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Production, purification, and process optimization of intracellular
pigment from novel psychrotolerant Paenibacillus sp. BPW19
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A B S T R A C T

A pink pigment-producing bacterial strain was isolated from wastewater and identified as Paenibacillus
sp. BPW19. The motile bacterial strain was Gram-positive, acid fermenting, glucose, sucrose utilizing and
rod-shaped with an average cell length of 1.55 mm as studied under the Environmental Scanning Electron
Microscope. Even though being psychrotolerant, the cell growth condition of BPW19 was optimized as 25
oC along with pH 8, and 2.25% inoculum concentration considering the operational ease of the
production. Sonication assisted solvent extraction produced 5.41% crude pigment which showed zones of
exclusion against gram-negative strains Escherichia coli DH5α, Enterobacter sp. EtK3, and Klebsiella sp.
SHC1. Gas Chromatography-Mass Spectrometry analysis of the crude pigment exhibited the dominant
presence of major compounds as dotriacontane; 3,7 dimethyl 7 octanal; 1-eicosene and erucic acid.
While column chromatography (ethanol:chloroform in 1:4 (v/v) ratio) purified pigment was identified as
erucic acid using Nuclear Magnetic Resonance with a net yield of 3.06%.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pigments and dyes are one of the most utilized supplements
used in a wide range of industries including food and beverage,
textile, leather, cosmetics, pharmaceuticals, paper, dye-sensitized
solar cells, etc. not only to increase the aesthetic of the product but
also to improve the taste, quality, and durability of it [1,2]. The
demand of the pigments and dyes will see an annual increment of
5% during 2020–2027 from its current market of approximately
33.20 billion US dollars [3]. The post-industrial revolution era
experienced a significant increase in market demands of synthetic
pigments for their high productivity, high stability, high intensity,
low production cost, and varied applications [2]. However, since
these pigments directly impact the health and well-being of
individuals as well as the environment, they are scrutinized by
researchers. Recent reports suggesting the carcinogenic activity of
carmoisine or mutagenic activity, allergy, and hyperactivity
associated with Tartrazine, Allura Red, Sunset Yellow, and Brilliant
blue have made people apprehensive about the use of synthetic
pigments and many governments have imposed ban or restrictions
on their uses [4]. Apart from these, pigment and dye effluents from

various industries like textile, leather, and pharmaceuticals
accumulate and contaminate the aquatic environments. For
example, approximately 10,000 different synthetic textile dyes
are found in industrial effluents that get deposited in the different
biosphere as micropollutants [5–8]. Most of these contaminants
are non-biodegradable or on degradation produce carcinogenic
compounds [7,9]. Management of such contaminants incurs high
cost and complexity of the process, and inefficient removal [6,10].
To overcome these hurdles, complex treatment strategies involv-
ing nanomaterials have gained interest [11,12]. Nanostructures
degrade dyes and particulate contaminants in an eco-friendly and
cost-effective way by advanced oxidation processes such as
photocatalysis, sonolysis, and Fenton reactions [13–16]. Lately,
several nanoparticles [17,18], composites [19], nanocrystals
[9,20,21], sorbents [22–24] have been developed and synthesized
for the treatment of water contaminated by dyes and other
pollutants.

Though these advanced wastewater treatment strategies have
been developed to reduce the toxicity of these persistent micro-
pollutants in the environment, these processes have their short-
comings like the requirement of large infrastructure, huge
investment, skilled labor, and nanotoxicity [25]. The best possible
alternative to protect the environment, as well as human health,
should be re-establishing the interest towards the natural pigment
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ecently, researchers have been investigating bacterial pigments
s a form of natural pigment which has the potential to meet the
xisting market demands without inducing toxic effects on the
nvironment [28]. Moreover, pigments extracted from bacteria are
ore advantageous than other natural sources like plants or
inerals as bacteria are easily available and can be cultured in

arge scale bioreactors, can be engineered and optimized to
ncrease the yield, simple and easy downstream processing, low
aintenance and no requirement of large arable lands and labor,
nlike plant pigments, for cultivation and processing, utilizes food
nd agricultural wastes as substrates promoting waste minimiza-
ion [29]. Since seasonal and geographical variations affect plant
rowth, it eventually limits the overall pigment production from
lant sources. Bacterial pigments on the other hand have no
easonal or geographical limitations. They also contain different
iological properties like antioxidants, anti-inflammatory, anti-
ungal, and anti-carcinogenic properties which makes them
uitable for the food and pharmaceutical industries [30]. Apart
rom food and pharmaceuticals, bacterial pigments have applica-
ion in several fields such as pigment pyocyanin from Pseudomonas
eruginosa as textile dye [31], phycocyanin from Nostoc linckia for
he synthesis of silver nanoparticles [32], prodigiosin from Serratia
arcescens for the synthesis of dye-sensitized solar cells [33],
iolacein from Chromobacterium violaceum as immunostimulator
ith potential to be applied in immune therapies [34] and many
thers as listed in Table 1 [35–42]. The applicability of bacterial
igment in various industries displays its potential to compete
ommercially with the existing synthetic pigments in the market.
ptimization of bacterial growth conditions such as temperature,
H, incubation time, etc. along with appropriate pigment isolation
ethods can produce huge quantities of pigment to sustain its
ommercial usage. Since bacterial pigments can also be intracel-
ular, the loss of the pigment during the extraction and purification
rocess results in a relatively lower net yield of the pigment than
ther extracellular bacterial pigments or other plant pigments.
ence, the selection of an appropriate extraction method is crucial
or obtaining intracellular bacterial pigment. There are several
ethods used for extraction of intracellular pigment which

