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In vitro antibacterial activity of MGDG-palmitoyl from
Oscillatoria acuminata NTAPC05 against extended-
spectrum β-lactamase producers

Abdul Azees Parveez Ahamed1, Mohammed Uddin Rasheed2, Kalilurrahuman Peer Muhamed Noorani3,
Nazar Reehana1,4, Subramanian Santhoshkumar5, Yousuff Mohamed Mohamed Imran1, Naiyf S Alharbi6,
Chinnathambi Arunachalam6, Sulaiman Ali Alharbi6, Mohammad Abdulkader Akbarsha7

and Nooruddin Thajuddin1,6,7

Extended-spectrum β-lactamase (ESBL)-producing bacteria pose a big challenge in clinical practices, warranting a new

therapeutic strategy. In this study, methanol extract of the marine cyanobacterium Oscillatoria acuminata NTAPC05 was

fractionated under bioassay guidance and the fractions were tested against three well-characterized ESBL-producing bacteria

Escherichia coli U655, Stenotrophomonas maltophilia B929 and Enterobacter asburiae B938. Out of the four HPLC fractions,

fraction 2 showed bactericidal activity against all the three ESBL producers much more efficiently (MIC 100 μg ml−1) than the

fourth-generation cephalosporin (MIC 4125 μg ml−1). The active fraction was subjected to time-kill test at concentrations of

1/2 × MIC, 1 × MIC and 2× MIC, and the results substantiated the bactericidal property of the fraction against the ESBL

producers. Spectral analysis revealed monogalactosyldiacylglycerol containing a palmitoyl (MGDG-palmitoyl), being reported for

the first time, as the active fraction, and its bactericidal property against ESBL producers was determined. The active fraction

appears to damage the bacterial membrane leading to lysis of the cell, as revealed in confocal laser scanning microscopy

(CLSM) analysis, that was confirmed in scanning electron microscopic analysis. Cytotoxicity assay revealed the O. acuminata
compound to be safe to a normal cell line HEK293 (human embryonic kidney cell). The in silico analysis of MGDG-palmitoyl

revealed two successive H-bonding interactions with Leu198 of TEM1 β-lactamase. Taken together, the MGDG-palmitoyl from

O. acuminata NTAPC05 offers potential to develop analogs as a therapeutic for bacteremia caused by ESBL producers.
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INTRODUCTION

Extended-spectrum β-lactamases (ESBLs) are the major basis of
resistance of Gram-negative bacteria to broad-spectrum β-lactam
antibiotics.1 ESBL-producing organisms are a serious threat to public
health and are associated with high rates of morbidity and mortality.2

The third-generation cephalosporins (for example, cefotaxime,
ceftazidime and ceftriaxone) were introduced for clinical use during
1980s and are continued to be widely practiced for treatment
of infections caused by members of the family Enterobacteriaceae.3

The long-term use of antibiotics has brought about antibiotic selection
pressure in bacteria such that the bacteria circumvent the antibiotic
treatment through point mutations in the plasmid-mediated
β-lactamase temoniera (TEM), sulfhydryl variable (SHV) and
cefotaxime (CTX-M) ESBL genes. More than 300 different ESBL

variants have been described.4 Though TEM and SHV variants are the
most common ESBLs, the strains expressing CTX-M ESBLs are
emerging as a serious problem in the clinical scenario.5 ESBLs are
reported in many different bacterial species such as Enterobacter
aerogenes, Enterobacter cloacae, Proteus mirabilis and Serratia
marcescens.6 A vast majority of the ESBL-producing bacteria
develop resistance to third-generation antibiotics such as cefotaxime,
ceftriaxone, ceftazidime and oxyimino-monobactams over a period of
time. However, ESBLs are inhibited by clavulanic acid, sulbactam and
tazobactam.4 There are only a few reports with regard to clinical
efficacy of therapeutics in treatment of infections caused by
ESBL-producing bacteria.7 The ESBL-producing bacteria are multiple
drug resistant8 and, thus, pose a serious challenge to treatment of
ESBL-related bacteremia.
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Microalgae, distributed in ecosystems as varied as fresh water to
extreme saline environments, are capable of synthesizing a variety of
chemical compounds.9 Several of these compounds are antibiotics
with promising antibacterial, antifungal, antiprotozoal antiplasmodial
and anticancer activities.10 A wide range of in vitro antifungal activities
of extracts of green algae, diatoms and dinoflagellates have also been
reported.11,12 Microalgae are a promising group of organisms for drug
discovery research as their metabolites are active against bacteria, fungi
and viruses.13,14 In the present study, we evaluated the HPLC fractions
from methanol extract of the marine cyanobacterium Oscillatoria
acuminata NTAPC05 for efficacy against three well-characterized
ESBL producers, and the most active fraction with potential for
therapeutic application was identified.

