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ABSTRACT

Cancer remains one of the leading causes of death across the world. Hence, significant efforts are still being made 
to discover anticancer drugs for the treatment of cancer patients with critical needs. Recent studies suggest that new 
bioactive compounds with a wide range of chemical and functional properties can be identified from the marine 
microbial realm to treat cancer-like life-threatening diseases. Paenibacillus lentimorbus SAGM 3 is a Gram-positive, 
facultative anaerobic, and endospore-forming bacterium that has been under-evaluated for its biomedical significance. 
On account of a unique exploration, this study purified and structurally characterized an anticancer compound from the 
cell-free extract of marine-derived P. lentimorbus SAGM 3 against MCF-7 cells and MDA-MB-231 breast cancer cells. 
After performing Fourier transform infrared, nuclear magnetic resonance, gas chromatography, and mass spectrometry 
(MS)/MS analysis, the chemical structure of the purified anticancer compound was confirmed as Chojalactone C ((3R)-
3-hydroxy-4-methylidene-3-[(2E,4E,6E)-octa-2,4,6-trienoyl] oxolan-2-one). Interestingly, the purified Chojalactone 
C revealed complete inhibition of MCF7 and MDA-MB-231 breast cancer cell lines at 800 µg/ml and 700 µg/ml, 
respectively. This is the first report of Chojalactone C synthesis from a bacterium, which enhances its possibilities of 
production and purification for future clinical trials intended to assess its therapeutic significance.

ARTICLE HIGHLIGHTS

• Successfully purified an anticancer compound from a marine derived 

• Anticancer compound was chemically confirmed as Chojalactone C 

• First report of Chojalactone C from a bacterium
• Chojalactone C exhibit promising anticancer activities against two 

1. INTRODUCTION

Around 70% of the Earth is covered by sea, and researchers have 
discovered up to 36 phyla residing within it [1]. The marine ecosystem 
has been speculated to contain a great number of different species [2], 
and their living resources are well known for their extensive variety of 
metabolites with unique features [3]. However, they are underexploited 
for the study of biomedical significance [4,5]. Among the available 
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literature, sea anemones have recently gained attention as a promising 
new area for research and introducing chemical entities for use in 
therapeutical domains [6], e.g., actinoporin [7], equinatoxin [8], 
sea anemone peptide [9], etc. Patients in critical care, especially 
those suffering from cancer, acquired immunodeficiency syndrome, 
inflammatory conditions, arthritis, malaria, and many other infections 
from viruses, bacteria, and fungi, may find new hope in their therapies 
because of these entities [10].

According to Al-Zereini [11], the renewed interest in marine natural 
products is the result of rising demand for therapeutic compounds. 
Cancer is one of the most life-threatening diseases in the world, which 
needs immediate attention for drug discovery based on new approaches. 
Hence, metabolites originated in marine basins have become the focus 
of the current concept in pharmaceutical research [12,13]. At present, 
one-third of the top twenty therapeutic drugs on the market are derived 
primarily from plant sources. Molecules expressed by cancer cells, 
such as those involved in oncogenic signal transduction pathways, 
are the prime targets of lethal effects caused by natural bioactive 
compounds [14,15]. It has also been recorded that many marine-
derived metabolites can effectively inhibit the growth of human 
cancer cells using animal and human clinical trials, which makes them 
significant in the biomedical sciences [16], e.g., Eribulin, Dolastatin 
10, Bryostatin-1, etc. [17-19], but very few studies are available, hence 
this present study.
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Paenibacillus is a group of Gram-positive and facultative anaerobic 
bacteria available in vast natural habitats [20]. Many species have been 
reported for agricultural applications, which include nitrogen fixation, 
phosphate solubilization, indole-3-acetic acid production, and siderophore 
secretion, and biomedical applications with the production of promising 
antimicrobial compounds such as polymyxins, fusaricidins, etc., further, 
for the production of exopolysaccharides and many industrially important 
enzymes [21,22]. In light of the above, Paenibacillus lentimorbus SAGM 
3 was studied for anticancer compound synthesis, purification, and 
structural characterization. To our knowledge, the isolation and extensive 
structural characterization of an anticancer compound from P. lentimorbus 
have not been previously reported, which justifies the present research.