nvolves organic solvents, solid-phase extraction, homogenization,
reeze-thaw method, ultrasonication, inorganic acids, soxlet
ethod, and others [80]. Amongst all these methods, the solvent
xtraction method using organic solvents like ethanol and
ethanol is the simplest and most cost-effective method. These
ethods can also be used exclusively or in suitable combinations
ith other methods keeping in view their availability, simplicity,
nd production cost for higher yields.
To move towards retaining the importance of natural pigment,

n this current study bacterial pigment production was investigat-
d. To the best knowledge, the pigment production ability of any
train from the Paenibacillus genus is being reported for the first
ime. The intracellular pigment production ability of the test strain
as evaluated and the chief component of the pigment was also

identified along with some characteristic property of the produc-
ing strain.

2. Material and methods

2.1. Isolation and identification of pigment-producing bacteria

Wastewater samples collected from the oxidation ponds of
Rourkela, India (22.26 �N, 84.85 �E) were spread on Reasoner’s2A
(R-2A) (M1687, Himedia, USA) agar plates and incubated at 30 �C
for 3 days. The pigment-producing colonies of BPW19 were
isolated and pure colonies of the strain was obtained by
subsequent rounds of quadrant streaking method on sterile agar
plates with 1.5 % (w/v) of agar. The strain was further identified by
analyzing its 16S rRNA gene [43]. The genomic DNA of the strain
was isolated from the cell culture pellet using a standard
enzymatic protocol with some modifications along with a
Gram-positive control, Bacillus subtilis, and a Gram-negative
control, Escherichia coli. The cell culture was divided into four
batches and was primarily subjected to four different types of cell
lysis treatment, respectively. The treatment methods include
sonication for 30 min; boiling at 100 �C for 15 min; boiling at 100 �C
for 10 min followed by sonication for 20 min; alkali lysis using 1 M
NaOH for 10 min and adding 1 M HCl to cease the lysis treatment
post the incubation period [44].

The genomic DNA was then extracted from the treated cells
following the standard enzyme assisted cell disruption procedure
followed by solvent extraction using PCI (Phenol:Chloroform:
Isoamyl alcohol) in the ratio 25:24:1 and successive purification
using ice-cold ethanol. The 16S rRNA gene was particularly
amplified with the help of degenerative universal forward primer
27 F and reverse primer 1492R using hot-start PCR (Veriti 96-Well
Thermal Cycler, Applied Biosystems, Thermo Fischer Scientific, Sin-
gapore) [45]. The amplification of the gene was initiated primarily
by denaturing the DNA at 95 �C for 5 min succeeded by 35 complete
cycles of the denaturation, annealing, and elongation. Denatur-
ation of the DNA was conducted at 95 �C for 1 min which followed
the annealing of the primers with the DNA strands at 52 �C for 50 s
and then elongation of the strands for 1.5 min at 72 �C. The final
elongation is terminated with an extension of 10 min. The PCR
amplified product was purified using a gel extraction kit (Genetix
Biotech Asia Pvt Ltd, New Delhi, India) and Sanger sequencing was
performed from Eurofins Genomics India Pvt Ltd, Bangalore, India
[46]. The obtained sequence was edited using BioEdit (v7.0.5)
software to remove terminal noise response during the sequenc-
ing. Further, BLASTN (Basic Local Alignment Search Tool for
Nucleotide) was performed on the edited sequence using NCBI
(National Centre for Biotechnology Information) database to
identify the related strains having homologous or identical
sequences. The identified homologous strains were aligned by
multiple sequence alignment CLUSTALW using MEGA7 software.
From this multiple alignment result, the final phylogenetic tree

able 1
olated pigments from different bacterial species.

