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Abstract Actinobacteria is a prolific producer of complex natural products; we isolated a
potential marine Streptomyces sp. PM49 strain from Bay of Bengal coastal area of India. The
strain PM49 exhibited highly efficient antibacterial properties on multidrug-resistant pathogens
with a zone of inhibition of 14–17 mm. SSF was adopted for the production of the secondary
metabolites from PM49 with ISP2; utilizing agricultural wastes for compound extraction was
also attempted. Bioactive fraction of Rf value 0.69 resolved using chloroform and ethyl acetate
(1:1, v/v) was obtained and subjected to further analysis. Based on UV, IR, ESI-MS, and 1H
and 13C NMR spectral analysis, it was revealed that the compound is closely similar to
cyslabdan with a molecular mass of 467.66 corresponding to the molecular formula
C25H41NO5S. ESBL and MBL production was screened in the hospital test isolates of
Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae, and
Staphylococcus aureus. PCR amplification in the phenotypically positive strains was positive
for blaIMP, blaSHV, blaCTX-M, and mec genes. The β-lactamase enzyme from tested strains had
cephalosporinase activity with a 31-kDa protein and isolated compound from the strain
possessing β-lactamase inhibitory potential. MIC of the active fraction was 16–32 μg/ml on
ATCC strains; the ceftazidime and meropenem sensitive and resistant test strains showed MIC
of 64–256 μg/ml. The Streptomyces sp. PM49 aerial mycelium was rectiflexibile; the 16S
rRNA showed 99 % identity with Streptomyces rochei and submitted at Genbank with
accession no JX904061.1.
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Introduction

Infectious diseases are the second major cause of death worldwide, and the propensity to
tolerate drying and resist multiple classes of antibiotics is the key factor in enabling pathogenic
organisms to survive and spread in the nosocomial environment. The treatment of infections
with Pseudomonas aeruginosa and Acinetobacter baumannii is extremely difficult because of
the widespread resistance to the major groups of antibiotics with multiple mechanisms of
resistance and which are associated with serious infections [1]. Klebsiella pneumoniae is an
important human pathogen associated with many nosocomial outbreaks, and the level of
extended spectrum beta-lactamase (ESBL)-positive Escherichia coli started to become in-
creasingly harder to treat. Occurrence of CTX-M, SHV, and the TEM genes among the
extended spectrum β-lactamase-producing isolates of E. coli and K. pneumoniae are reported
in India [2]. The production of β-lactamases is the most prevalent mechanism of bacterial
resistance to β-lactam antibiotics amino acid substitutions in the β-lactamases rendering
resistance to penicillins and cephalosporins [3]. Gram-negative bacteria are inherently more
resistant to antimicrobials than Gram-positive organisms, and this has been ascribed to the
combined exclusion of antimicrobial compounds by double membrane barrier and
transmembrance efflux [4].

There is an urgent need for a sustainable supply of new, potential, and safer antibacterial
drugs having no cross-resistance to those currently used as antibiotics; unfortunately since the
1970s, only one new class of antibiotics has been introduced. Natural products have led to the
discovery of new compounds and drug leads especially from unexplored marine resources [5].
Marine actinobacteria have yielded numerous novel secondary metabolites, and discovering
new Streptomyces spp. are proving to be a valuable source of new bioactive metabolites. They
have been reported to produce beta-lactam, carbapenems, and many other antibiotics and still
remain as a promising resource of new antibacterial compound [6]. Streptomyces is known for
the production of many β-lactam antibiotics; they have produced novel inhibitor molecules as
cyslabdan, a potentiator of carbapenem antibiotic [7]. In this article, we describe the isolation
and identification of a potential marine Streptomyces sp. (PM49) and seek to determine the
biological activities and elucidate the structure of the antibacterial compound.