2. MATERIALS AND METHODS

2.1. Marine Bacterium and Cultural Conditions
Marine P. lentimorbus SAGM 3 used in this study for the synthesis of 
an anticancer compound was published earlier by our research team, 
which has reported the screening, molecular identification, and media 
formulation [23]. Briefly, P. lentimorbus SAGM 3 was isolated from a 
sea anemone, Heteractis species, which was identified using the 16S 
rRNA partial sequence method and submitted to the NCBI GenBank 
with the accession number MW737456.1. The production of an 
anticancer compound was performed using seawater-prepared media 
with the following conditions: 2% glucose, 1% ammonium nitrate, 
pH = 7.5, 37°C, 150  rpm agitation, and a 60  h incubation period, 
about 400  mL working volume was used in 1  L conical flasks for 
fermentation. After centrifugation at 3000 rpm for 15 min, the cell-free 
filtrate of the cultured broth evidenced appreciable anticancer effects 
using the MTT assay [24] against MCF7 and MDA-MB-231 breast 
cancer cell lines. Hence, further research aiming for the structural 
characterization of the extracted anticancer compound.

2.2. Purification of Anticancer Compound
The production of an anticancer compound was performed in a 1L conical 
flask with a 400 ml volume of production media, and extraction was done 
with cell-free supernatant using an equal volume of diethyl ether. After 
8  h, the solvent phase was separated and dried under rotary vacuum 
evaporation. The collected solvent extract was dialyzed against phosphate 
buffer solution (PBS) at pH 7 for 24 h with intermediate changes of PBS 
to remove the salt, and the final solution was subjected to lyophilization. 
The lyophilized compound was confirmed to have anticancer activities 
against the MCF-7 and MDA-MB-231 cancer cell lines. Further, the 
lyophilized extract was purified for an anticancer compound at room 
temperature with reverse phase-column chromatography using C18 silica 
gel at 230–400 mesh size as the stationary substrate. The lyophilized 
extract was dispensed in 5ml of acetonitrile and water in a ratio of 3:2. 
Acetonitrile (A) and water (B) were used as the solvent systems, and 
0.5 ml/min elution rate was accomplished using the stepwise gradient, 
starting with a ratio of 60:40 vol/vol (A: B) and ending with a ratio of 
100:0 vol/vol (A: B). The fraction that evidenced appreciable anticancer 
activities in its purified state was biochemically and structurally identified 
using various spectral analyses as given below.

Compound
2.3.1. Fourier transforms infrared spectroscopy (FTIR)
The purified anticancer compound was characterized for its functional 
groups using the FTIR spectrum. About 5 mg of purified compound was 
added to 500 mg of KBr, mixed vigorously in a mortar, and pressurized 

for 2 min at 6 bars to produce a thin disc, which was then set in a diffuse 
reflectance accessory. The spectrum was filed using an IR affinity 
FTIR system from Shimadzu under 4 cm-1 spectral resolution within 
400–4000 cm-1 wavelength [25]. All the estimations were based on 500 
scans, and a KBr pellet served as a background reference.

2.3.2. Nuclear Magnetic Resonance Spectroscopy (NMR)
The chemistry of the purified anticancer compound was confirmed 
using the spectral evaluations of the 1H and 13C-NMR spectra. The 
spectra were analyzed using a spectrophotometer, a Bruker AV 
600 NMR in Germany, in which deuterated CDCl3 was used as the 
solubilizing agent at 25°C and operating at 300.13 MHz. Chemical 
shifts. Chemical shifts were represented here as ppm (parts/million), 
and tetramethylsilane was used as an internal standard [26].

2.3.3. Gas chromatography and mass spectroscopy (GC-MS)
For GC analysis, the purified component was dissolved in diethyl ether 
and methylated [27]. GC and MS/MS spectra were recorded using a 
Thermo Trace GC Ultra coupled with a Polaris Q MS and TriPlus auto-
sampler with helium as the carrier gas in the DB-5 column (0.25 mm 
× 30 m × 0.22 μm). The initial temperature of 50°C was set for 2 min, 
the final temperature of 250°C was maintained for 10  min, and the 
flow rate was held at 1ml/min, which has a total experimental period 
of 32 min. Mass spectra were recorded in scan mode within 0–300 m/z 
with an ion trap EI+. The temperature of the ion source was fixed at 
200°C. The mass spectrum of the resulted methyl ester was compared 
with the one available in the NIST database.

