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Abstract: A biologically active microbial strain, designated as “LS462,” was isolated from a soil sample collected from Yaoli Virgin
Forest of Jiangxi Province, China. The strain was able to produce a high yield of echinomycin (172 mg/l) even under nonoptimized
culture conditions and is proposed to serve as a promising source of echinomycin. In this study, echinomycin exhibited strong anti-
Mycobacterium tuberculosis H37Rv activity and synergistic antifungal effect with a greatly reduced dosage of posaconazole on Candida
albicans SC5314. The strain belongs to the genus Streptomyces according to its morphological and 16S rDNA phylogenetic analysis. The
16S rDNA was found to have the highest sequence identity with Streptomyces fuscichromogenes (99.37% similarity). Extensive nuclear
magnetic resonance andmass spectroscopic data were used to determine the structure of echinomycin. The strain S. fuscichromogenes
has not been previously reported to produce echinomycin. Strain LS462may be exploited as a new potential source for the commercial
production of echinomycin. Also, this work is the first to report the new synergistic antifungal activity of echinomycin and further
study of the synergistic mechanism will be helpful to guide the development of antifungal agents.
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Introduction
Infections by pathogenic—including multidrug-resistant—
microorganisms are responsible for causing significant morbidity
and mortality in health-care facilities. Invasive fungal and My-
cobacterium tuberculosis (MTB) infections have emerged as leading
causes of death in immunocompromised patients, including
those with human immunodeficiency virus (HIV) infection,
cancer, and bone marrow or solid organ transplant recipients
(TB Alliance, 2006; Torres et al., 2005). The increasing numbers
of immunocompromised patients have caused an increased
number of patients who need antifungal and antituberculosis
drugs. This increased drug usage has led to increasing frequen-
cies of drug-resistant strains and new drugs or new therapeutic
ways are urgently required for the battle against pathogenic
infections. To meet the desired goals for discovering better drugs
and improve the yield of bioactive metabolites, biodiversity- and
taxonomy-guided natural product library construction (Ashforth
et al., 2010), high-throughput screening (HTS) (Liu et al., 2010),
and genetic engineering projects (Zhang et al., 2005; Zhuo et al.,
2010) were performed as effective tools. Based on these efforts,
much attention has been paid to the screening and discovery of
compounds with antituberculosis and antifungal activities.

A natural product library based screening program for bioac-
tive metabolites against Mycobacterium bovis BCG (BCG) gave a hit

rate of 1.2%. The BCG strain used here was transformed with
green fluorescent protein (GFP) constitutive expression plasmid
pUV3583with direct readout of fluorescence formeasure of bacte-
rial growth (Cowley and Av-Gay, 2001). An extract of LS462 exhib-
ited strong activity against BCG and was then analyzed by liquid
chromatography–diode array detection–mass spectrometry. One
of the main peaks showed similar UV characteristics andmolecu-
lar weight (MW) to those of echinomycin. Nevertheless, the strain
still attracted our attention because it showed a high ability to
produce echinomycin. Further study led to the isolation of echi-
nomycin and the confirmation of its high productivity. The pure
compound was tested on MTB H37Rv antifungal and synergistic
antifungal screening models. Echinomycin exhibited strong an-
tituberculosis activity and the combination of echinomycin and
posaconazole showed a potent synergistic antifungal effect on
Candida albicans SC5314.

Echinomycin,which was first discovered from Streptomyces echi-
natus in 1957, is a cyclic depsipeptide antibiotic and has broad ac-
tivities against bacteria, fungi, viruses, and tumor cells (Corbaz
et al., 1957). It was reported to cause DNA damage (Waring and
Wakelin 1974; Wu et al., 2018), inhibition of hypoxia-inducible
factor 1 (Kong et al., 2005; Plastino et al., 2021; Vlaminck et al.,
2007; Wang et al., 2020), potential FKBP12 binding effect (Singh et
al., 2014), inhibition of bacterial RNA synthesis (Sato et al., 1967),
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inhibition of HIV-1 Tat transactivation (IC50 1.5 nM) (Jayasuriya et
al., 2005), cell apoptosis, and cell signaling inhibition (Kim, Ahn, et
al., 1996; Kim, Yang, et al., 1996). Echinomycin showed excellent
antitumor activity and tolerable toxicity in preclinical and phase
I trials, propelling it into phase II clinical trial for the treatment of
solid cancers such as colon cancer and ovarian cancer (Chang et
al., 1998; Foster et al., 1985).