Materials and Methods

Isolation and Screening of a Potential Marine Actinobacteria

Marine sediment samples were collected from Bay of Bengal, Parangipettai coastal area
(Lat.11 29′ N; Long. 79 47′ E) of India. After pretreatment, 100 μl of aliquot from 10−3,
10−4, and 10−5 dilution of the sample was spread-plated on starch casein agar supplemented
with nalidixic acid 20 μg/ml and cycloheximide 100 μg/ml to inhibit bacterial and fungal
contaminants. Colonies with actinobacterial morphology were purified with yeast extract malt
extract agar (ISP-2) and stored in 20 % glycerol stock at −20 °C. Preliminary screening for
antimicrobial strain was done with cross-streak method against E. coli ATCC 25922,
P. aeruginosa ATCC 27853, B. subtilis NCIM 2063, and Staphylococcus aureus ATCC
33591 and was also confirmed using the control strains by agar plug method. MDR strains
of E. coli (2531), K. pneumoniae (551), P. aeruginosa (2030), A. baumannii (3473), and
S. aureus (15140) with the specified identification numbers isolated from hospital were also
tested for antagonistic activity [8]. Inhibition of bacterial growth was observed after 24 h of
incubation at 37 °C and was further tested for the confirmation of antibacterial activity using
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disc and well diffusion methods with the crude extract of the strain PM49 grown on ISP-2
media [9].

Fermentation and Extraction of Metabolites

Solid-state fermentation was adopted for the production of metabolites, and the crude extract
was prepared by streaking on the yeast extract malt extract agar (ISP2 medium) plates and
incubating at 28 °C for 10 days. After scraping the mycelial growth, the metabolite was
extracted using ethyl acetate and quantified. The antimicrobial activity was determined using
50-μl discs of PM49 crude compound (1 % DMSO) in the concentration of 100 μg/ml, which
was prepared and allowed to dry. Efficiency was tested against S. aureus ATCC 33591,
B. subtilis NCIM 2063, and E. coli ATCC 25922 by disc diffusion method [9]. For large-
scale production of crude extract from PM49, agricultural wastes of soybean, bran of wheat
and rice, and tapioca were dried, and 10 g of different substrates were added with 100 ml of sea
water and boiled [10]. The filtrate was extracted, and the volume was doubled with distilled
water. Other variable factors such as 1.5, 2, 2.5, and 3 % of NaCl, 100, 75, and 50 % of sea
water, organic nitrogen sources as yeast extract, malt extract, beef extract, and peptone were
optimized at pH 7 by adopting the classical one-factor-at-a-time method. Inoculum of the
strain was prepared using ISP-2 broth for 48 h of incubation at 28 °C in a rotary shaker, then
streaked onto plates with different substrates, and incubated for 10 days at 28 °C.

Purification of Streptomyces sp. PM49 Compound

The crude extract from the strain PM49 was subjected to thin layer chromatography using
silica gel (60 F, 254 nm, Merck). After optimizing the organic solvent system in order of their
polarity with n-hexane, n-butanol, diethyl ether, chloroform, ethyl acetate, methanol, and water
in different proportions, the crude extract was successfully fractionated. TLC sheets were air-
dried, observed in UV light, and developed in iodine chamber; Rf value of the separated
fractions were calculated and recorded [11]. Bioautography for antimicrobial activity was
determined by inverting the chromatogram on top of culture nutrient agar plate seeded with
test strains. E. coli ATCC 25922, S. aureus ATCC 33591, and the mentioned MDR strains
were checked and observed for zone of inhibition. To further confirm the inhibitory activity,
semisolid MHA with 12 % agar inoculated with the test organisms was poured onto TLC
plates. After incubation for 24 h at 37 °C, bacterial growth inhibition was estimated; sensitivity
of the test was enhanced with the addition of 0.1 % triphenyl tetrazolium chloride (TTC). The
crude extract was further purified by column chromatography and preparative TLC using silica
gel (60 F, 254 nm, Merck); the compound was checked for its antibacterial potential on the
abovementioned strains. It was also synergistically tested along with 10 μg of meropenem and
30 μg of ceftazidime discs.

Characterization by Spectroscopic Measurements

The active fraction purified by chromatography was subjected to all spectral analyses. UV
spectra were obtained with a CARY 2E UV-VIS-NIR spectrophotometer at room temperature
with resolution between 200 and 500 nm range [12]. The IR spectrum was recorded with a
PERKIN ELMER Spectrum FT-IR Spectrometer (KBr plate, νmax in cm−1), and the spectrum
was recorded in the range 4000–400 cm−1. The 1H- and 13C-NMR spectrum were measured
with a Bruker AVANCE III 500 MHz (AV 500) spectrometer operating at 500 MHz using
CDCl3 and TMS as an internal reference at 500 MHz for 1H and 125 MHz for 13C; the
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chemical shifts were expressed in parts per million (ppm) with reference to (TMS) [13]. The
HRESI mass spectra were obtained on a Finnigan MAT 8230 MS Mass spectrometer; the
identification of the compound was based on the peak area, molecular weight, and molecular
formula.