MATERIALS AND METHODS

Bacterial strains and resistance pattern
Three strains of bacteria that infect urinary tract were isolated and identified at
Medwin Hospital (Hyderabad, India). The resistance patterns of these bacterial
strains were determined using the antibiotics ceftazidime (30 μg), cepfodoxime
(10 μg), amoxicillin (30 μg), novobiocin (30 μg), rifampicin (5 μg), erythromycin
(15 μg), amikacin (30 μg), methicillin (5 μg), vancomycin (30 μg) and penicillin
(10 units), adopting disk diffusion test (Himedia Laboratories, Mumbai, India)
(Table 1). The clinical strains used were KC759521 Escherichia coli U655,
KC751004 Enterobacter asburiae B938 and KC759524 Stenotrophomonas malto-
philia B929, bacteria that produce ESBL at high levels and infect the urinary tract.

Detection of ESBLs (HEXA G-minus 24 and E-test triple detection
strip)
Phenotypic characterization of the clinical isolates was performed by
combination disc (HEXA disc, Himedia Laboratories) diffusion test and the
results were interpreted according to the Clinical and Laboratory Standards
Institute guidelines. Ceftazidime (30 μg), cefotaxime (30 μg) and cepfodoxime
(10 μg), alone and in combination with clavulanic acid (10 μg), were used as
the indicators.15 Furthermore, the ESBL production of the three isolates was
compared using E-test triple detection strip calibrated with MIC reading scales
in μg ml− 1. ESBL production, if any, was recorded using β-lactamase inhibitor-
containing discs with enhanced zone of inhibition (Himedia Laboratories), in
which the zone of inhibition for cephalosporin/clavulanic acid was 45 mm
(combination method) and 48 mm (E-test) rather than cephalosporin alone.

Isolation and identification of cyanobacteria
The sample of marine cyanobacteria was collected from Mandapam, Rama-
nathapuram District (Latitude 9°16’51.72”N Longitude 79°10’40.55”E), Tamil
Nadu, India. The sample was isolated by plating, purified, cultured in MN
medium and maintained in the institute’s microalgal repository. The cyanobac-
terium of interest, selected based on our preliminary screening of several
microalgae, was identified from cell shape and size using standard monograph.16

The species-level identification of O. acuminata NTAPC05 that produced anti-
ESBL bacterial substance was confirmed by 16S rDNA sequencing analysis.
Briefly, genomic DNA was extracted as previously described.17 Universal
cyanobacteria 16S rDNA primer was used for amplification of DNA. The 16S
rDNA sequence was obtained and compared with other cyanobacterial sequences

using NCBI-BLAST with a sequence query for their pairwise identities. The
evolutionary distances were computed using maximum composite likelihood
method18 and are expressed in units of number of base substitution per site that
was computed using MEGA 5.0 software (http://www.megasoftware.net/).

Bioassay-guided fractionation of O. acuminata extract
Filaments of the cyanobacterium were harvested and homogenized in methanol
using a mortar and pestle. The homogenate was centrifuged at 10 000 r.p.m. for
10 min at 4 °C and the supernatant was separated. This process was repeated
until the pellet turned gray or the supernatant turned colorless. The supernatant
was pooled and filtered through ordinary filter paper, followed by Whatman
No. 1 filter paper (Himedia Laboratories) and then concentrated using a rotary
vacuum evaporator. The methanol extract was subjected to TLC separation.
The chromatogram was developed using different solvent systems including
different ratios of hexane in ethyl acetate and methanol in chloroform. The
extract was also fractionated in HPLC system (Perkin-Elmer, Shelton, CT,
USA) consisting of a Perkin Elmer Series 2000 pump, a Gilson FC203B fraction
collector (Middleton, WI, USA) and a Perkin Elmer Series 200 UV/VIS detector
set at 238 nm. The samples were separated using a reverse phase analytical
column (Chromolith performance RP-18 endcapped, 4.6 mm×100 mm, pore
size 2 μm to 13 nm, monolithic; Merck, Darmstadt, Germany) equipped with a
guard column (Chromolith guard 5–4.6 mm cartridge, RP-18; Merck). The
mobile phase consisted of a mixture of acetonitrile and water operated on a
gradient basis starting from a ratio of 9:1 to 100% acetonitrile within 20 min at
a flow rate of 2 ml min− 1. This separation yielded four fractions.

Assay for antibacterial activity
The antibacterial activities of the O. acuminata NTAPC05 methanol
extract fractions from bioassay-guided fractionation were determined by agar
diffusion method against the growth of ESBL-producing E. coli U655,
E. asburiae B938 and S. maltophilia B929, with the fourth-generation
cephalosporin cefepime as the reference drug,19 and the inhibition zones
around the spotted fractions were measured. Inhibition zones ⩾ 8 mm were
considered indicative of inhibitory activity.

