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Plant diseases have resulted in massive losses of

agricultural produce [18]. In particular, soilborne plant

diseases caused by Fusarium oxyporum and Rhizoctonia

solani etc. have resulted in huge economic losses globally [1,

5]. Therefore, synthetic fungicides such as carbendazim

and thiophanate-methyl have been extensively used.

However, the long-term use of such chemical fungicides

has not only resulted in unintended side effects on the

environment and pesticide residues on agricultural

products, but also increased pathogen resistance [18]. As a

result, the demand for safe and efficient biological

pesticides is growing continually [6]. In order to avoid

generating cross-tolerance with original organic fungicides,

the aim of the development of biocontrol agents is to target

other mechanisms for plant protection [6, 14] .

Marine microorganisms are an important source for the

development of new biocontrol agents owing to their very

rich and varied biodiversity as well as rich and unique

metabolites. A variety of marine microbial antagonists and

their metabolites have been reported to control several

different pathogens on various economic crops and

vegetables [8, 10, 12, 16, 17]. Our laboratory is committed to

developing marine microorganism-derived fungicides that

can effectively prevent and control the wilt caused by

F. oxyporum and R. solani-based pathogenic plant fungi [3].

As part of our ongoing research on biocontrol agents

from marine actinomycetes, a new actinomycete strain

(NA4) was isolated from a sediment collected at the depth
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A new actinomycete strain NA4 was isolated from a deep-sea sediment collected from the

South China Sea and showed promising antifungal activities against soilborne fungal

pathogens. It was identified as Streptomyces cavourensis by morphological, physiological, and

phylogenetic analyses based on its 16S rRNA gene sequence. The main antifungal components

were isolated and identified from the fermentation culture as bafilomycins B1 and C1. These

compounds exhibited significant antifungal activities and a broad antifungal spectrum. The

results suggest that the Streptomyces cavourensis NA4 and bafilomycins B1 and C1 could be

used as potential biocontrol agents for soilborne fungal diseases of plants.
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of 1,464 m from the South China Sea and was screened with a

strong inhibitory effect on various fungal phytopathogens,

including Fusarium spp., R. solani, etc. (Fig. S1). The strain

NA4 was deposited at the China Center for Type Culture

Collection with the number CCTCC M 2012530. It produced

extensively branched substrate mycelia without diaphragms

and fragments. Scanning electron microscopy revealed

rectiflexibile chains borne on aerial hyphae, and the spore

chains were relatively long, including about 50 spores with

smooth surfaces and an elliptical shape (Fig. S2). These

characteristics supported strain NA4 belonging to the

genus Streptomyces. 

An almost complete 16S rRNA gene sequence (1,344 bp)

of strain NA4 was obtained and submitted to the GenBank

Database with the accession number KF682222. Sequence

analysis showed the 16S rRNA gene sequence of NA4 to be

most similar to those of Streptomyces cavourensis NBRC13026T,

Streptomyces albolongus NBRC13465T, and Streptomyces

celluloflavus NBRC13780T, with sequence identities of 100.0%,

99.93%, and 99.93%, respectively. Results of the phylogenetic

analysis showed that NA4 was in the same branch on the

cladogram with the three previously mentioned Streptomyces,

suggesting a close genetic relationship (Fig. 1). A comparison

of the phenotype characteristics indicated that the spores of

S. albolongus were long columnar shaped, positive for

tyrosinase, and generated black pigment, but negative

using arabinose [11]. S. celluloflavus produced spirales-type

spore chains, was negative for tyrosinase and had no

pigment production [11]. Only S. cavourensis could use

mannitol as the sole carbon source, and this species

produced black pigment but was negative for tyrosinase

(Tables S1 and S2). While the characteristics of strain NA4

was consistent with that of S. cavourensis, based on the

comprehensive phenotype and phylogenetic analysis, strain

NA4 was identified as S. cavourensis.

Moreover, two main antifungal metabolites 1 and 2 were

isolated and purified from the fermentation culture of

NA4 using HP20 macroporous adsorption resin, flash

Fig. 1. Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences showing the positions of strain NA4 in the genus

Streptomyces. 

Bootstrap values (expressed as percentages of 1,000 replications) of above 50% are shown at the branch points. Bar, 0.001 sequence divergence.
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chromatography over silica gel, and preparative thin layer

chromatography. Compound 1 was obtained as a white

amorphous powder. Its HRESIMS exhibited a [M+Na]+ ion

at m/z 743.4006 (Fig. S3), corresponding to a molecular

formula of C39H60O12, with 10 degrees of unsaturation. The
1H NMR (600 MHz, DMSO-d6) and 13C NMR (150 MHz,

DMSO-d6) spectra pointed to a bafilomycin derivative

skeleton (Figs. S4 and S5 ). The structure of 1 (Fig. 2) was

further elucidated to be bafilomycin C1 by 2D-NMR

analyses including HSQC, 1H–1H COSY, and HMBC

experiments (Fig. S6). Compound 2 was obtained as a yellow

amorphous powder. The HRESIMS data (m/z 838.4345

[M+Na]+) of 2 established the molecular formula to be

C44H65NO13 (Fig. S7). Moreover, compound 2 (Fig. 2) was

identified as bafilomycin B1 by NMR spectrometry data

(Figs. S8-S11). It should be noted that the signal of C8

(δ 39.4) was hidden in the solvent peak of DMSO, and the

signals of the four carbon atoms in the α,β-unsaturated

cyclopentanone ring had disappeared in the 13C NMR

spectra of compounds 1 and 2, respectively. The structures

of these compounds were hard to be certainly determined

relying on 1D-NMR and HRESIMS data. Therefore, all

these signals of C and H could be correctly and completely

attributed only in combination with 2D-NMR. All the proton

and carbon signals of these compounds are assigned in

Table S3. 