Characterization of the Test Pathogens

The phenotypically positive meropenem- and ceftazidime-resistant E. coli, K. pneumoniae,
P. aeruginosa, and A. baumannii isolates screened from endotracheal secretions, cerebrospinal
fluid, blood, catheter, peritoneal fluid, pus, and surgical swabs were characterized. The test
strains of 0.5McFarland standards were inoculated on MHA plate; disc approximation method
was adopted for identifying of extended-spectrum beta-lactamase (ESBL). For metallo-β-
lactamase (MBL) production, a 5-mm Whatman filter paper disc with 0.5 M ETDA of 5 μl
(930 μg per disk) and a 10-mg meropenem disc constituted with 10 μl of 50 mM zinc sulphate
was dispensed at 15 mm and tested using combined disc test (CDT) and double-disk synergy
test (DDST) [2]. Template DNA was extracted from the selected multidrug-resistant E. coli
(2531), K. pneumoniae (551), P. aeruginosa (2030), A. baumannii (3473), and S. aureus
(15140) and few other isolates by rapid alkali lysis method using primers specific for common
ESBL and MBL genes blaSHV, blaIMP, blaOXA-58, blaCTX-M, and mec genes [14–16]. PCR
conditions were 3 min at 93 °C, 40 cycles of 1 min at 93 °C, 1 min at 55 °C, 1 min at 72 °C,
and finally 7 min at 72 °C. Amplification was carried out in a thermocycler (Eppendorf), and
the amplicon was separated in 1% agarose gel, visualized with ethidium bromide (0.5 μg /ml),
and compared with molecular marker.

SDS PAGE Analysis of β-Lactamase Enzyme

The MDR non-lactose fermenters P. aeruginosa (2030) and A. baumannii (3473) cultures were
grown from a single colony in LB broth, and the expression of β-lactamase enzymes was
analyzed with the induction of ceftazidime (20 μg and 40 μg/ml). The flasks were incubated at
37 °C until the cultures reached OD600–0.7–0.8); the cells were disrupted using an ultrasonic
disintegrator at 4 °C until complete visible cell lysate was obtained. Cell debris was removed
by centrifugation (14,000 rpm, 20 min at 4 °C), and the enzyme was purified by ammonium
sulphate precipitation up to 80 % saturation at pH 8 and left undisturbed overnight at 4 °C. The
precipitated protein was collected by centrifugation at 14,000 rpm, 30 min at 4 °C, and re-
dissolved in 30 ml of ice-cold 30 mM Tris-HCl, pH 7.6 [17]. The supernatant was loaded into
a 20×200-mm Q-Sepharose column, and the bound proteins were eluted with 0–400 mM
NaCl in 30 mM Tris-HCl, pH 7.6, at a flow rate of 2 ml/min. The fractions were separated by
12 % denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis with TGS elec-
trophoresed for 2 h, stained with Coomassie brilliant blue, and destained.

Mechanism of Activity by Streptomyces sp. PM49 Active Fraction

The mode of action of Streptomyces sp. PM49 active fraction was tested for efflux and β-
lactamase inhibition using the purified β-lactamase enzymes. The bioactive fractions of 40, 80,
and 160 μg/ml were tested by agar dilution method in the presence of 1,3,5-triphenyltetrazo-
lium chloride/reserpine [18]. Decrease in MIC was observed on each of the strains of E. coli
(2531), K. pneumoniae (551), P. aeruginosa (2030), A. baumannii (3473) and S. aureus
(15140); S. aureus ATCC 25923 (G+) and P. aeruginosa ATCC 27853 (G−) were used as
control. Beta-lactamase inactivation using 50 μl nitrocefin and ceftazidime (30 μg+160 μl
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active fraction) was observed for the color change from yellow to red [19]. β-Lactamase
potentiating activity was also performed with the bioactive fraction of Streptomyces sp. PM49.