Determination of MIC and MBC
The determination of MIC was performed in 96-well microplates by the
microdilution method in Mueller–Hinton broth (Himedia) medium, according
to the Clinical and Laboratory Standards Institute (CLSI).20 ESBL-producing E.
coli U655, E. asburiae B938 and S. maltophilia B929 (104 CFUs ml− 1)
were inoculated in the broth with cefepime (50–250 μg ml− 1) and the
active methanol fractions (50–500 μg ml− 1) and incubated at 37 °C for 18 h.
The MBC was determined after the MIC assays. In wells in which MIC results
revealed no bacterial growth, an aliquot of 0.01 ml was seeded in Mueller–
Hinton agar without addition of drugs, and bacterial growth was evaluated for
MBC determination. After 18 h at 37 °C, if the MIC=MBC or the MBC was
one, two or three dilutions above the MIC, the activity was considered
bactericidal.21 This approach helped to narrow down to the most active fraction.

Time-kill assay
The rate of killing of bacteria by the O. acuminata active fraction was assayed
using a modified plating technique of Eliopoulos and Moellering.22 The active
fraction was incorporated into 10 ml Mueller–Hinton broth at 1/2× MIC,

Table 1 Antibiotic resistance pattern of clinical strains isolated from urinary tract infection (UTI)

S. no. Code no. Clinical isolates

Antibiotics

CAZ CEP AM NV RIF E AK VA MET P

1. U655 Escherichia coli R R R S S S IM R R R

2. B929 Stenotrophomonas maltophilia R R R R BS R R BS R R

3. B938 Enterobacter asburiae IM R R R R R R R R R

Abbreviations: AK, amikacin; AM, amoxicillin; BS, bacteriostatic; CAZ, ceftazidime; CEP, cepfodoxime; E, erythromycin; IM, intermediate; MET, methicillin; NV, novobiocin; P, penicillin;
R, resistant; RIF, rifampicin; VA, vancomycin.
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1× MIC and 2× MIC. Two controls (1) Mueller–Hinton broth without the

compound but inoculated with the test organisms and (2) Mueller–Hinton
broth with the compound at the test concentrations but the test organisms, not
included, were maintained. Inoculum density of ∼ 105 CFUs ml− 1 verified from

total viable count was used to inoculate 10 ml volumes of both test
and control tubes. The tubes were incubated at 37 °C on an orbital shaker
at 120 r.p.m. Then, 100 μl aliquots at 0, 3, 6, 9 and 12 h were removed from the
culture medium for determination of CFUs ml− 1, adopting plate count

technique by plating out 25 μl of each dilution. After incubation for 24 h,
the emergent bacterial colonies were counted, CFUs ml− 1 calculated and
compared with the count of the control culture without the compound.

Characterization of active fraction using analytical HPLC
The most active fraction (that is, F2) of O. acuminata NTAPC05 was further
analyzed in a Perkin Elmer series HPLC system consisting of an analytical

column within 20 min at a flow rate of 2 ml min− 1.

FTIR analysis of active fraction
The IR spectrum of the most active fraction was recorded on Perkin Elmer

Spectrum (Germany). The spectra were scanned in the 400–4000 cm− 1 range.
The spectra were plotted as intensity versus wave number.

NMR studies of active fraction
The most active fraction of O. acuminata was subjected to 1H and 13C NMR
analysis. NMR spectrum was recorded on a Bruker Avance III spectrometer
(Bruker GmbH, Karlsruhe, Germany) with a 5 mm probe. The anti-ESBL E.

coli fraction was dissolved in deuterated chloroform, CDCl3, at a concentration
of 20 mg ml− 1. For 1H NMR the frequency was 400 MHz, and for 13C NMR
the frequency was 100 MHz.

Confocal laser scanning microscopy
The active fraction (final concentration 1/2, 1 and 2× MIC values) from
O. acuminata NTAPC05 was added to ESBL E. coli, S. maltophilia and

E. asburiae cells at the early log growth phase in MHA broth medium, and
the control group contained bacteria only. The cultures were then maintained at
37 °C for 12 h and the optical density was determined at 600 nm. To analyze a

possible mode of action of the active fraction on ESBL-producing bacterial cells,
∼ 10 μl of each sample was collected for acridine orange–ethidium bromide
staining and subsequent observation by confocal laser scanning microscopy

(CLSM). The CLSM images were obtained using a Carl Zeiss CLSM 710 (Carl
Zeiss, Jena, Germany) equipped with a 100× oil-immersion objective lens.