In this article,we describe the Streptomyces sp. LS462,which pro-
duces a high yield of echinomycin, under nonoptimized culture
conditions, with potent antituberculosis and synergistic antifun-
gal activities. The characterization and the taxonomical status of
the strain are also reported.

Materials and Methods
Microbial Strains
The strain LS462 was isolated from a soil sample collected from
Yaoli Virgin Forest of Jiangxi Province,China.The strainwas grown
on aGauze–asparagine (GA) agar slant consisting of soluble starch
2.0%, l-asparagine 0.05%, KNO3 0.1%, K2HPO4·H2O 0.05%, NaCl
0.05%, and MgSO4·7H2O 0.05% (pH 7.5) at 28°C. LS462 was de-
posited at the China General Microbiological Culture Collection
Center (CGMCC) with the accession number CGMCC no. 5453.

Mycobacterium phlei ATCC 11758, used as an indicator organism
during the product isolation process, was grown on an agar plate
consisting of peptone 1.0%, malt extract 0.5%, yeast extract 0.5%,
casein acid hydrolysate 0.5%, beef extract 0.2%, glycerol 0.2%,
Tween 80 0.005%, MgSO4·7H2O 0.1%, and agar 1.2%, with pH 7.2
at 37°C.

Mycobacterium bovis BCG (Pasteur 1173P2) and M. tuberculosis
H37Rv (ATCC 27294) were used here for bioactivity screening and
assays.

Candida albicans SC5314 (ATCC MYA-2876) grown on a YPD agar
plate (yeast extract 1.0%, peptone 2.0%, glucose 2.0%, and agar
2.0%) at 35°C was used for antifungal and synergistic antifungal
assays.

Compounds for Bioassays
Posaconazole (Selleck Chemicals Co. Ltd. Houston, TX, USA), ke-
toconazole (Sigma Chemical Co., St. Louis, MO, USA), flucona-
zole (Sigma Chemical Co., St. Louis, MO, USA), econazole (Sigma
Chemical Co., St. Louis, MO, USA), miconazole (Sigma Chemical
Co., St. Louis, MO, USA), itroconazole (Sigma Chemical Co., St.
Louis, MO, USA), clotrimizole (Sigma Chemical Co., St. Louis, MO,
USA), voriconazole (Sigma Chemical Co., St. Louis, MO, USA), am-
photericin B (Sigma Chemical Co., St. Louis, MO, USA), caspofun-
gin (Merck Research Laboratories, Rahway, NJ, USA), terbinifine
(Sigma Chemical Co., St. Louis, MO, USA), and micafungin (Merck
Research Laboratories, Rahway, NJ, USA) were obtained commer-
cially.

Cultural and Morphological Properties of Strain
LS462
A set of cultural and phenotypic characteristics was examined us-
ing media and the International Streptomyces Project (ISP) proce-
dures recommended by Shirling and Gottlieb (1966).Mature aerial
mycelium and substrate mycelium pigmentation was recorded
on GA agar medium following incubation at 28°C for 20 days.
Spore chain morphology and spore surface features of the isolate
were observed by examining the gold-coated dehydrated speci-
mens with a scanning electron microscope (Quanta 200).