Determination of the MIC and Time Kill Assay

The above test strains were tested for MIC with the active fraction of stock 6.5 mg/ml by agar
dilution method using 0.5 McFarland standards [20]. The MIC of ceftazidime and meropenem
was used as positive control, and each experiment was duplicated. Negative control tubes were
devoid of antibiotic and compound; ethylacetate and DMSO (used to dissolve compound)
were tested to ensure that solvents had no influence on MIC. The concentration was ranging
from 0.5 to 256 μg/ml; standard ATCC cultures were used for quality control to find the lowest
concentration that is able to inhibit any visible growth [12]. The rate of kill assay with the
active fraction on the pathogenic strains inoculum were prepared following the described
guidelines of the EUCASTwith bioactive fraction of doubling dilutions of concentration from
MIC 0.5 to 64 μg/ml [21]. The resultant cell suspension was diluted 1:100 with fresh sterile
broth and used to inoculate 5-ml volume of nutrient broth incorporated with the metabolite at
multiples of the MIC to a final cell density of 5×105 cfu/ml. The flasks were then incubated
with shaking at 37 °C on an orbital shaker at 120 rpm. About 100 μl of samples was
withdrawn at 6- and 12-h intervals, diluted appropriately, plated on MHA plates, and then
incubated at 37 °C for 24 h [22]. The numbers of surviving cells were enumerated inclusive of
control (minus extract) nutrient broth inoculated with test organism.

Taxonomy and Phylogenetic Analysis

The selected strain Streptomyces sp. PM49 was morphologically characterized and phyloge-
netically determined. The mycelium structure and arrangement of spores were examined under
bright field and scanning electron microscope (JEOL model 6390). Various physiological
characteristics and biochemical tests were performed for the isolate. Chemical and sugar
analysis of the strain was executed using TLC. Genomic DNA was extracted from
Streptomyces sp. PM49, and sequencing was performed using consensus 16S rRNA primers
(ABI 3500 XL Genetic Analyzer with Big Dye Terminator version 3.1″ Cycle sequencing kit).
The amplified product after purification was examined by agarose gel electrophoresis.
Multiple sequence alignment was performed to identify closely related homologs with the
help of BLASTN search tool available at NCBI (http://www.nih.nov.ncbi). Sequences were
aligned using the MUSCLE software (multiple sequence comparison by log-expectation), and
phylogenetic tree was constructed using Mega 5.0 [23].

Results and Discussions

Actinobacteria are known to produce clavams (clavulanic acid), carbapenems (thienamycin),
nocardicins, and monobactams. Streptomyces clavuligerus is reported for ceplalosporin β
lactam antibiotics and its inhibitors [24]. The marine isolates were designated as PM1–
PM100, and colonies with actinobacterial features and distinct morphology were selected.
The strains were analyzed on the basis of spore mass color, aerial and substrate mycelium
formation, production of diffusible pigments, and good antagonistic activity. Based on this, a
potential actinobacterial strain PM49 was selected and was characterized by morphological
and biochemical methods as it exhibited broadly clear antimicrobial activity. Valan et al. [25]
has reported that marine samples from Bay of Bengal coastal area are rich source for novel
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marine Streptomyces sp. [25]. We evaluated the Streptomyces sp. PM49 compound activity
against both Gram-positive and Gram-negative bacteria. Zone of inhibition with diameter 13–
15 mm was obtained for S. aureus (15140) pathogenic strain and 15–17 mm for S. aureus
ATCC 33591 and B. subtilisNCIM 2063 control strains. About ~21-mm inhibition zones were
obtained on cephalosporin- and carbapenem-sensitive strains of E. coli, K. pneumoniae,
P. aeruginosa, and A. baumannii. The specificity for the compound was recapitulated by agar
plug method; the lactose-fermenting E. coli and K. pneumoniae exhibited 16–17 mm, and non-
lactose fermenters P. aeruginosa and A. baumannii showed 14–17-mm zones of inhibition.
Both disc and well diffusion methods of the crude extract demonstrated inhibitory zone on
E. coli ATCC 25922 and P. aeruginosa ATCC 27853 of 15 and 17 mm, respectively. Marine
actinobacteria with antimicrobial potential on pathogenic strains with inhibitory zone of >13±
3 mm as in this study have been reported [26].