Scanning electron microscopic analysis of bacteria
After the exposure, bacteria were fixed with 2% glutaraldehyde for 24 h. The
samples were postfixed with 1% osmic acid for 2 h, and then dehydrated in an
acetone gradient (35, 50, 70, 80, 95 and 100%). Finally, the air-dried samples

were analyzed by scanning electron microscopy (model: VEGA3 TESCAN,
Brno, Czech Republic).

Cytotoxicity bioassays
A microassay for cytotoxicity in HEK293 (human embryonic kidney) normal cell
line was performed using the MTT method.23 The adherent noncancerous cells
were seeded in 96-well microplates at a concentration of 0.3×106 cells ml− 1 and
incubated for 24 h for them to attach. The active fraction was added to the cell
culture at concentrations of 1/2× MIC, 1× MIC and 2× MIC, and incubated for
24 h. The MTT solution was added 3 h before the end of the incubation time. Cell
survival was evaluated using a multiwell scanning spectrophotometer at 540 nm.
The dose and time-dependence of cellular toxicity were derived from MTT results.

Iodometric assay
The modified method of Ahmad and Yadava24 was used for detecting the
inhibition of β-lactamase in the ESBL E. coli. Exponentially growing culture of
ESBL E. coli was inoculated on to starch agar plate and incubated overnight at
37 °C. Well-developed colonies of ESBL E. coli on starch agar plates were then
isolated and flooded with freshly prepared phosphate-buffered saline containing
potassium iodide (15 mg ml− 1), iodine (3 mg ml− 1) and MGDG-palmitoyl
(100 μg ml− 1). No growth was observed on the starch agar plate that indicated
inhibition of β-lactamase production. A negative control with ampicillin
(10 mg ml− 1) supplemented to ESBL E. coli in starch agar plate was also run.

Molecular docking
Crystal structure of ESBL E. coli TEM1 β-lactamase was retrieved from Protein
Data Bank (PDB ID: 1BTL) with the resolution of 1.8 Å. The bioactive
compound from O. acuminata NTAPC05 was identified as MGDG-palmitoyl,
and confirmed by FTIR and NMR spectroscopic methods. The compound was
drawn using Chemdraw software, (CambridgeSoft Corporation, Waltham, MA,
USA) and the 3D structure thus generated was converted into pdb files using
Discovery Studio (version 2.5.5, Accelrys, San Diego, CA, USA). Furthermore,
the ligand was energy-minimized and optimized using Swiss PDB viewer for
molecular docking study. Docking of MGDG-palmitoyl to E. coli β-lactamase
was carried out using Autodock 4.0.25 Receptor–ligand interaction was
visualized using Pymol software (http://www.pymol.org).

RESULTS

ESBL typing by combination disc and E-test strip
CLSI ESBL detection, in the combination disc method, showed that
three isolates produced ‘positive’ result (Table 2). According to CLSI
ESBL detection (triple detection strip), MIC criteria showed similar
results (Table 2), although the confirmatory test was positive for the
three ESBL-producing strains. Instead of cepfodoxime, fourth-
generation cefepime was used in the strip test as marker for high-
level ESBL production.

Table 2 Clinical isolates used in this study and ESBL producers detected by combination disc and E-test strip

S. no. Clinical isolates

Combination disc methoda E-test by enzymatic stripb

Ceftazidime, cefotaxime, cefepime alone and in

combination with clavulanic acid

Ceftazidime, cefotaxime, cefepime and clavulanic

acid (MIX+) MIC value

Ceftazidime, cefotaxime, cefepime

(MIX) MIC value

1. Escherichia coli U655 Positive (CAZ and CTX) 0.38 mm R

5. Stenotrophomonas
maltophilia B929

Positive (CAZ) 0.38 mm R

6. Enterobacter asburiae
B938

Positive (CAZ) 0.125 1.0

Abbreviations: ESBL, extended-spectrum β-lactamase; R, resistant.
aCeftazidime, cefotaxime and cepfodoxime (β-lactam) and ceftazidime, cefotaxime and cepfodoxime/clavulanic acid (β-lactamase inhibitor) ESBL production was confirmed if a ⩾5 mm increase in
the zone diameter for one antimicrobial agent tested in combination with clavulanic acid versus its zone when tested alone occurs.
bESBL E-test positive MIC value of MIX (ceftazidime, cefotaxime, cefepime)/MIX+ (ceftazidime, cefotaxime, cefepime and clavulanic acid)=48 mm as ESBL positive.

