contains a Type I polyketide synthase
(T1PKS) module, and shares 20% similarity with lydicamycin.

The genetic organization of the epoxinnamide BGC revealed a conserved core region
(epcA—epcE) across all analyzed strains, though substantial differences were observed in
the flanking biosynthetic, regulatory, and transport-associated genes. In S. rapamycinicus
and OE577, the cluster retains a compact and continuous structure, with regulatory genes
(epcB and epcC) and transport-related genes (epcF and epcG) positioned adjacent to the
core biosynthetic genes. In contrast, S. iranensis and OE54 display notable gene losses
and rearrangements, particularly in the upstream region, where genes 1-5 are either
absent or fragmented (Supplementary Information Figure S6). Furthermore, while the
only previously published study on epoxinnamide described two separate core genes
(epcD and epcE), our analysis of two newly sequenced strains alongside two reference
strains consistently identified a single gene in this region, which we have designated epcDE
(Supplementary Information Figure S6). This discrepancy may arise from differences in the
annotation criteria, the natural variation in gene organization, or potential sequencing and
assembly artifacts. Additionally, the observed variation in regulatory gene organization
across these strains suggests potential differences in expression control mechanisms, which
could influence metabolite production.

A notable feature of the actinoplanic acid BGC is its genomic context across the an-
alyzed Streptomyces strains. In S. rapamycinicus, the APL cluster is co-localized with the
rapamycin BGC, suggesting a potential evolutionary and functional interdependence be-
tween the two pathways [84]. However, in S. iranensis, OE54, and OE57T, the APL and
rapamycin clusters are situated in opposite chromosomal regions. Despite this spatial
separation, the APL cluster remains highly conserved in both gene content and organiza-
tion across these strains (Supplementary Information Figure S3). This genomic dispersion,
previously reported in S. iranensis [84], extends to OE54 and OE577, suggesting that such
rearrangements are not isolated events but may represent a broader evolutionary trend.
Interestingly, actinoplanic acid was not detected in the chemical analyses of OE54 and
OE57T fermentation broths. While the genomic separation of regulatory elements, such as
aplIR, from the core biosynthetic genes might suggest transcriptional uncoupling, Mrak et al.
(2018) [84] demonstrated that apIR deletion in S. rapamycinicus did not abolish APL pro-
duction. This finding could imply the existence of alternative regulatory mechanisms that
maintain pathway expression despite genomic separation. Moreover, the mere presence of
biosynthetic genes does not necessarily indicate active expression, as regulatory control is
complex and influenced by strain-specific and environmental factors. The absence of APL
production under the tested conditions may reflect these intricate regulatory dynamics.
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These findings underscore the complexity and plasticity of secondary metabolism in
Streptomyces. The structural variability observed among these BGCs, likely driven by genomic
rearrangements, highlights the limitations of annotation tools such as antiSMASH when
analyzing clusters not well-represented in reference databases. Consequently, integrating
comparative genomics with experimental validation is essential for fully exploring the biosyn-
thetic potential of these strains. Future studies employing transcriptomic and metabolomic
approaches will be crucial to elucidating how these genetic differences translate into metabolite
diversity, potentially leading to the discovery of novel bioactive compounds.

5. Conclusions

Root tissues from olive trees affected by Verticillium wilt have proven to be a valu-
able reservoir for the isolation of endophytic Streptomyces strains. More than 25% of the
isolates exhibited some antifungal activity against V. dahlize. Among these, two isolates—
Streptomyces iranensis OE54 and Streptomyces lacaronensis OE57—exhibited the highest levels
of growth inhibition. Both strains were able to show strong antifungal activity against
V. dahlige in both in vitro and small-scale soil bioassays. This activity could be attributed to
the production of rapamycin, a compound that effectively inhibited conidial germination
and was particularly potent in suppressing the mycelial growth of V. dahliae at concentra-
tions within the nanograms per mililiter range. Streptomyces lacaronensis sp. nov. OE57" has
been formally described as a new species within the genus Streptomyces and recognized as
a new producer of rapamycin.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms13071622 /s1, Figure S1: Streptomyces phyloge-
netic tree inferred from concatenated partial sequences of the housekeeping genes (atpD, gyrB, recA,
rpoB, and trpB) of endophytic OE54 and OE57T strains with type strains obtained from the ARS Micro-
bial Genomic Sequence Database server; Figure S2: Maximum likelihood phylogenetic tree based on
16S TRNA gene sequences, showing the relationships between the OE54 and OE57" strains and their
closely related species; Figure S3: Genetic organization of the rapamycin and actinoplanic acid biosyn-
thetic gene clusters (BGCs) in S. rapamycinicus DSM 415307 (a), OE57T (b), S. iranensis DSM 419547 (c),
and OE54 (d) genomes; Figure S4: High-performance liquid chromatography (HPLC) chromatogram
of fraction F9, obtained via vacuum flash chromatography from the fermentation broth of strain OE54,
using an evaporative light scattering detector (ELSD) (a) and high-resolution electrospray ionization
time-of-flight mass spectrometry (HR ESI-TOF-MS) spectrum of the corresponding compound, iden-
tified as rapamycin, with a molecular ion at m/z 936.5197 [M + Na]* (b); Figure S5: High-performance
liquid chromatography (HPLC) chromatogram of fraction F8, obtained after a second round of flash
chromatography from the fermentation broth of strain OE54, using an evaporative light scattering
detector (ELSD) (a) and high-resolution electrospray ionization time-of-flight mass spectrometry
(HR ESI-TOF-MS) spectrum of the corresponding compound, identified as epoxinnamide, with a
molecular ion at m/z 1298.5188 [M + H]* (b); Figure S6: Genetic organization of the epoxinnamide
cluster in Streptomyces sp. OlD44 (a), S. rapamycinicus DSM 415307 (b), OE57T strain (c), S. iranensis
DSM 419547 (d), and OE54 strain (e); Figure S7: Probit analysis for germination of conidispores of
V. dahliae V9371 strain after treatment with commercial rapamycin; Figure S8: Two-dimensional TLC
plate of polar lipids of strains OE57T and its close phylogenomic relative Streptomyces rapamycinicus
DSM 41530" stained with molybdatophosphoric acid. Table S1: Inferred functions of rap genes and
ORFs located in the rapamycin biosynthetic clusters of S. rapamycinicus NRRL 5491, S. iranensis DSM
41954, OE54, and OE577 strains; Table S2. 13C, 'H Nuclear Magnetic Resonance (NMR) spectral
data of rapamycin [ (ppm), CDCl3]; Table S3: 13C, 1H Nuclear Magnetic Resonance (NMR) Spectral
Data of Eppoxinnamide [ (ppm), Jyx (Hz); CDCl3]; Table S4: Cultural and growth characteristics of
strains OE54 and OE577, along with their closest phylogenomic relatives; Table S5: Phenotypic char-
acteristics of strains OE54 and OE577, along with their closest phylogenomic relatives, as determined
by API 20NE and API ZYM assays; Table S6: Fatty acids profiles of the Streptomyces lacaronensis sp.
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nov. strain OE57T (=DSM 1187417) and its closest phylogenomic neighbor Streptomyces rapamycinicus
DSM 41530T. References [81,83,98-100,102] are cited in the Supplementary Materials.
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