Variability in secondary metabolite production was observed with different tempera-
tures, pH levels, and NaCl concentration but with pH 7, and 2 % of NaCl growth was
enhanced and the production of secondary metabolite was high in ISP2 at 28 °C. In the
preliminary studies using one-factor-at-a-time approach, the important four independent
variables, temperature, pH, sea water, and NaCl, along with carbon source and nitrogen
sources were found to influence the production of the compound as described [27]. Solid-
state fermentation for the above set parameters gave a good yield of compound with
soybean meal (6.5 μg/plate), followed by wheat bran and rice bran (6 μg/plate) growth that
was slightly delayed with tapioca plates. Optimum temperature of 28 °C at pH 7 with 50 %
seawater and 2 % NaCl has been observed to yield high compound by solid-state
fermentation [28]. Agricultural waste extracts being prepared with marine water had been
demonstrated to increase the production of antimicrobial components [29]. There are
reports that antibiotics isolated from Streptomyces were found active only in agar medium
and produced extracellularly. The combinatorial variables of 2%NaCl, 50 % marine water,
10 % of agricultural substrates of rice bran, wheat bran, and soybean along with 0.5 % of
yeast extract produced a bioactive crude extract relatively similar to the extract from ISP2-
defined media, but with chromatography there were a few impurities observed. Effect of
culture conditions on the growth and antimicrobial activity of Streptomyces sp. PM49
shows that soy bean and wheat bran can be utilized for bulk compound production as a
cost-effective resource. The ethyl acetate extract obtained also exhibited good antibacterial
inhibition against S. aureus ATCC 33591 and E. coli ATCC 25922, but more work is
necessary for standardization.

We observed increased production of compound in solid medium and extraction using ethyl
acetate at pH 7.0 [30]. The crude compound obtained by solid-state fermentation using ISP2
was best resolved using chloroform and ethylacetate (1:1, v/v), and the spot separated into five
bands of Rf values 0.41, 0.53, 0.69, 0.72, 0.87, and 0.92. The compound was freely soluble in
chloroform, ethyl acetate, acetonitrile, DMSO ethyl alcohol, methanol, and 10 % isopropyl
alcohol but insoluble in petroleum ether and n-hexane; similar results have been recorded. The
active spots on exposure to naphthoresorcin– sulphuric acid developed brown color, and one
clear zone of Rf value 0.69 having antagonistic activity was observed for the test isolates.
Bioautography revealed that the third spot exhibited good antibacterial activity on spraying
with 2 % w/v aqueous solution of 2,3,5-triphenyl tetrazolium chloride on both the ATCC and
pathogenic strains. The crude extract with antimicrobial activity having Rf values of 0.53 to
0.69 and bioautography revealing the antagonistic activity have been reported [31]. The zone
of inhibition on multidrug-resistant strains non-susceptible to fourth-generation cephalosporins
showed increase in activity of 13 to 15 mm with the bioactive fraction. The Streptomyces sp.
PM49 compound alone exhibited significant inhibitory activity of 3–5 mm zone size more
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than antibiotic disc on the test strains, but along with ceftazidime 30/10 μg of meropenem disc
at 25 μl/disc concentration, enhanced zone of inhibition of 5–7 mm was obtained (Table 1).

The compound was orange colored amorphous powder, and the spectroscopic characteris-
tics of the antibacterial compound using ultraviolet and IR absorption spectrum of the active
fraction were recorded (Fig. 1). The spectral data revealed the presence of two maximum
absorption peaks in UV at 205 (0.927) and 257 (0.596); infra-red absorption spectrum was
represented by 15 peaks. IR absorption bands indicated the presence of hydroxyl and other
functional groups as tabulated; the proton NMR spectrum also showed one proton singlet peak
attributed to the hydroxyl group (Table 2). The molecular formula was calculated as
C25H41NO5S from its elemental and mass spectral analyses according to m/z (pos.ions) [M-
H + 2Na]+ = 467.66 (Fig. 2). ESI-MS spectral measurement taken together with 1H and 13C
NMR spectrum showed signals for all the carbons of the molecule. The structure was
elucidated, and this sulphur-containing compound was found closely being similar to
cyslabdan based on all the tabulated physico-chemical properties and literature survey
(Table 2). By complete analysis of spectroscopic data and comparison with known antibiotics,
the metabolite had β-lactam-potentiating activity of carbapenem drug similar to cyslabdan [7].
The compound from our study had both synergistic and β-lactamase enzyme inhibitory
capability on both Gram-positive and Gram-negative MDR strains. It was isolated from a
marine Streptomyces sp. PM49 unlike Streptomyces sp. K04-0144 that was a potentiator of
imipenem against Gram-positive MRSA only [7].