2.4. Anticancer Activities
The anticancer activities of the purified compound were evaluated 
using two breast cancer cell lines, viz., MCF7 and MDA-MB-231 
(adenocarcinoma), purchased from the National Centre for Cell 
Sciences, Pune, India. The cells were cultured in Dulbecco’s modified 
Eagle’s medium along with 10% fetal bovine serum, 2 mM L-glutamine, 
and 1% penicillin G/streptomycin under a 5% CO2 incubator at 37°C. 
During the experiment, cells were treated for 24  h under the same 
temperature and humid conditions with a purified compound ranging 
from 100–800 μg/mL dissolved in DMEM and added with 5% fetal calf 
serum, 2 mM L-glutamine, and 1% antibiotic mixture. Sodium lauryl 
sulfate was used as a positive control. The assay was carried out in 
96-well microtiter plates by plating cancer cell lines at a concentration 
of 1.5 × 104 cells/well. The activities of the purified compound against 
the cancer cell lines were evaluated using a 550 nm wavelength on a 
multimode reader (Biotek Elx 808, WI, USA) with an MTT assay [24]. 
All the values were represented as percentages from triplicate data. 
Further, microscopic observations were performed on treated cells 
using Calcein AM and Ethidium homodimer III, in which Calcein AM 
is a membrane-permeable fluorescent dye that stains all viable cells and 
Ethidium homodimer III is a membrane-impermeable dye that stains all 
dead cells on well plates under a fluorescent microscope (ZEISS LSM 
880, Germany). Fluorescence was noted by a 490 nm excitation filter 
and a 520 emission filter for Calcein AM, a 545 nm excitation filter 
and a 620 emission filter for Ethidium homodimer III, and a 495 nm 
excitation filter, which was above the range of the 520 emission filter 
for the combined stains (Calcein AM and Ethidium homodimer III).

3. RESULTS AND DISCUSSION

3.1. Purification of an Anticancer Compound
Cancer is one of the greatest challenges to modern society and health-
care systems [28]. Every year, more than 18 million new cases are 

2.3. Structural Characterization of Purified Anticancer
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recorded, with a more than 50% mortality rate [29,30]. This data 
reveal the emergency for more research in the discovery of promising 
anticancer therapeutic drugs, which warrants the present study. In 
this study, the cell-free supernatant of a marine symbiotic bacterium, 
P.  lentimorbus SAGM 3, isolated from a sea anemone, Heteractis 
sp., exhibited promising anticancer properties against two cancer cell 
lines, MCF-7 and MDA-MB-231, and its biochemical components 
were solvent extracted and purified for extensive research. Among 
the collected fractions during the purification procedure, the 70:30 
and 71:29 fractions showed maximum anticancer activities of 100% 
against both the two cancer cells at 103 mg, which was further dried 
using a rotary vacuum evaporator and used for the detailed spectral 
characterization studies. Supporting this study, lyophilized cell-free 
extracts of sponge-associated bacteria, Pseudomonas fluorescens 
BCPBMS-1, and Penicillium citrinum, evidenced cytotoxic activity 
against HEp-2 cancer cells [31]. Likewise, an alkaloid compound 
obtained from Saccharomonospora sp. exhibited cytotoxicity against 
human colon cancer cells (HCT-116) [32].

3.2. FTIR Analysis
FTIR analysis was performed on the purified anticancer compound for 
the identification of function groups present in it [Figure 1]. Spectral 
peaks recorded at 2954, 2924, and 2853 cm-1 indicated the presence 
of aliphatic alkane groups (CH), and peaks at 1647 and 1636 cm-1 
stated the aliphatic alkene (CH=CH). Similarly, the functional group 
of aromatic alkanes was observed from the peaks at 888 and 
720 cm-1, and aromatic alkenes were predicted from the 1541, 1458, 
and 1402 cm-1 peaks. At 1735 and 1717 cm-1, a significant ester group 
was detected; similarly, 1740 and 1653 cm-1 evidenced a ketone group. 
All the functional groups predicted in the FTIR spectrum revealed 
the possible structure of (3R)-3-hydroxy-4-methylidene-3-[(2E, 
4E, 6E)-octa-2,4,6-trienoyl]oxolan-2-one. Thus, this study further 
characterized the structure of this biochemical compound using NMR 
and GC-MS/MS analysis. Similar to this study, FT-IR spectral analysis 
was used to figure out the new structures of the bioactive compounds 
Aneurinifactin and Cybersan, which were extracted from a marine 
bacterium Aneurinibacillus aneurinilyticus SBP-11 and a marine yeast 
Cyberlindnera saturnus SBPN-27 [33,34].