16S rRNA Gene Sequence and Phylogenetic
Analysis
Genomic DNA of LS462 was extracted as described by
the TINAamp Bacteria DNA Kit (GENELib). Universal
primers (27f: 5′-GAGAGTTTGATCCTGGCTCAG-3′; 1492r: 5′-
CTACGGCTACCTTGTTACGA-3′) were used to amplify the 16S
rDNA. Polymerase chain reaction (PCR) amplification (25 μl final
volume: 0.4 μl, 20 μM of each primer, 2.5 μl 10× buffer [TaKaRa],
2.5 μl 2.5 nM deoxynucleotide (dNTP) (TakaRa Bio USA, Inc.), 2 U
rTaq polymerase (TakaRa Bio USA, Inc.), and 1 μl DNA template)
of the 16S rDNA was performed on a TaKaRa PCR Thermal Cycler
with the initial denaturation at 94°C for 5 min, 30 cycles of de-
naturation (94°C, 1 min), annealing (55°C, 1 min) and elongation
(72°C, 1 min, 15 s), and a final elongation at 72°C for 10 min.
Multiple alignments with sequences of most closely related
Streptomycetes and calculations of levels of sequence similarity
were carried out using CLUSTAL W (Thompson et al., 1994). The
phylogenetic tree was constructed using the neighbor-joining
method (Saitou and Nei, 1987) by MEGA 4.0 (Tamura et al., 2007).
The topology of the phylogenetic tree was evaluated by the
bootstrap resampling method with 1,000 replicates (Felsenstein,
1985).

Nucleotide Sequence Accession Number
The nucleotide sequence of the 16S rRNA gene reported in this
article was assigned to the GenBank accession number JN621239.

Fermentation Conditions
A stock culture of the strain was grown and maintained on a
GA agar slant. The stock culture was transferred into 250-ml Er-
lenmeyer flasks containing 40 ml of the seed medium with the
same components as the agar slant medium. The culture was
incubated on a rotary shaker (220 rpm) at 28°C for 96 hr. Ten
milliliters of the seed culture was transferred into 1000-ml Erlen-
meyer flasks containing 250 ml of the producing medium, which
consisted of glucose 1.0%, millet meal 2.0%, cottonseed protein
powder 2.0%, and 3-(N-morpholino)-propanesulfonic acid 2.0%
(pH 7.0). The cultures were incubated at 28°C for 8 days on a ro-
tary shaker at 220 rpm. The antibiotic activity of the fermentation
broth was determined by a conventional paper-disk agar diffusion
assay (Raahave, 1974) using M. phlei and the zones of inhibition
were measured after 18 hr incubation at 37°C.

Production Analysis by HPLC
After incubation for 3 days, aliquots (2 ml) of the cultures were
collected every 48 hr and prepared for high performance liquid
chromatograph (HPLC) analysis as follows. After centrifugation
(8000 rpm, 3 min), the mycelia were extracted 3 times with ace-
tone to give the organic fraction. The supernatants were mixed
with 0.5 ml HP-20 resins, rocked for 4 hr on a shaker, and filtrated,
and the resins were washed 3 times with acetone. The acetone
fractions from the mycelium and the supernatants were com-
bined and dried to give crude extracts. Each crude extract was
then redissolved in 2ml acetone, filtered through a 0.45-μmmem-
brane filter, and analyzed by reverse-phase high-performance liq-
uid chromatography (RP-HPLC) equipped with an Agilent XDB-C8,
5 μm column (4.6 mm × 150 mm) and 70% methanol in water as
the mobile phase. The external standard method was used in the
quantitative analysis with echinomycin (Alexis) as the standard
and 243 nm as the detection wavelength.
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Purification and Characterization of Echinomycin
The fermentation broth (4 l) was fractionated by centrifuga-
tion. The mycelium was extracted with acetone and filtered. The
filtrate was diluted to 10 times volume with water and then
combined with the supernatant. The mixture was charged on a
column of HP-20 resins, which was washed with distilled water
and then elutedwith 40%, 60%, and 80% acetone, respectively. The
active fraction eluted with 60% acetone was concentrated under
reduced pressure. The residue was then resuspended in acetone
and gave a pure active constituent (compound 1) using prepar-
ative RP-HPLC equipped with an Eclipse XDB-C18 5 μm column
(9.4 mm × 250 mm, Agilent) and 70% MeOH in water as the mo-
bile phase. Bioactive fractions were tracked by a paper-disk agar
diffusion assay using M. phlei.