The clinical isolates screened were commonly found to be multidrug resistant and
exhibited resistance to eight to 11 antibiotics; E. coli was predominant with 71.28 %
followed by K. pneumoniae 34.5 %, P. aeruginosa 34.1 %, and A. baumannii 4.8 %.
ESBL production was screened in 30/96 (31.2 %) of E. coli, 29/53 (35.8 %) of
K. pneumoniae, 19/87 (21.8 %) of P. aeruginosa, and 5/24 (20.8 %) of A. baumannii.
In case of CDT and DDST, with ceftazidime and meropenem discs, an increase in the
inhibitory zone of <5 mm was observed. About 40.4 % of P. aeruginosa, 12 %
A. baumannii, 0.16 % of K. pneumoniae, and 0.06 % of E. coli were phenotypically
MBL positive. The production of inducible β-lactamases and the rapid resistance acqui-
sition of these mutant genes are responsible for the development of strong hydrolysis of
beta-lactam antibiotics [3]. The frequency of MDR strains prevailed high in the non-
lactose fermenters P. aeruginosa and A. baumannii. MBL production was detected more
in phenotypic tests, but genotypic analysis using PCR was not proportional to CDT and

Table 1 The antimicrobial poten-
tial of Streptomyces sp. PM49

The Streptomyces sp. PM49
compound of 25 μl/ml in the
concentration of 100 μg/ml ex-
hibited a significant inhibitory
zone but along with 10 μg of
meropenem (MER), and 30 μg of
ceftazidime (CAZ) disc-enhanced
zone of inhibition of 5–7 mm was
obtained

Test strains PM49
disc

PM49
disc + MER

PM49
disc + CAZ

E. coli ATCC 25922 14 20 18

P. aeruginosa ATCC 27853 13 19 19

B. subtilis NCIM 2063 15 19 20

S. aureus ATCC 33591 15 20 18

E. coli (2531) 12 19 18

K. pneumoniae (551) 14 19 18

P. aeruginosa (2030) 12 18 17

A. baumannii (3473) 13 19 17

S. aureus (15140) 13 19 18
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DDST. On PCR amplification, two P. aeruginosa strains expressed a blaIMP gene of
188 bp and one strain blaSHV; in A. baumannii, three strains had blaOXA-58-like gene of
599 bp. There was amplification of blaCTX-M 550 bp in K. pneumoniae and mec 540 bp
in S. aureus (Fig. 3). The non-lactose fermenter P. aeruginosa carrying blaIMP and

Fig. 1 UV–visible and IR spectrum of the isolated compound. UVand IR absorption frequencies of the isolated
compound harboring antibacterial activity with its absorption peak and functional groups spectral analysis

Table 2 Physico-chemical properties of cyslabdan-like compound

Color White-colored amorphous powder

Solubility Soluble in chloroform, dichloromethane, ethyl acetate, acetonitrile, ethanol, methanol
and DMSO

UV MeOH) λmax (log ε) 205 (0.927), 257 (0.596) nm

IR (KBr cm−1), νmax, 3300 cm−1 for OH or NH, 2964, 2919 cm−1 (m, –CH str, asym,
CH3 and CH2), 2872 cm−1 (m, –CH str, sym, CH3 and CH2), 1659 cm−1

(s, –C = O str, 20 amide), 1543, (m, –NH bend, 20 amide), 1465 (m, CH bend
(scissoring), CH2), 1383 cm−1 (s, –CH bend, isopropyl group), 1161, 1033
(s, C–O of OH or NH), 888, 732 909 (w, CH3 rocking)

HRESI-MS m/z (pos.ions) [M-H+2Na]+=467
1H NMR 1H NMR (500 MHz, CDCl3) (δH, JHz ) : δ 8.08 (1H, d, JHz=8.5), 7.60 (1H, t,

JHz=8.5), 7.52 (1H, t, JHz=8.5), 7.46 (2H, t, JHz=7.5), 7.08 (2H, t, JHz=12.5),
6.84 (9H, d, JHz=11.5), 6.41(11H, t, JHz=12), 6.23–6.17 (10H, m), 5.81 (2H, m),
5.23 (13H, dd, JHz=3.5), 4.9 (13H, dd, JHz=3.5), 4.19–4.15 (32H, m), 3.8 (32H,
d, JHz=12.5), 2.76 (15H, sept, JHz=10), 2.63–2.53, (27H, m), 2.5 (31H, d,
JHz=10.0), 2.4 (1H, d, JHz=10), 2.3–2.31 (26H, m), 2.10–1.55 (1H, m, JHz=1.25),
0.80–0.90 (50H, m)

13C NMR 13C NMR (125 MHz, CDCl3): 180.3, 172.2, 144.0, 138.4, 126.9, 118.2, 117.7,
115.9, 77.28, 77.03, 76.7, 75.6, 73.1, 70.3, 69.9, 63.3, 48.4, 47.8, 47.1, 45.8,
42.9, 35.1, 34.8, 34.1, 33.89, 31.9, 31.4, 31.2, 30.0, 29.9, 29.7, 29.6, 29.4, 29.3,
29.2, 29.1, 29.0,27.9, 27.4, 27.0,26.7, 26.2, 25.8, 25.2, 24.9, 24.7, 22.7, 22.6,
20.1, 18.2, 17.8, 16.9, 14.8, 14.20, 14.2, 14.2, 11.4.