Inhibition of ESBL producers by O. acuminata
AA Parveez Ahamed et al

756

The Journal of Antibiotics



Identification of marine cyanobacterium
The trichome of O. acuminata was straight, 3.2 μm long and 6.8 μm
wide, with curved ends and slightly constricted along the length.
Molecular characterization studies were carried out adopting 16S
rRNA gene sequence analysis. The amplified 16S rRNA gene sequence
(650 bp) of O. acuminata was submitted to GenBank with accession
no. KF469280. Blast results showed that KF469280 O. acuminata was
highly similar (that is, 99%) to O. acuminata NTDM04 (accession
no. GU812860). The evolutionary history was inferred using Tamura–
Nei method. The tree with the highest log likelihood (−153.4067) is
shown in Supplementary Figure S1. The percentage of trees in which
the associated taxa clustered together is shown next to the branches.
Initial tree(s) for the heuristic search were obtained automatically by
applying neighbor-joining and BioNJ algorithms to a matrix of
pairwise distances estimated using the maximum composite likelihood
approach, and then selecting the topology with superior log likelihood
value. The tree was drawn to scale, with branch length measured in the
number of substitutions per site. The analysis involved 16 nucleotide
sequences. All positions containing gaps and missing data were
eliminated. There were totally 21 positions in the final data set.

Bioassay-guided fractionation and antibacterial activity
The crude extract of O. acuminata NTAPC05 was separated by TLC
(Supplementary Figure S2). The spots 1 and 2 were separated using

hexane in ethyl acetate (10:90 and 30:70 ratios), and spots 3 and
4 were separated using methanol in chloroform at the same ratios. The
four fractions were separated by the preparative HPLC
(Supplementary Figure S3). Among the four, fraction 2 showed
inhibitory activity against ESBL E. coli U655, E. asburiae B938 and
S. maltophilia B929, whereas the other three fractions exhibited only
moderate to no inhibitory activity. Assay with cefepime, a fourth-
generation cephalosporin, showed no inhibitory effect when compared
with O. acuminata active fraction (Supplementary Figure S4). The
MIC and MBC as determined for the separated fractions and cefepime
against E. coli, E. asburiae and S. maltophilia are listed in Table 3. As
the MBC and MIC values were the same, our results indicate
bactericidal activity of the active fraction (that is, fraction 2).

Time-kill test
The results of the time-kill tests are presented in Figure 1. Data are
presented as the log10 CFUs per ml change and are based on the
conventional bactericidal activity standard, that is, 3 log10 CFUs per ml
or greater reduction in the viable colony count. Average log reduction
in viable cell count in time-kill assay ranged from 0.015 log10 to
3.180 log10 CFUs per ml after 12 h of incubation, and from 1.527 log10
to 3.230 log10 CFUs per ml after 12 h of incubation in 1× MIC and
2× MIC, respectively, of the O. acuminata NTAPC05 active fraction.
The order of reduction in cell density on treatment with the
extract was E. coli (−1.527 log10) 4E. asburiae (−1.473 log10) and
4Stenotrophomonas sp (−0.735 log10). The significant reduction in the
bacterial populations at these concentrations suggests that the com-
pound is efficiently bactericidal on 12 h of incubation.

Table 3 MIC determination of fractions (μg ml−1) obtained from

Oscillatoria acuminata NTAPC05 against ESBL Escherichia coli
U655, Stenotrophomonas maltophilia B929 and Enterobacter
asburiae B938

Bacteria and fractions tested Range (μg ml−1) MIC (μg ml−1) MBC

ESBL E. coli
S. maltophilia B929

E. asburiae B938

5×105 (CFUs per ml)

Fraction 1 50–500 Bacteriostatic 500

Fraction 2 50–500 100 100

Fraction 3 50–500 4210 250

Fraction 4 50–500 Bacteriostatic 500

Cefepime 50–250 4125 150

Abbreviation: ESBL, extended-spectrum β-lactamase.

Figure 1 In vitro time-kill assessment of the active fraction O. acuminata
NTAPC05 against the three extended-spectrum β-lactamase (ESBL)
producers.

Table 4 NMR data of active compound from Oscillatoria acuminata
NTAPC05

δC p.p.m. No. of δH (mult. J in Hz)

14.1 0.63 (t, 7.2) 3H

22.7 s 1.18 (s) 28 H

24.8 s 1.61–1.44 (m) 3H

28.0 s 2.0–1.94 (m) 2H

29.1 s 2.72–2.24 (m) 2H

29.2 s 2.73 (s) 4H

29.3 s 3.66–3.54 (m)

29.4 s 5.28 (d, 6.0) 2H

29.6 s

29.7 s

31.9 s

33.6 s

Figure 2 The structure of monogalactosyldiacylglycerol (MGDG)-palmitoyl
(3-(3,4,5-trihydroxy-6-(hydroxymethyl) tetrahydro-2H-pyran-2-yloxy) propane-
1,2-diyl dipalmitate) from O. acuminata NTAPC05 that showed antibacterial
activity against the three extended-spectrum β-lactamase (ESBL) producers.
A full color version of this figure is available at the Journal of Antibiotics
journal online.
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The efficacy of growth inhibition of the active fraction from
O. acuminata NTAPC05 was found to be dose as well as time
dependent, producing distinct time-kill profiles for the tested bacteria.

