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Abstract Crude extract from a culture of a soil Strepto-
myces sp. strain ZDB showed toxicity towards Artemia
salina and antimicrobial activity against Escherichia coli,
Bacillus subtilis, Staphylococcus aureus, Chlorella vul-
garis, and Chlorella sorokiniana. Large scale fermentation
of the strain led to the isolation of the macrolide antibiotics,
bafilomycins Al (1), B1 (2), and D (3) together with non-
actic acid (4) and bostrycoidin-9-methyl ether (5). Struc-
tures of the antibiotics were determined based on spectral
data analysis. We describe the isolation of the compounds
and characterization of the producing strain.

Keywords Bafilomycins - Streptomyces sp. strain ZDB -
A. salina
Introduction

Currently, there is an urgent need for effective antibiotics
with low toxicity and a minor environmental impact (Stro-
bel and Daisy 2003). Studies show that there is a rise in
antibiotic resistance worldwide as pathogens continue to
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develop resistance mechanisms (Hancock 2007; Cowen
2008). Furthermore, ‘superbugs’ and new infectious
agents’ emergence have further driven the need for novel
and effective antibiotics (Katz et al. 2006; Strobel et al.
2004). Streptomyces have been a rich source of biologically
active secondary metabolites for decades. Recently, Jang
et al. (2013) have isolated a potent anthrax antibiotic named
anthracimycin from a Streptomyces species recovered from
shore marine sediments found near Santa Barbara. Further
study on anthracimycin by Hensler et al. (2014) showed
that it effectively inhibited methicillin-resistant (MRSA)
and vancomycin-resistant strains of Staphylococcus aureus
both in vitro and in vivo. Similarly, researchers from Ger-
many and USA have discovered a new antibiotic, teixobac-
tin, which kills pathogen without detectable resistance from
the culture of a bacterium species (Ling et al. 2015).

In the course of our search for bioactive compounds
from microorganisms, we isolated a strain of Streptomyces
from soil samples collected from nearshore sediment of
lake Koka, Ethiopia. We investigated the strain for meta-
bolic competence and biological activities against larvae of
A. salina and other test organisms. From the fermentation
broth of the strain, five bioactive compounds were isolated
and characterized. In this study, we describe the isolation
of the active compounds together with characterization of
the producing strain.

Materials and methods
Characterizations of the Streptomyces sp. strain ZDB

Streptomyces sp. Strain ZDB was isolated from soil sam-
ples collected from nearshore sediment of Lake Koka
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(8°26'N 39°02'E), Ethiopia according to a previously
described method (Ruanpanun et al. 2010).

The morphology and cultural characteristics of the strain
were examined following the guidelines of the International
Streptomyces Project (ISP) (Shirling and Gottlieb 1966).
The cultural aspects of the pure isolate were observed on
various ISP media following incubation at 28 °C for 14
days. Colors of aerial and substrate mycelia were deter-
mined and recorded using the National Bureau of Stand-
ards (NBS) Color Name Charts (KL 1958). Growth range
for temperature and pH were examined on ISP2 medium
and through culturing for 7 days. Cell wall diaminopimelic
acid (DAP) isomers and sugar composition were exam-
ined using a TLC according to procedures described by
(Hasegawa et al. 1983). Physiological characteristics were
determined as recommended by (Williams et al. 1983).

Phylogenetic analyses

The phylogenetic position of Streptomyces sp. strain ZDB
was determined by 16S rRNA gene sequence analysis.
Genomic DNA was extracted from biomass of the strain
and PCR-mediated amplification and 16S rRNA gene
sequence of the purified product achieved, as described
by Ruanpanun et al. (2011). The resultant, almost com-
plete 16S rRNA gene sequence (1467 nucleotides), was
submitted to the EzTaxon server (http://eztaxon-e.ezbio-
cloud.net; Kim et al. 2012) and aligned with 16S rRNA
gene sequences of closely related Streptomyces species
using MUSCLE version 3.8 software (Edgar 2004). Phylo-
genetic tree was generated using neighbor-joining (Saitou
and Nei 1987) tree-making algorithms drawn from MEGA
7 (Kumar et al. 2016); an evolutionary distance matrix for
the neighbor joining analysis was prepared using the Jukes
and Cantor (1969) model. The stability of the clades in the
trees was evaluated after 1000 bootstrap replicates of the
neighbour-joining data (Felsenstein 1985). The root posi-
tion in the neighbour-joining tree was inferred by using S.
longisporus ISP 51667 (accession number AJ399475).