Based on 1 H and 13C NMR, ESI Mass the isolated compound was found to be a cyslabdan-like compound with
the above structure, molecular mass and formula
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blaVIM has been previously demonstrated in India [32]. The CTX-M type of β-
lactamases has become a more important type of enzyme which constitutes a distinct
lineage of the molecular class A β-lactamases [2]. These types of β-lactamases, which is
a rapidly growing group, are the major ESBLs reported in K. pneumoniae strains across
many countries. The selected P. aeruginosa (2030) and A. baumannii (3473) strains
showed resistance to a series of betalactams and carbapenems antibiotics. β-Lactamase
enzyme was obtained with an effective yield of 20.1 mg/l medium; the enzyme was
active and stable at pH 8 for 48 h. This extracellular enzyme had cephalosporinase
activity and got induced with ceftazidime at concentrations of 20 and 40 μg/ml at the
same level, increasing the concentration twofolds more than MIC increased the activity.
The enzyme was efficiently induced in the presence of ceftazidime than cefepime and
was inhibited in the presence of clavulunic acid, confirming the β-lactamases potential; a
single band of 31-kDa purified protein was observed on SDS-PAGE (Fig. 3).

There was no reduction in MIC of the compound observed in the presence of 1,3,5-
triphenyltetrazolium chloride TTC/reserpine and bioactive fraction of 40, 80, and
160 μg/ml concentrations. The active fraction was not effective with the tested
S. aureus ATCC 25923 and P. aeruginosa ATCC 27853 strains and MDR E. coli
(2531), K. pneumoniae (551), P. aeruginosa (2030), A. baumannii (3473), and
S. aureus (15140). This indicated that the bioactive fraction did not harbor an efflux
system mode of inhibitory mechanism. We observed the absence of efflux system mode
of inhibition by our bioactive compound; the lack of actinobacteria as an efflux inhibitor
is cited in literature. There are many natural phyto-chemical compounds known for
efflux inhibitory mechanism [33]. The β-lactamase inactivation using nitrocefin suggests
the possibility for the β-lactamase inhibition; this chromogenic substance has been used
for studying the specific interaction between β-lactams and penicillin-binding protein
from methicillin-resistant S. aureus [34]. Active fraction on testing for β-lactamase
inactivation in the presence of the β-lactam antibiotic ceftazidime and the chromogen
nitrocefin was showing no color change to red and remained yellow similar to the control

Fig. 2 HRESI-MS spectrum of the isolated compound. HRESI-MS: m/z (pos.ions) [M-H+2Na]+=467. Based
on 1H and 13C NMR, ESI Mass the isolated compound with the above structure was obtained
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tubes devoid of β-lactamase where negative tube minus compound changed from yellow
to red in color. If β-lactamase is not inhibited, it changes in color from yellow to red due
to the interaction of the enzyme with nitrocefin as already demonstrated with S. aureus
[35]. This suggests the possibility for the presence of β-lactamase inhibition and
potentiating activity but lack of efflux inhibitory mechanism by the bioactive fraction.

The MIC of the active fraction was 16–32 μg/ml on ATCC strains, and the test
pathogens inclusive of ceftazidime and meropenem sensitive and resistant strains showed
MIC at 64—256 μg/ml. Lowest MIC was obtained with A. baumannii (3473) at
64 μg/ml with strongest inhibitory activity and no hetero-resistant subcolonies. Time
kill studies revealed that the Streptomyces sp. PM49 active fraction had bacteriostatic
effects on all the test strains. In A. baumannii, reduction on cell counts was observed
within 6 h of exposure, but in 12 h the test strains increased in growth beyond the initial
cell density. But in P. aeruginosa and S. aureus, the increase was slightly delayed (8 h)
in all concentrations with the exposure time; it was however weakly bactericidal at 8×
MIC of (8 μg/ml). The extract showed limited bactericidal activity against both
K. pneumoniae and E. coli at MIC levels of 32 μg/ml after 6 h of exposure but showed
bacteriostatic effects at the same MIC levels after 12 h of exposure. Low-level resistance
to carbapenems MIC has been reported; the MIC of marine Actinobacteria novel
compound from PM49 was effective, but the concentration required was high on
comparison with meropenem [36]. The isolated compound was efficient in counteracting
the drug-resistant pathogens by interacting with the β-lactamases, thus enhancing the
probability in the usage of even older cephalosporins and also carbapenems. The number
of surviving cells during time kill assay for P. aeruginosa was only obtainable at higher
concentration; similar results have been evaluated in other studies [37].