Analytical HPLC and FTIR analysis
The reverse phase HPLC analysis of the active fraction showed a single
peak with the retention time 2.809, revealing no impurities in the
active fraction (Supplementary Figure S5). The FTIR spectrum of the
active fraction showed peaks in between 3325 and 1036 cm− 1.
The peaks of fingerprints were also observed within the range
500 to 400 cm− 1, whereas no peak was observed in the range
300–260 cm− 1, clearly indicating that the fraction did not contain
protein or nucleic acid impurities. Functional peaks at 3325 and
2923 cm− 1 revealed the existence of O–H and C–H stretch bands,
respectively. Similarly, C–H stretch in CH3 was also observed at 2853
and 1404 cm− 1. Presence of carboxyl group and C–O stretch in the
active fraction was observed at 1629 and 1036 cm− 1 region, respec-
tively (Supplementary Figure S6).

NMR studies
The 1H and 13C NMR analysis of O. acuminata revealed peaks as listed
in Table 4. The proton and carbon NMR spectra of active fraction are
shown in Supplementary Figure S7a and b. Based on the results of
FTIR and NMR analysis, the structure of the active fraction was
determined as MGDG-palmitoyl (Figure 2).

Confocal microscopic study
CLSM was performed to investigate the possible mechanism of action
of O. acuminata NTAPC05 active fraction on samples of ESBL E. coli,
S. maltophilia and E. asburiae at early log phase growth. It was
observed that the active fraction could effectively deal with the ESBL-
producing bacterial cells at the concentrations of 1/2, 1 and 2× MIC
for 12 h in a dose-dependent manner (Figure 3). The overlay images
clearly demonstrated that the active fraction initiated the detrimental
effect on all three bacteria at 1/2 × MIC exposures (Figures 3b,f and j)
and the bacteria were killed at 1× MIC (Figures 3c,g and k). Exposure
up to 2× MIC resulted in disintegration of the bacterial cells

Figure 3 Confocal laser-scanning microscopic (CLSM) images of extended-spectrum β-lactamase (ESBL)-producing bacteria treated with Oscillatoria
acuminata fraction. (a, e, i) Control cells of ESBL Escherichia coli, Stenotrophomonas maltophilia and Enterobacter asburiae. (b, f, j) ESBL E. coli,
S. maltophilia and E. asburiae cells treated with the active fraction at 1/2× MIC (50 μg ml−1) concentration for 12 h. (c, g, k) ESBL E. coli, S. maltophilia
and E. asburiae cells treated with the active fraction at 1× MIC (100 μg ml−1) concentration for 12 h. (d, h, l) ESBL- E. coli, S. maltophilia and E. asburiae
cells treated with the active fraction at 2× MIC (200 μg ml−1) concentration for 12 h. Green color indicates live cells; yellow and red colors indicate dead
cells (excitation: 48 nm; emission: 570–620 nm). A full color version of this figure is available at the Journal of Antibiotics journal online.
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(Figures 3d,h and l), whereas the control cells (Figures 3a,e and i) were
intact up to 12 h of incubation.

Cell morphology by SEM analysis
Figures 4b,d and f clearly indicate that exposure of the three bacterial
strains to MGDG-palmitoyl at MIC brought about structural changes
in the outer membrane of the cells, whereas the untreated cells did not
suffer similar damage (Figures 4a,c and e. The loss of viability of
bacteria correlated with disruption of cell membrane that is highly
consistent with the damage of cell walls of all three strains of bacteria
revealed in the SEM analysis.

Dose-dependent cytotoxicity of MGDG-palmitoyl
HEK293 human embryonic kidney cells were exposed to MGDG-
palmitoyl at 1/2× MIC, 1 × MIC and 2× MIC concentrations. Cell
viability, observed as the function of dose, was not affected to any
significant level, and ⩾ 90% cells were viable for 24 h (Figure 5). The
compound was clearly nontoxic to the normal cell line HEK293.

Iodometric assay
Inhibition studies revealed that the enzyme β-lactamase of ESBL
E. coli and the growth of the bacterium were uniformly inhibited by

MGDG-palmitoyl (100 μg ml− 1), whereas ESBL E. coli growth was not
inhibited by ampicillin (Supplementary Figure S8).