Artemia salina microwell cytotoxicity assay

Larvae of A. salina (SERA Artemia Salinenkrebseier,
SERA Heinsberg—Salinenkrebsfutter: micro cell DOHSE
Aquaristik KG Bonn) were transferred to a deep-well
microtiter plate filled with 0.2 mL of salt water. Dead lar-
vae were counted (N). The crude extract (100 ug/mL) was
added to the plate and kept at room temperature for 24 h. A
number of the dead larvae (A) was recorded under a micro-
scope. The still living larvae were killed by addition of ca.
0.5 mL methanol so that subsequently the total number
(G) of larvae could be determined. The mortality rate M
was calculated in %. The test was accompanied by a blind
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sample with pure DMSO (B) and a control sample with
1 pg/test actinomycin D. The mortality rate M was calcu-
lated using the following formula:

A—-—B-N

m=|
G-N

]xlOO

Antimicrobial activity assay

Antimicrobial activity was measured by the disc diffu-
sion method on nutrient agar (bacteria; culture at 37 °C for
24 h) and water agar [algae; culture at room temperature
(25+3°C) for 7-14 days]. Test organisms were E. coli, B.
subtilis, S. aureus, C. vulgaris, C. sorokiniana. The strain
ZDB was grown in ISP2 medium broth on a rotatory shaker
at 130 rpm and 28°C for 7 days (Ruanpanun et al. 2011).
The culture broth was extracted with ethyl acetate and the
organic phase evaporated to dryness. The crude extract was
dissolved in 0.5% DMSO at a concentration of 10 mg/mL;
40 pL of this solution was absorbed on paper discs (9 mm
diameter, Schleicher & Schiill No. 321 261).

Fermentation and isolation of the bioactive compounds

Five litres culture broth of the terrestrial Streptomyces sp.
strain ZDB was used to inoculate 25 L of ISP2 medium
in a 50 L fermenter Biostat U (B. Braun Dissel Biotech
GmbH) consisted of a 70 L metallic container (50 L work-
ing volume), propeller stirrer, and culture container covered
with thermostat for autoclaving, cooling and thermostat-
ing (Braun Melsungen, Germany). The culture was main-
tained at 28 °C for 7 days. The resulting brown broth was
separated into biomass and water phase using a method
previously reported (Dame et al. 2015). The biomass was
extracted with ethyl acetate and acetone, respectively. The
water phase was adsorbed on Amberlite XAD-16 (Rohm
and Haas Frankfurt) column and eluted with methanol. The
methanolic extract was concentrated and further extracted
with ethyl acetate. Organic phases from both the biomass
and water phase extracts were combined and evaporated
under vacuum at 38 °C to afford 5 g of crude extract.

The crude extract was fractionated on silica gel col-
umn using CH,Cl,/MeOH with a stepwise gradient of
increasing polarity. The fractions were monitored by
TLC (DC-Folien Polygram SIL G/UV,s, (Macherey-
Nagel & Co.). A total of three fractions were obtained
(Fig. 1) from which the first fraction (Fraction I) was
found to be fat and was not further analyzed. The second
fraction (Fraction II) contains UV absorbing bands and
was separated by PTLC (silica gel 230-400 mesh) and
further purified on Sephadex LH-20 (Lipophilic Sepha-
dex; Amersham Biosciences, Ltd., Sigma-Aldrich Che-
mie, Steinheim, Germany) to afford bafilomycins A1l (1),
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Fig.1 Work up schema of the
terrestrial Streptomyces sp.
strain ZDB
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B1 (2), and D (3). Fraction three (Fraction III) was sub-
jected to Sephadex LH-20 (MeOH) and gave nonactic
acid (4) and Bostrycoidin-9-methyl ether (5).

Structure determination of the compounds

NMR spectra were recorded on Varian Unity 300
(300.145 MHz) and Varian Inova 500 (499.876 MHz)
spectrometers. ESI-MS was recorded on a Finnigan LCQ
with quaternary pump Rheos 4000 (Flux Instrument).
ESI-HR mass spectra were measured on a Micromass
LCT spectrometer coupled with an HP 1100 HPLC with
a diode array detector.