The antifungal activities of these compounds were

evaluated using the paper-agar disk diffusion assay. The

result indicated that the two compounds showed significant

inhibitory activities against a variety of Fusarium spp. and

R. solani, while being inactive against Setosphaeria turcica.

Their antifungal activities were concentration-dependent.

The highest inhibitory activity was observed for Fusarium

oxysporum f. sp. corylus chinensis and each piece of paper

held a 10 µg sample with its inhibition zone diameters

being 15.16 mm and 19.93 mm, respectively (Table 1). It

was notable that these bafilomycins showed better antifungal

activities against Fusarium spp. than amphotericin B as the

control drug. Specifically, the F. oxysporum species complex

comprises different formae speciales (f. sp.) that exhibit

high host specificity [9]. It is a devastating pathogen that

affects many important food and vegetable crops and is a

major source of loss to farmers worldwide. Unfortunately,

no effective strategy to control the pathogen is currently

available. To the best of our knowledge, this is the first

report on the significant inhibitory activity of bafilomycins

B1 and C1 against Fusarium spp. [4, 15]. Based on a

comparison of the antifungal activities and antifungalFig. 2. Chemical structures of compounds 1 and 2.

Table 1. In vitro antifungal activity of compounds 1 and 2 against a panel of plant pathogens.

Pathogenic fungi 
Compound 1 Compound 2

Amphotericin 

B Control

10 µg 5 µg 2.5 µg 10 µg 5 µg 2.5 µg 10 µg

Fusarium oxysporum f. sp. cucumerinum 10.45 ± 0.13 10.05 ± 0.29 11.07 ± 0.60 11.36 ± 0.43 10.66 ± 0.55 10.58 ± 0.54 11.86 ± 0.29 8

Fusarium oxysporum f. sp. corylus chinensis 15.16 ± 1.00 12.53 ± 0.77 11.80 ± 0.40 19.93 ± 0.59 16.51 ± 0.99 14.33 ± 1.15 15.09 ± 0.93 8

Fusarium oxysporum f. sp. cucumis melo L. 10.88 ± 0.83   8.47 ± 0.42 8 14.79 ± 1.00 12.48 ± 1.46 10.32 ± 0.29 8 8

Fusarium oxysporum f. sp. vasinfectum 13.64 ± 0.92 10.19 ± 0.63   9.08 ± 0.18 14.40 ± 1.82 10.65 ± 0.58   9.93 ± 0.77 13.17 ± 0.49 8

Fusarium graminearum 8 8 8 15.89 ± 0.40 12.00 ± 0.53 12.52 ± 0.63 8 8

Fusarium solani   9.70 ± 0.40   8.61 ± 0.53 8 10.12 ± 0.46 8 8   9.47 ± 0.23 8

Fusarium moniliforme 10.42 ± 0.38   8.35 ± 0.30 8 11.63 ± 1.10   9.07 ± 0.10   9.69 ± 0.57 8 8

Rhizoctonia solani 10.81 ± 0.36 10.35 ± 0.28   9.51 ± 0.45 12.52 ± 0.81   8.72 ± 0.25 8 13.19 ± 0.25 8

Botrytis cinerea 11.45 ± 1.23   9.20 ± 1.06 8 10.84 ± 0.92   9.72 ± 0.66   9.23 ± 0.38 10.72 ± 0.62 8

Setosphaeria turcica 8 8 8 8 8 16.45 ± 0.66 8

Diameter of inhibition zone represents the mean ± SD of three independent readings; SD: standard deviation.

Diameter of paper disks: 8 mm.
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spectrum of the two compounds, compound 2 showed a

stronger activity and a wider antifungal spectrum. It

suggested that the α,β unsaturated cyclopentanone ring

helped to improve the antimicrobial activity of bafilomycin

B1. In other words, these bafilomycins may have a role in

the biocontrol of different fungal phytopathogens. 

HPLC analysis was applied for the standard curves

based on the standard bafilomycin B1 and bafilomycin C1

at different concentrations, and we determined the

contents of bafilomycins B1 and C1 from fermentation

supernatants (7.88 mg/l and 2.78 mg/l, respectively). The

contents of bafilomycin B1 and bafilomycin C1 were

15.58 mg/l and 3.73 mg/l from mycelia, respectively. Each

liter of Streptomyces cavourensis NA4 fermentation broth

yielded a total of 23.45 mg of bafilomycin B1 and 6.60 mg

of bafilomycin C1. To the best of our knowledge, this is the

highest reported content of bafilomycins produced from a

wild-type strain [2, 4, 7, 13, 15, 19]. The yield can be further

improved through induced breeding, optimized culture

conditions, and composition of the culture medium. In

addition, only two bafilomycins, bafilomycin D and

hygrobafilomycin, have been reported from S. cavourensis

[17]. This is the first report that S. cavourensis produced

bafilomycins B1 and C1. Therefore, S. cavourensis NA4

could be used as a bafilomycin producer for the control of

fungal diseases.

In this study, we described the marine-derived S. cavourensis

strain NA4, which exhibits potent inhibitory activities

against Fusarium spp., R. solani, and Botrytis cinerea, and its

antagonistic effects are mainly due to the production of

antifungal antibiotics, bafilomycins B1 and C1. The present

results suggest that S. cavourensis NA4 could be used as a

potential biocontrol agent for soilborne fungal diseases of

plants and a novel producer for bafilomycins; and at the

same time, bafilomycins B1 and C1 could be two promising

lead compounds for the development of valuable fungicides.
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