In silico docking study
The results of docking of MGDG-palmitoyl in orientation of
blaTEM-1 interface are shown in Figure 6. The results reveal that
the ligand has good interaction toward the targets with highest scores
because of the lowest binding energy, H-bond distances and
hydrophobic surface interaction toward the crystal structure of the
molecule (Table 5).

DISCUSSION

During the past three decades, a great lot of information about
antibiotic resistance has emerged and has been disseminated all over
the world. Bacteria have developed resistance to almost all antibiotics
in practice, whereas only a very few new antibiotics have been
discovered for treatment of bacterial infections.26 Overuse of
broad-spectrum β-lactams antibiotics in clinical practice is considered
as the possible basis of development of resistance.27,28 The spread of
multidrug-resistant ESBL-producing pathogens has become a serious
threat to public health, and a major concern for infection control
practitioners.29

Figure 4 Scanning electron microscopic (SEM) images of control and treated cells of extended-spectrum β-lactamase (ESBL) producers. (a, c, e) Control cells
E. coli, S. maltophilia and E. asburiae without addition of monogalactosyldiacylglycerol (MGDG)-palmitoyl from O. acuminata NTAPC05. (b, d, f) E. coli,
S. maltophilia and E. asburiae cells were treated with 1× MIC of MGDG-palmitoyl from O. acuminata NTAPC05. A full color version of this figure is available
at the Journal of Antibiotics journal online.
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Some recent developments in respect of research on secondary
metabolites based on bioassay-guided screening of prokaryotic and
eukaryotic microalgae offer viable scientific and commercial
potentials.30 However, until now these potentials have not been
exploited to any great extent. In the present study, we focused to

triumph over the ESBL-producing Gram-negative infection. Hence, in
the light of antibacterial activities having been attributed to filamen-
tous strains belonging to a wide range of genera of cyanobacteria31 we
investigated the antibacterial effect of the methanol extract of
O. acuminata NTAPC05 against ESBL-producing E. coli U655,
S. maltophilia B929 and E. asburiae B938. In an earlier study, the
extracts of O. princeps were shown as active against Bacillus subtilis,
Staphylococcus aureus, E. coli and Brucella bronchiseptica32 but the
active compound was not identified.
However, to date there is no authenticated report of antibacterial

activity of cyanobacterial compounds on ESBL-producing bacteria.
Therefore, this is the first study in this respect and it shows
O. acuminata NTAPC05 fractions to inhibit ESBL producers, a rapidly
growing Gram-negative infection. For the isolation of the antibacterial
substance from O. acuminata NTAPC05, the methanol extract was
fractionated under bioassay guidance, and assays were conducted to
examine the effect of O. acuminata fractions on the growth of ESBL
E. coli, S. maltophilia and E. asburiae. The differences in the
susceptibility of different ESBL-producing bacteria may be because
of the differences in their cell wall composition and/or the genetic
constitution of their plasmids.33

Furthermore, we sought to determine the single peak of the active
fraction from O. acuminata NTAPC05 by reverse phase HPLC.
Data obtained from FTIR spectral analysis and 1H and 13C NMR
study confirmed the functional groups as hydroxyl, ether and
alkyl long-chain fatty acids that led to the conclusion that in
O. acuminata NTAPC05 active fraction the palmitoyl in MGDG is
3-(3,4,5-trihydroxy-6-(hydroxymethyl) tetrahydro-2H-pyran-2-yloxy)
propane-1,2-diyl dipalmitate that has not been reported
previously.
Glycolipids represent a poorly studied class of metabolites with

growing interest recently. Seaweeds biosynthesize three major types of

Figure 5 Morphological observation of HEK293 cell by phase-contrast microscopy. Cells were exposed to different concentrations (1/2× MIC, 1× MIC and
2× MIC) of the most active fraction from Oscillatoria acuminata NTAPC05 for 24 h. (a) Control. (b) Cells treated with 1/2× MIC concentration of
O. acuminata active fraction. (c) Cells treated with 1× MIC concentration of O. acuminata active fraction. (d) Cells treated with 2× MIC concentration of
O. acuminata active fraction. The images clearly indicate that the HEK293 cells treated with the active fraction of O. acuminata NTAPC05 do not show
morphological changes such as cell shrinkage, irregular shapes and nuclear condensation. A full color version of this figure is available at the Journal of
Antibiotics journal online.