Compound 1 was characterized using spectroscopic analyses.
UV data were detected on a Mariner System 5304 instrument.
Electrospray ionization mass spectra (ESI-MS) were recorded on
a Bruker Esquire 3000 plus spectrometer and various NMR spec-
tra were recorded on a Varian Inova 500 MHz spectrometer and
the solvent was CDCl3.

Anti-BCG and MTB Assays
The in vitro activities of compounds against BCG and MTB H37Rv
were determined in 96-well plate format as previously described
(Wang et al., 2010). BCG and MTB H37Rv were grown at 37°C to
midlog phase in Middlebrook 7H9 broth supplemented with 10%
oleic acid-albumin-dextrose-catalase (OADC) enrichment (Becton
Dickinson), 0.05% Tween 80, and 0.2% glycerol. The culture was
then diluted with culture medium to a bacterial suspension with
OD600 values of 0.025. For primary screening, aliquots (80 μl) of
the bacterial suspension were added to each well of the clear flat-
bottom 96-well microplates, followed by adding 2 μl of sample so-
lutions (1 mg/ml). Isoniazid was used as the positive control and
dimethyl sulfoxide (DMSO) as the negative control. The plates in-
cubated at 37°C for 3 days for M. bovis BCG or 10 days for M. tu-
berculosis. GFP fluorescence was measured with a multilabel plate
reader (Perkin-Elmer Envision 2103) using the bottom read mode,
with excitation at 485 nm and emission at 535 nm. Hits were de-
fined as compounds that could inhibit more than 99% of bacte-
rial growth compared with the blank control at a concentration
of 100 μg/ml or less.

For determination of the minimum inhibitory concentrations
(MICs) of the compounds, bacterial suspensions were prepared
and dispensed as described earlier, and compounds were seri-
ally diluted twofold from 25 to 0.19 μg/ml in each column. Iso-
niazid as a positive control (800–6.25 ng/ml) and DMSO as a neg-
ative control were also included in each plate. The plate was bot-
tom read to record the GFP fluorescence after incubation at 37°C.
MIC is defined as the minimum concentration of drug that in-
hibits more than 99% of bacteria growth reflected by fluorescence
values. Anti-BCG and anti-MTB H37Rv assays were performed in
biosafety level (BSL) 2 and 3 settings, respectively.

Antifungal and Synergistic Antifungal Assays
Candida albicans SC5314 grown on a YPD plate overnight at 35°C
was picked for preparing the strain suspension with fresh RPMI
1640 medium at the concentration of 1 × 104 cells/ml.

For the antifungal assay, 2 μl of the twofold diluted samples
were added to the test wells in 96-well plates, followed by an ad-
ditional 80 μl of the strain suspension. The test plates were in-
cubated at 35°C for 18 hr. The antifungal positive control was ke-
toconazole and antifungal MICs were determined by measuring

Fig. 1 Colony characteristics of LS462 grown on Gauze-asparagine (GA)
agar at 28°C for 20 days.

and comparing the optical densities of the blank control and test
wells.

A synergistic antifungal assay by the checkerboard method of
drug combinations against C. albicans SC5314 was performed ac-
cording to a previously described method (Orhan et al., 2005).
Combinations of echinomycin and other known antifungal azole
compounds (posaconazole, ketoconazole, fluconazole, econazole,
miconazole, itroconazole, clotrimizole, and voriconazole), ampho-
tericin B, caspofungin, terbinifine, andmicafungin were tested, re-
spectively, in this assay. The compounds were prepared as stock
solutions in DMSO. To determine the MICs, serial twofold dilu-
tions of echinomycin and posaconazole were prepared accord-
ing to a modified protocol from the Clinical and Laboratory Stan-
dards Institute (formerly National Committee for Clinical Labo-
ratory Standards) M-38A and M-27A2 methods. C. albicans SC5314
cells (∼1 × 104 cells/ml) were inoculated in a final volume of 80 μl
mixture of RPMI 1640 medium, and 2 μl drugs in each well of
flat-bottom, 96-well microplates. The first drug of the combina-
tion, posaconazole, was serially diluted along the ordinate, while
the second drug echinomycin was diluted along the abscissa. The
plates were incubated at 35°C for 18 hr. MICs were determined by
measuring and comparing the optical densities of the blank con-
trol (DMSO only) and testedwells. The combination of beauvericin
and ketoconazole was the positive control for the synergistic anti-
fungal assay (Zhang et al., 2007). All the experiments were tested
in triplicate.