The colonies of Streptomyces sp. PM49 were slow growing, pale gray, and powdery;
it was acid fast negative and gram positive, micromorphology of the strain was examined
by SEM and the spores were rectiflexibiles having smooth sporophores. It was charac-
terized to have LL-DAP; marine Streptomyces producing bioactive compounds with
broad spectrum of activity have been reported. The functional group of the active
fraction should be a sugar molecule as it developed brown-colored spot on exposure to
naphthoresorcin–sulphuric acid. The strain showed 99 % identity with 16S rRNA

Fig. 3 PCR amplification for drug-resistant genes. On PCR amplification, two P. aeruginosa strains expressed
blaIMP gene of 188 bp and one strain blaSHV. Lanes 1, 2 and 3 blaOXA-58-like gene of 599 bp, lane 4 100-bp
ladder in A. baumannii. Lane 1 100-bp ladder, lanes 2, 3, 4 and 5 blaCTX-M 550 bp in K. pneumoniae, lane1 100-
bp ladder, lanes 2 and 3, mec 540 bp in S. aureus. SDS-PAGE analysis of β-lactamase enzyme, lane 1 crude
enzyme extract, lane 2 and 3 precipitated protein, lane 4 molecular mass marker (kDa)
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sequences of Streptomyces rochei; however, secondary metabolite production is strain
specific [38]. Taxonomic position of the strain PM49 using in silico sequence analyzer
phylogeny.fr along with comparative biological analysis data of the closely related
microbial strains confirms the new isolate to be very efficient in harboring antimicrobial
potential. The vegetative mycelia grew abundantly on both synthetic and complex media;
the aerial mycelia grew abundantly on yeast extract–malt extract agar (ISP-2) and starch–
nitrate agar medium and oatmeal agar medium (ISP-3). Total nucleotide of 1457 bp
showed 99 % identity with 16S rRNA sequences of S. rochei; the new isolate
Streptomyces sp. PM49 was submitted to Genbank with accession no. JX904061.1
(Fig. 4). Xinghaiamine A, a sulfoxide compound isolated from marine Streptomyces
xinghaiensis in China had potential activity against P. areuginosa, A. baumannii, and
S. aureus [39]. Marine sediments are resourceful for the isolation of potential novel
strains that can be tampered for novel antimicrobial compounds.

Conclusion and Future Prospects

This study illustrates sulphur and sulfoxide compounds having broad spectrums of
biological activities which have yet to be explored from marine sediments and demon-
strate experiments to determine the mode of action of the isolated compound. It is
probably to the best of our knowledge the first sulfanyl cyslabdan-like compound from
a marine Streptomyces sp. PM49 having efficient β-lactamase inhibitory and potentiating
activity against notorious pathogens. Further, the compound not only potentiated the
activity of imipenem unlike cyslabdan; it had β-lactamase inhibitory capability and
enhanced the activity of third-generation cephalosporins and other carbapenems as
meropenem. It was efficient on inhibiting the β-lactamase enzymes of Gram-negative
pathogens and also MRSA; the compound was able to hydrolyze ceftazidime and
meropenem. Sequence comparison of specific genes for the metabolite produced, struc-
ture elucidation, and functional group analysis of the beta lactamase inhibitory com-
pound will reveal the novelty of the strain. The Streptomyces sp. PM49 is an interesting
candidate for development as a new antimicrobial against MDR bacteria for future drug
formulation, but further studies are required to ascribe the exact structure and precise
mechanism of action of the isolated compound.

Fig. 4 Scanning electron microscopic image and phylogenetic tree of Streptomyces sp. PM49. SEM of
Streptomycetes sp. PM49 showing colony morphology and chain of smooth spores ×10,000 grown on yeast
extract–malt extract agar (ISP2) for 7 days at 28 °C, 1 μm. Phylogenetic relationship of the new marine strain
Streptomyces sp. PM49 based on 16S rRNA analysis using Mega 5.0
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