3.3. 1H and 13C NMR Analysis
1H and 13C NMR spectra of the purified anticancer compound 
evidenced the possible structure of (3R)-3-hydroxy-4-methylidene-
3-([2E,4E,6E]-octa-2,4,6-trienoyl) oxolan-2-one, and the respective 
spectra are shown in Figure 2a and 2b. 1H NMR spectra indicated the 

presence of hydrogen atoms in the terminal aliphatic alkane (CHn) at 
1.3334–1.8640  ppm and in the aliphatic alkene (CH=CH) between 
1.9013 and 2.5983  ppm. Similarly, the chemical shifts between 
2.6007 and 2.6431 ppm and 8.0772 and 8.1927 ppm represented the 
protons of aromatic alkane (CH3) and aromatic alkene (CH=CH). 
Further, the significant functional groups of this purified anticancer 
compound were represented by the hydrogen atoms present in the 
ester group (R-CO-O-CH2), ketone (R-CO-CH), and aldehyde (C-
OH) groups, which were represented within the chemical shifts of 
3.7228–3.8338  ppm, 3.1990–3.2917  ppm, and 9.8542–9.9731  ppm, 
respectively.

Likewise, the 13C NMR spectrum also revealed the possible structure 
of (3R)-3-hydroxy-4-methylidene-3-([2E,4E,6E]-octa-2,4,6-trienoyl) 
oxolan-2-one from the analyzed spectra, as shown in Figure  3a 
and b. The carbon atoms present in the terminal aliphatic alkane 
(CH3) and aliphatic alkene (CH=CH) were represented between the 
chemical shifts of 7.7989-18.6631 ppm and 116.2237-122.8370 ppm. 
Furthermore, the presence of carbon atoms in aromatic alkane (CH2) 
and aromatic alkene (C=CH2) is evidenced by the chemical shifts 
between 153.0367–156.1553 ppm and 138.2379–140.2879 ppm. The 
carbon atom present in the significant functional group of ester (R-CO-
O-R) was observed between 20.7379–29.8792  ppm; ketone (R-CO-
CH) was observed between 30.9490–39.7930  ppm; and aldehyde 
(C-OH) within the chemical shifts of 201.0456–203.6372  ppm, 
respectively.

From the results of the 1H and 13C NMR spectra, the purified anticancer 
compound revealed all the functional groups of (3R)  -3-hydroxy-4-
methylidene-3-[(2E,4E,6E)-octa-2,4,6-trienoyl] oxolan-2. Supporting 
this study, Menéndez et al. [35] purified an anticancer compound, 
Chromomycin SA, derived from Streptomyces griseus based on 
the spectral details of NMR. Likewise, NMR spectra were used to 
elucidate the novel structures of a lipopeptide and a glycolipid bioactive 
compound, namely Pontifactin and Staphylosan, derived from marine 
bacterial strains of Pontibacter korlensis SBK-47 and Staphylococcus 
saprophyticus SBPS [36,37].

3.4. GC and MS/MS Analysis
The biochemical structure of the purified anticancer compound was 
studied using GC and MS/MS analysis. The sample revealed a single 
major peak at the retention time of 14.57  min, which revealed the 
purification of the compound [Figure  3a]. Using MS/MS analysis, 
the molecular mass (m/z) of the purified compound was identified 
as 234.2  m/z, and its methylated compound was determined at 
248.2  m/z [Figure  3b]. Further, the fragmentation pattern of the 
purified compound exactly matched the pattern of (3R)-3-hydroxy-
4-methylidene-3-([2E,4E,6E]-octa-2,4,6-trienoyl]oxolan-2-one as 
per the available database in NIST [Figure  3c]. In addition to the 
GC analysis, the biochemical structure of the anticancer compound 
was identified using FTIR and NMR analysis as (3R)-3-hydroxy-
4-methylidene-3-([2E,4E,6E]-octa-2,4,6-trienoyl)oxolan-2-one, as 
illustrated in Figure 3d, as evidenced by the overall spectral database 
performed in this study.

Moreover, this structure was earlier reported from an actinobacterium, 
Streptomyces sp. CJ-5, which was named as Chojalactone C along 
with the similar forms of Chojalactone A and B. In the same study, 
this mixed form exhibits moderate anticancer activity against 
leukemia P388  cells, and the mechanism of action is unknown till 
date [38]. In support of this study, an antimicrobial compound, (E)-
10-hydroxy-4,6,8,10-tetramethyldodec-4-en-3-one, was identified 

Figure 1: Fourier transform infrared spectroscopy spectrum of the purified 
Chojalactone C from a marine Paenibacillus lentimorbus SAGM 3.