To identify whether the drug interaction was synergistic,
additive, or antagonistic for the combination of echinomycin
and posaconazole, the fractional inhibitory concentration in-
dex (FICI) was used: FICI = (MICdrug A in combination/MICdrug A alone) +
(MICdrug B in combination/MICdrug B alone) (Zhang et al., 2007). The inter-
action was defined as synergistic if the FICI was ≤0.50, additive if
the FICI was 0.50–4.0, and antagonistic if the FICI was ≥4.0.

Results
Characterization and Identification of the
Isolated Strain LS462
The crude extract of strain LS462 with strong anti-BCG activ-
ity and high productivity of echinomycin led to further investi-
gation of the strain. The colonial and morphological properties
(Fig. 1) suggested that LS462 is a member of the genus Strepto-
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Fig. 2 Scanning electron micrograph of LS462 grown on
Gauze–asparagine (GA) agar at 28°C for 20 days. Bar, 5 μm.

myces. Sporulation occurred on inorganic salt–starch agar such
as GA agar after 15 days at 28°C. LS462 formed a long, straight
substrate mycelium and aerial hyphae with few branches. Also,
brown pigments were produced on GA agar. The straight or
curving spore chains that occurred on GA agar were composed
of oval- to cylindrical-like spores (0.5–0.7 μm × 1.1–1.3 μm) with
spinous surfaces (Fig. 2). The determination of the 16S rRNA gene
sequence (1447 nt) of strain LS462 and phylogenetic analysis re-
vealed that it was most closely related to Streptomyces fuscichromo-
genes KC771428.1 with 99.37% 16S rRNA gene similarities (Fig. 3).

Production of Echinomycin
The production of echinomycin reached maximum (172 mg/L) af-
ter 7 days of fermentation and declined afterward (Fig. 4). The
mycelium contains a large quantity of the total echinomycin pro-
duction.

Fig. 4 Time course production of echinomycin by strain LS462 cultured
in producing medium. Results represent the means ± standard errors of
the means (SEMs) of three independent experiments.

Purification and Characterization of Echinomycin
The 60% acetone fraction (Fig. 5) from the HP-20 resin column
showed strong activity againstM.phlei by paper-disk agar diffusion
assay. The fraction was selected for further studies, and led to the
discovery of compound 1. The structure of compound 1 (Fig. 6) was
elucidated by UV, 1H-NMR, 13C-NMR, and MS analysis as well as
by comparison with previously reported data of echinomycin (Li,
Zhang, et al., 2004; Shi et al., 1999). Compound 1 showed a typical
UV spectrum (Fig. 5) withmaximal absorbance at 243 and 323 nm,
similar to that of echinomycin. ESI-MS (Supplementary Fig. S1)
exhibited quasi-molecular ion peaks at m/z 1101.3 [M + H]+

and 1123.3 [M + Na]+ for compound 1, indicating an MW of
1100, which is consistent with the MW of echinomycin. The 13C-
NMR spectrum of 1 revealed the presence of 51 carbon atoms
(Supplementary Table S1). The sp2 carbon region contained 10
carbonyls and 16 aromatic carbon atoms, 8 of which connected
to nitrogen atoms. The aliphatic region contained 6 methyls, 2
methylenes, 8 methines, 4 methyls, and 1methylene connected to
nitrogen atoms, 1 methyl and 1 methylene connected to a sulfur
atom, and 1 methine connected to 2 sulfur atoms. All the physi-
cal and spectral data, including 1H-NMR, 13C-NMR, and MS, were
in agreement with the respective published data (Dell et al., 1975;