Figure 6 Molecular docking analysis of Escherichia coli TEM1 extended
spectrum β-lactamase with monogalactosyldiacylglycerol (MGDG)-palmitoyl
complex (receptor–ligand). (a, b) Inner and outer view of receptor–ligand
interaction. (c) Receptor–ligand was docked with highest binding energy and
two hydrophobic interactions with Leu 198. Binding affinity of receptor–
ligand complex was −4.9. A full color version of this figure is available at
the Journal of Antibiotics journal online.
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glycolipids; viz, MGDGs, digalactosyldiacylglycerides and sulfoquino-
vosyldiacylglycerides. These glycoglycerolipids are present in
chloroplasts of eukaryotic algae where MGDGs and digalactosyldia-
cylglycerides are the most abundant lipids of the thylakoid membrane
and appear to play a crucial role in photosynthesis.34 For instance,
cyanobacterial fatty acid and glycerolipid compositions closely resem-
ble those of the inner envelope and thylakoid membranes of
chloroplasts.35 The structure shows a glycosidic linkage between the
sugar and C-3 of glycerol and ester linkage between fatty acids and two
hydroxyls of glycerol, where galactose is the common sugar.36

A previous study showed that the MGDG and digalactosyldiacylgly-
ceride isolated from Phormidium tenue37 and Chlorella vulgaris38

inhibit tumor-promoting stage of Epstein–Barr virus-associated early
antigen (EBV-EAbhn). The fatty acyl chain length, its position and
the nature of sugar moiety influence the activity. MGDGs, containing
(7Z, 10Z)-hexadecadienoic acyl group, obtained from the green alga
C. vulgaris, have been reported to exhibit antitumor property.38

Similarly, the medium-chain fatty acids of 8–12 carbon atoms
exhibited antibacterial and antifungal properties that were enhanced
when these fatty acids were esterified with glycerol.39 The composition
of monogalactolipid mixture was determined for O. trichoide and it
was found to inhibit HIV-1 reverse transcriptase enzyme activity.40 In
our study, MGDG containing 3-(3,4,5-trihydroxy-6-(hydroxymethyl)
tetrahydro-2H-pyran-2-yloxy) propane-1,2-diyl dipalmitate, with anti-
bacterial activity against ESBL producers, has been identified in the
marine cyanobacterium O. acuminata NTAPC05 that is being reported
for the first time.
Although the exact mechanism underlying the antibacterial activity

remains to be understood, it is generally known that bactericidal
activities of antimicrobial compounds are due to their ability to
penetrate and disrupt the integrity of the plasma membrane.41 In this
study the results of CLSM and SEM analyses showed that the active
fraction at MIC disrupted the membrane of ESBL-producing bacterial
cells, leading to their death and disintegration. The antibacterial
actions are thought to be linked to interactions of the biocides with
the cell membrane of the microorganisms. The agents then enter the
cell and finally act at various target sites. It is an established fact that
disruption of the membrane by undesired or foreign substances can
cause loss of integrity of the membrane that would lead to malfunction
of the permeability barrier.42

As the ultimate objective of this study is to find a strategy to deal
with the multidrug-resistant pathogenic ESBL-producing bacteria, it is
essential to exonerate the possibility of the active compound inflicting
toxicity to the humans. Pending an animal study, herein we tested the
MGDG-palmitoyl against a normal cell line HEK293 and it does not
affect the viability of this cell, indicating that the compound is not
toxic to normal cells.
The TEM1 β-lactamase was docked with the MGDG-palmitoyl

ligand that convincingly showed two hydrophobic interactions.
Dhara et al.43 studied the docking interaction of TEM1 β-lactamase

with the third-generation cephalosporins; viz., ceftazidime (ZINC ID:
03830469), cefotaxime (ZINC ID: 04468780) and cepfodoxime
(ZINCID: 14235259). The data reveal that these third-generation
cephalosporins require higher binding energy than MGDG-palmitoyl.
An increase in the number of hydrophobic atoms in the active core of
antimicrobial–target interface further increases the binding affinity
between protein–antimicrobial interfaces. The palmitoylated
compound attaches to long-chain fatty acid moieties that were
identified and tested successfully both in vivo and in silico for the
treatment of inflammation.44 The in silico analysis revealed that
MGDG-palmitoyl from O. acuminata NTAPC05 efficiently interacts
with the macromolecule that complemented and supported the
observation in the iodometric assay. Thus, we have come up to the
stage of finding a tangible lead to the effect that MGDG-palmitoyl
from the marine cyanobacterium O. acuminata NTAPC05 offers
potential to be used as an antibacterial agent against ESBL-
producing pathogenic bacteria.

CONCLUSION

Herein we demonstrated the antibacterial activity of the MGDG-
palmitoyl, isolated for the first time from O. acuminata NTAPC05,
against urinary tract infection-causing ESBL producers. The
compound is nontoxic to HEK293 normal cell line that ensures safety
and, at the same time, offers a lead for chemical modifications
that could allow its use as a therapeutic. Our results indicate that
MGDG-palmitoyl is a new candidate for research on antibacterial
substance (antibiotic) for the control of bacteremia caused by
ESBL-producing multidrug-resistant bacteria.
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