and
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based on the same systematic spectral profiling of FTIR, NMR, GC, 
and MS/MS analysis that was purified from a marine Paenibacillus 

macerans SAM  9  [39]. Likewise, a novel bioactive compound, 
trigalactomargarate, was identified from a marine Cyberlindnera 

Figure 2: (a) H1 and (b) C13 NMR spectrum of the purified Chojalactone C from a marine Paenibacillus lentimorbus SAGM 3.

a

b

Figure 3: (a) Gas chromatography, (b) mass spectrometry (MS)/MS spectrum, (c) fragmentation pattern and (d) predicted structure of the purified compound, 
Chojalactone C ([3R]-3-hydroxy-4-methylidene-3-[(2E,4E,6E)-octa-2,4,6-trienoyl]oxolan-2-one) from a marine Paenibacillus lentimorbus SAGM 3.

a

c d

b
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Figure 5: Anticancer activities of the Chojalactone C against MCF7 cell line 
under fluorescence microscopy using Calcein AM (fluorescent green colour 

denotes viable cells) and Ethidium homodimer III (fluorescent red colour 
denotes dead cells).

Figure 6: Anticancer activities of the Chojalactone C against MDA-MB-231 
cell line under fluorescence microscopy using Calcein AM (fluorescent green 

colour denotes viable cells) and Ethidium homodimer III (fluorescent red 
colour denotes dead cells).

saturnus SBPN-27 using the same schematic spectral scheme as 
evidenced in this study and was named “Cybersan” [34].

3.5. Anticancer Activities

The anticancer activities of Chojalactone C were evaluated with two 
breast cancer cell lines at different concentrations. Chojalactone C 

showed concentration-dependent anticancer activities in both cancer 
cell lines tested. Among the tested concentrations, Chojalactone 
C evidenced complete inhibition of MCF7 at 800  µg/ml, and 
MDA-MB-231  cells at 700  µg/ml, respectively, and the graphical 
data of the concentration-dependent activities were illustrated in 
Figure 4a and b. As per the observation, Chojalactone C was more toxic 
to MDA-MB-231  cells than MCF7  cells. Anticancer examinations 
of Chojalactone C against MCF7 and MDA-MB-231  cells were 
also studied under fluorescence microscopy using two fluorescent 
dyes: Calcein AM, a fluorescent green dye, denotes viable cells, and 
Ethidium homodimer III, a fluorescent red dye, denotes dead cells. 
The appearance of viable cancer cells observed at the positive control 
without any dead cells and no viable cancer cells were observed at 
the maximum tested concentrations revealed the cytotoxicity of 
Chojalactone C against the two breast cancer cell lines.

The representative microscopic examinations are given in Figure 5 and 6. 
In an earlier investigation, Chojalactone C was reported for its moderate 
anticancer activity against leukemia P388 cells [38]. Further, no more 
studies have been performed to date detailing its extensive anticancer 
potential. Hence, this present study was performed and identified 
promising anticancer activities of Chojalactone C against MCF7 and 
MDA-MB-231 breast cell lines. Similar to the present research, a novel 
flavonoid compound, 6-hydroxykaempferol-3, 6-dimethly ether, isolated 
from a marine actinobacterium, Streptomyces carpaticus RMS518F, was 
reported for moderate anticancer activity against human colon carcinoma 
(HCT-116) and hepatocellular carcinoma (Hep G2) cell lines [40]. Two 
compounds, cyclo-(L-Pro-D-Pro-L-Tyr-L-Tyr) and 2-hydroxyethyl-3-
methyl-1,4-naphthoquinone, isolated from a marine actinobacterium, 
Actinoalloteichus cyanogriseus 12A22, from the South China Sea, 
revealed moderate anticancer activity against the human breast cancer 
(MDA-MB-435) cell line [41]. From the overall observations, this study 
provides valuable data to enhance more elaborate anticancer studies 
using Chojalactone C.

4. CONCLUSION

This study purified an appreciable anticancer compound from a marine-
derived P. lentimorbus SAGM 3, and it was identified as Chojalactone 

Figure 4: (a and b)Percentage cell growth inhibition of MCF7 and MDA-
MB-231 breast cancer cell cell lines against different concentrations of 

purified Chojalactone C.

a

b

and

and
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C based on various spectral examinations. Interestingly, this purified 
compound exhibits complete inhibition of two breast cancer cell lines, 
viz., MCF7 and MDA-MB-231  cells. These results hold promising 
data for a detailed study in the near future regarding its cytotoxicity 
and in vivo examinations intended for the possible development of a 
therapeutic drug.
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