Fig. 3 Neighbor-joining phylogenetic tree of strain LS462 based on 16S rRNA gene sequence generated using Mega4.0. Numbers at nodes indicate levels
of bootstrap support (%) based on a neighbor-joining analysis of 1,000 resampled datasets; only values >50% are given. National Center for
Biotechnology Information (NCBI) accession numbers are given in parentheses. Bar, 0.005 nucleotide substitutions per site. Kitasatospora arboriphila HKI
0189T (AY442267) was chosen as the outgroup strain.
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Fig. 5 HPLC analysis of crude extracts of LS462 cultured in MPG medium. Extracts were analyzed using Shimadzu 20A HPLC with an Agilent XDB-C8
column (5 μm, 4.6 mm × 150 mm), 70% methanol as the mobile phase, 1.0 ml/min as the flow rate, 254 nm as the detection wavelength.

Fig. 6 The structure of compound 1.

Li, Zhang, et al., 2004; Shi et al., 1999), confirming that compound
1 is echinomycin.

Anti-BCG and Anti-TB Activity of Echinomycin
Compound 1 exhibited potent activities against BCG and MTB
H37Rv, with MIC values of 0.1 and 0.5 μg/ml, respectively.

Antifungal and Synergistic Antifungal Activity of
Echinomycin
A batch of pure compounds was screened for finding synergistic
antifungal agents. Echinomycinwas included in this assay and ex-
hibited antifungal activity (6.25 μg/ml) and synergistic antifungal
activity with a greatly reduced dosage (to 60-fold) of posacona-
zole on C. albicans 5314. Table 1 shows the respective MIC values
for the synergistic effect of the combination of posaconazole and
echinomycin. Each combination caused 100% inhibition of C. al-

Table 1 Synergistic Antifungal Screening Results

MIC values for synergistic activity (μg/ml)

Posaconazole Echinomycin FICI

0.008 0 —
0.004 0.003125 0.5005
0.002 0.025 0.2540
0.001 0.05 0.1330
0.0005 0.1 0.0785
0.00025 0.1 0.0473
0.000125 0.2 0.0476
0 6.25 —

Note. FICI = fractional inhibitory concentration index. FICI =
(MICdrug A in combination/MICdrug A alone) + (MICdrug B in combination/MICdrug B alone).

bicans 5304 cells. When the concentrations of posaconazole and
echinomycin were 0.00025 and 0.10 μg/ml, respectively, the com-
bination of the two compounds exhibited the strongest synergistic
activity (FICI 0.0473, far less than 0.5) on C. albicans 5304.

Interestingly, the synergistic activity of echinomycin was se-
lective. For the combinations of echinomycin and the other com-
pounds tested, no synergistic activity was observed.

Discussion
Echinomycin contains quinoxaline chromophores in its structure
and acts as a bis-intercalator (Watanabe et al., 2006). It can bind
to DNA by inserting two planar chromophores between the base
pair of duplex DNA and place its cyclic depsipeptide backbone in
the minor groove (Foster et al., 1985; Waring and Wakelin, 1974).

Echinomycin showed distinct activities against a variety
of Gram-positive bacteria, including vancomycin-resistant En-
terococci and methicillin-resistant Staphylococcus aureus (Kim
et al., 2004; Park et al., 2008), Gram-negative bacteria (Shigella
dysenteriae), viruses (poliomyelitis virus, HIV, and bacteriophage)
(Fox et al., 1980; Jayasuriya et al., 2005; Minor and Dimmock 1977),
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malarial parasite (Plasmodium falciparum) (Castillo et al., 2003),
and thrombosis (Lee et al., 2007). It displayed excellent protec-
tion in mice against acute peritoneal infections caused by both
methicillin-sensitive and methicillin-resistant S. aureus strains,
and may be superior to vancomycin (Park et al., 2008). Our results
of echinomycin against BCG and TB added a new prospect to its
extensive activities and further proved that it deserves more ex-
ploration on its action mechanism.