Results

Streptomyces sp. strain ZDB showed rectiflexible substrate
mycelia and hyphae under a light microscope. The myce-
lium was branched; the aerial mycelium was monopodi-
ally branched with broom-shape of sporophores. Cultural
characteristics of the strain are shown in Table 1. The strain
showed moderate to abundant growth on most media except
tryptone yeast extract agar and glycerol asparagine agar.
Typically, the colonies were convex and some part of the
aerial mycelium and spore chains could be observed around
the colony edge. The aerial mycelium was initially white;
greenish to brownish depending on the medium used and
gradually darkened in old cultures. Likewise, the vegetative
mycelium was colorless on all medium. No diffusible pig-
ment was observed. Growth occurred between 15 and 37 °C

Table 1 Cultural characteristics
of Streptomyces sp. strain ZDB

Medium Growth Aerial mycelium Substrate mycelium
Tryptone yeast extract agar (ISP1) Sparse Greenish-white Colourless
Yeast extract-malt extract agar (ISP2) Abundant Greenish-white Colourless
Oatmeal agar (ISP3) Abundant Greenish-white Colourless
Inorganic salt-starch agar (ISP4) Moderate Brownish-white Colourless
Glycerol asparagines agar (ISP5) Poor Brownish-white Colourless
Yeast extract-iron agar (ISP6) Moderate Brownish-white Colourless
Tyrosine agar (ISP7) Moderate Brownish-white Colourless
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and at pH values ranging from 5 to 11. Growth occurred
in the presence of 0.1% phenol (v/v), 0.1% sodium pro-
pionate (w/v), 3% NaCl (w/v) but not in the presence of
5% NaCl (w/v). Nitrate was reduced. The strain was also
able to degrade Tween 20 but unable to degrade Tween
40, 60, 80, casein, chitin, gelatin, testosterone, and xylan.
This isolate was sensitive to most antibiotics including (ug/
mL): neomycin (50), novobiocin (50), oleandomycin (50),
rifampicin (50), and streptomycin (100). But was resistant
to penicillin G (10 i.u./mL). The physiological properties
tested showed positive results for utilization of many car-
bon sources including L-adonitol, L-arabinose, D-cellobiose,
p-fructose, p-fucose, b-glucose, L-lactose, b-mannitol, raf-
finose, L-rhamnose, sucrose, and p-trehalose but was unable
to utilize arabitol, p-galactose, b-melezitol, salicin, p-sorbi-
tol, and xylitol. For nitrogen source utilization, b,L-alanine,
L-arginine, L-asparagine, L-histidine, L-leucine, L-methio-
nine, D,L-norleucine, L-threonine and L-tryptophan were
shown to be positive, while D,L-a-amino-n-butyric acid,
L-cysteine, and L-phenylalanine were not utilized.

Chemotaxonomic tests of strain ZDB showed that the
whole-cell hydrolysate was rich in L,L-diaminopimelic
acid (LL-DAP) with no characteristic sugar pattern. With
the morphological characteristics of spore chains, cell wall
chemotype I with no characteristic sugar, it was clear that
the strain ZDB belongs to the genus Streptomyces.

The assignment of this strain to the genus Streptomy-
ces was further supported by its 16S rRNA gene sequence

analysis (1467 nucleotides), which was submitted to the
DNA Data Bank of Japan (DDBJ) under the accession
number LC270811. Comparison of the sequence of strain
ZDB with those of representative strains of the genus
Streptomyces showed that this organism formed a dis-
tinct phylogenetic line with a clade encompassed by the
Streptomyces mobaraensis (Fig. 2). Moreover, the strain
showed a 16S rRNA gene sequence similarity of 98.64%
with S. mobaraensis, which is equivalent to a difference
of 19 nucleotides out of 1399 positions, and a 98.64% dif-
ference with Streptomyces abikoensis (19 nucleotide dif-
ferences out of 1393 positions).

The terrestrial Streptomyces sp. strain ZDB was culti-
vated in four Erlenmeyer flasks each containing 250 mL
of the ISP2 medium at 28 °C for 7 days. The culture was
extracted with ethyl acetate and the extract was used for
the primary screenings. The crude extract showed inhibi-
tory activity against E. coli, B. subtilis, S. aureus, C. vul-
garis, and C. sorokiniana (Table 2).

The strain also displayed strong cytotoxicity against
larvae of A. salina. At a dose of 100 pg/mL, the crude
extract caused a 100% mortality rate of the larvae. The
chemical screening showed UV absorbing bands, which
gave brown and red spots on spraying with anisaldehyde/
sulphuric acid. Further workup on the strain led to the
isolation of bafilomycins Al (1), B1 (2) and D (3), nonac-
tic acid (4), and bostrycoidin-9-methyl ether (5) (Fig. 3).
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56 S. platensis JCM 46627 (AB045882)
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Streptomyces sp. strain ZDB (LC270811)

_i— S. mobaraensis NBRC 138197 (AORZ01000256)
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Fig. 2 Neighbor-joining tree based on almost complete 16S rRNA
gene sequence showing phylogenetic relationships between Strepto-
myces sp. strain ZDB and related members of the genus Streptomy-
ces. Numbers at nodes indicate the level of bootstrap support based
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Table 2 Antimicrobial activity

Tested organisms  Inhibition
of crude extract of Streptomyces zone @
sp. strain ZDB [mm]

E. coli 10

B. subtilis 11

S. aureus 11

C. vulgaris 13

C. sorokiniana 13

The major fraction obtained after separation of the
crude extract on a silica gel column showed UV absorb-
ing dark spots on TLC. Separation by PTLC and further
purification by Sephadex LH-20 chromatography afforded
bafilomycins A (1), B (2), and D (3) as the major metabo-
lites. While Bafilomycin B1 (2) was isolated as a yellow-
ish solid, bafilomycins A1l (1) and D (3) were isolated as
colourless solid. All the three gave a brown color reaction
on TLC with anisaldehyde/sulphuric acid. The '"H NMR
spectrum of bafilomycin B1 showed H/D exchangeable
protons, olefinic methines, methoxy groups, multiplets in
the range of 6 4.15-3.10 for methine groups connected
to oxygen, signals for methyl groups bound to a double

Fig. 3 Structures of bafilo-
mycins Al (1), B1 (2), D (3),

nonactic acid (4), and bostrycoi- H,C

din-9-methyl ether (5)

3
CH, OH O
o
L0 O
H,C
5

bond and methyl doublets in the range of 6 1.05-0.6. ESI-
MS gave an ion peak at m/z 838 [M+Na]" indicating a
molecular weight of 815 Dalton. These data together with
the '3C NMR spectrum were used to search for a related
structure in the microbial natural product database, the
AntiBase (Laatsch 2014), which gave bafilomycin B1 (1)
as the structure of the compound. Bafilomycins Al and
D also displayed similar proton NMR spectra as that of
bafilomycin B1, however, some methylene signals in the
aliphatic region, the doublets observed in the aromatic
region and the two H/D exchangeable protons seen in the
spectrum of bafilomycins B1 were absent in the proton
spectrum of both bafilomycins A1(1) and D (3). Their
structure was also confirmed based on NMR and mass
spectral data.

Nonactic acid (4) was isolated as a colorless oil and
identified with its proton and mass spectral data. It is fre-
quently isolated from bacteria. Bostrycoidin-9-methyl ether
(5) on the other hand, was isolated as a red solid. The ESI
mass spectrum showed ion signals for m/z 322 [M+Na]*
and 298 [M—H]™ respectively giving a molecular weight
of 299 Dalton. Both compounds were identified based on
spectral analysis and comparison with authentic spectra
from the AntiBase database (Laatsch 2014).

HO (o]
2
OH 0
H,C
H,C 5 OH

4
X CH,
N

@ Springer



139 Page 6 of 6

World J Microbiol Biotechnol (2017) 33:139

Discussion

Bafilomycins are macrolide antibiotics possessing a
16-membered lactone ring and were isolated for the first
time from a culture of Streptomyces griseus (Werner et al.
1984). These antibiotics are potent inhibitors of vacuolar
V-type ATPase, an enzyme responsible for maintaining
vesicular acidification and for their broad antibacterial and
antifungal activities (Bowman et al. 1988). Studies on the
anthelminthic properties of bafilomycins revealed that they
are active against nematode strains resistant to the known
benzimidazole, levamisole and avermectin anthelmintics
(Lacey et al. 1995). In our bioassay, they showed strong
toxicity against larvae of A. salina accounting for the activ-
ity exhibited by the crude extract of the strain. On the other
hand, the antibiotic bostrycoidin-9-methyl ether (5) was
discovered by Steyn et al. (1979) from the fungus Fusar-
ium moniliforme. Its antibiotic activity against S. aureus
has also been reported (Baker et al. 1990). While looking
for new antibiotics, studies show that testing the already
known bioactive metabolites against new targets is show-
ing promising results (Dame et al. 2016). Therefore, test-
ing these macrolides against various pathogens could reveal
novel bioactivities.
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