As a bis-intercalator, echinomycin has low affinity for single-
stranded RNA or DNA. It is used as a novel electrochemical re-
dox indicator (Karadeniz et al., 2006) and a DNA fluorescent probe
(Chen and Zhao, 2006). In light of its unique structural and bio-
logical properties, echinomycin has been looked at as an impor-
tant tool for research in clinical, molecular, and cellular biology.
A few echinomycin-producing microorganisms are known, such
as S. echinatus (Corbaz et al., 1957) and Actinomadura sp. INA654
(Galatenko et al., 2006), but the productivity of these organisms
is uncertain. Two Streptomyces sp. strains were reported to afford
2.5 mg/L (Jayasuriya et al., 2005) and 10 mg/L (Park et al., 1998)
of echinomycin, respectively. The first total chemical synthesis
of echinomycin was accomplished by Kojima et al. (2020). As its
chemical synthesis is low yield, process complicated, environ-
mentally unfriendly, and has a lot of byproducts that are diffi-
cult to separate, new natural sources of echinomycin would have
latent applied value. To our knowledge, this is the first report of
echinomycin produced by a new source and obtained with a high
yield, and it is easy to isolate and purify from the fermentation
broth.

The exciting potential of echinomycin has stimulated a great
deal of research into its physical, chemical, and biological nature,
such as the biosynthesis pathway (Hirose et al., 2011; Watanabe
et al., 2006),mechanism of action, and structure–activity relation-
ship (Socha et al., 2009). As an effective antitumor agent, echino-
mycin has been evaluated by phase II clinical trial from the 1990s
(Brown et al., 1991; Chang et al.1998; Gradishar et al., 1995; Hakes
et al., 1990; Marshall et al., 1993; Muss et al., 1990, 1993; Schilsky
et al., 1991; Shevrin et al., 1994; Taylor et al., 1990; Wadler et al.,
1994). However, the in vivo antitumor efficacy was limited due
to its high hydrophobicity and low bioavailability (Alshaer et al.,
2019). A recent study suggested that echinomycin is a potent in-
hibitor of pancreatic cancer that targets the stem cells by inhibit-
ing Notch signaling proteins (Ponnurangam et al., 2016). It can se-
lectively kill the leukemia-initiating cell in relapsed acutemyeloid
leukemia (AML) without normal stem cell toxicity (Wang et al.,
2014).Oncolmmune, a clinical-stage biopharmaceutical company,
is working to develop new echinomycin formulations such as
nanoliposomal echinomycin to improve its half-life and therapeu-
tic index for treating patients with hematological malignancies,
such as triple-negative breast cancer (Bailey et al., 2020). Echino-
mycin has received orphan drug status for AML in 2015 and for
graft-versus-host disease (GVHD) in 2017 in the United States. As
an inhibitor of HIF-1 DNA-binding activity, echinomycin has also
been looked at as a possible therapeutic agent in ischemic dis-
eases (Plastino et al., 2021). Studies on echinomycin in biomedical
and medicinal aspects are ongoing and remain active. New natu-
ral sources of echinomycin would be valuable for industrial pro-
duction of the antibiotic to fulfill the requirements of medicinal
application and biological studies.

Posaconazole is a potent, novel, broad-spectrum triazole drug
and is clinically used to treat invasive infections by Candida
species (Li, Brown, et al., 2004), Mucor, and Aspergillus species
(Cacciapuoti et al., 2000) in severely immunocompromised pa-
tients. It was considered to be superior to other triazoles, such as

fluconazole and itraconazole, in the prevention of invasive fun-
gal infections (Cacciapuoti et al., 2000) and was suggested to be
the most effective treatment for both chronic and acute Chagas
disease, showing much better efficacy than benznidazole (Pinazo
et al., 2010). As an effective chemotherapeutic drug, posaconazole
is very expensive. Moreover, more and more posaconazole cross-
resistance with fluconazole, itraconazole, or both, was found in
some Candida isolates and Aspergillus fumigatus isolates (Torres
et al., 2005). So, the promising combination of posaconazole and
echinomycin may not only lighten patients’ financial burden, but
also reduce opportunities for the emergence of drug resistance
and lower the side effects of posaconazole. This new finding will
lead to further study of the selectively synergistic mechanism,
which will be helpful to find new actions of echinomycin and
guide the development of antifungal agents.
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Supplementarymaterial is available online at JIMB (www.academic.
oup.com/jimb).
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