No. Bacterial species Source Pigment Application Reference

1. Serratia marcescens American type culture collection Prodigiosin Fabric dye [35]
2. Chryseobacterium artocarpi Orchard soil Flexirubin [36]
3. Streptomyces coelicoflavus Soil Red pigment Anthracyclines analog [37]
4. Chryseobacterium sp. and Hymenobacter sp. Soil Xanthophylls Dye-sensitized solar cells [38]

5. Brevundimonas sp. Marine water Astaxanthin [39]
6. Lysobacter oligotrophicus Freshwater, Antarctic Melanin Removal of free radicals and ROS [40]
7. Pseudomonas spp. Dairy product Phycoerythrobilin [41]
8. Xanthomonas sp. Marine soil Yellow Fabric dye [42]

Sarcina sp. Orange
Rhodotorula sp. Pink Red
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was constructed using the bootstrap method by the neighbor-
joining algorithm in MEGA7 software. For the construction of the
phylogenetic tree, an out-group was considered as Staphylococcus
aureus df5 (LN929744) [47–49].

2.2. Characterization of isolated strains

2.2.1. Chemical characterization
The molecular setup of the cell wall of the isolated strain was

characterized by the Gram staining method using Gram Staining
Kit (K001, Himedia, Mumbai, India). The metabolic biochemical
characterization of the isolated bacterial strain was performed by
the IMViC test which includes four different examinations, viz.
Indole production test, Methyl red test, Voges-Proskauer test, and
Citrate utilization test using IMViC Identification Kit (207900011,
Microxpress, Goa, India). The carbohydrate utilization profile of the
isolated bacterial strain was performed using different carbohy-
drate-containing media provided in the same kit [50]. All the
biochemical characterization experiments were validated using
two model organisms viz. B. subtilis and E. coli.

2.2.2. Physical characterization
A motility test was performed by the hanging drop method

using a circular concavity slide. In a clean glass slide, a single drop
of overnight grown culture was placed by micropipette and
covered with a concavity slide using petroleum jelly without
disturbing the drop. The slide was flipped carefully and the drop
was observed under a total of 1000X resolution in a compound
microscope to identify any motion inside the hanging drop [51]. To
validate the process, B. subtilis was used as a positive control and
Klebsiella pneumonia as a negative control.

The isolated bacteria were further physically characterized by
Environmental Scanning Electron Microscope (ESEM). Sample
preparation steps include fixation by 2.5 %–3 % glutaraldehyde in
phosphate buffer at room temperature for 1�2 h followed by
washing in phosphate buffer for 10 min. Post-fixation was done by
using 1 %–2 % osmium tetroxide in phosphate buffer for 1�2 h
followed by washing in distilled water for 10 min. Next
dehydration at different ethanol concentration of 30 %, 40 %, 50
%, 60 %, 70 %, 80 %, 90 % for 10 min at each concentration and
dehydration at 100 % ethanol for twice for 20 min. The specimen
was then dried and mounted on carbon tape and the sample was
viewed under the Environmental Scanning Electron Microscope
(ESEM) (Quanta 600 FEG, FEI, Japan) [52]. Moreover, the effect of
temperature on bacterial growth was studied for a declining
temperature range of 35 �C to 5 �C to evaluate the psychrotolerant
nature of the isolated strain.

2.3. Optimization of pigment production

To optimize the biomass production and cellular growth of the
isolated strain BPW19, a two-level, three factorial central
composite design (CCD) was obtained using Design-Expert
software (Trial version). For the biomass production, the three
main contributing factors were taken as the incubation tempera-
ture, pH and inoculum percentage which are represented as coded
values of A, B, and C, respectively [43,53]. The levels for A, B, and C
were considered as 25 �C and 37 �C, 6 and 8, 1.5, and 3.5,
respectively. A total of 20 run combinations were proposed by the
software to obtain the responses of biomass production. For each

(SSR) and corrected sum of squares (SST) was determined using
ANOVA analysis. Fisher’s F-test checked the statistical significance
of the model whereas the coefficient of determination R2

expressed the polynomial model’s fit quality. Based on the effect
of three factors, the respective contour plots were obtained for
both the levels [55,56].

2.4. Bacterial cell harvesting using lab-scale bioreactor

To obtain biomass for pigment production, the isolated
bacterial strain was cultured in a total of 2.5 L of R-2A broth in
a stirred tank bioreactor (BIOSTAT B plus, Sartorius Stedim Biotech,
Germany) constantly maintaining the optimized culture condi-
tions for 4 days in presence of constant shaking of 140 rpm at 25 ⁰C.
After the incubation time, the color of the broth was found to be
changed to pink. From the broth, the biomass was harvested using
centrifugation (5430R, Eppendorf, Germany) at 7000 rpm at room
temperature for 15 min. The pellet of the collected biomass from
the 2.5 L culture was dried in open air overnight and weighed [57].

2.5. Pigment extraction, purification and yield analysis

The pigment extraction process was initiated by dissolving the
whole of the harvested biomass in 50 mL of 100 % methanol (v/v)
assisted by vortexing to confirm a homogenous solution. The
pigment appeared to be inside the cell as the centrifuged broth
exhibited no extraction of the produced pigment. Hence the pigment
was concluded to be intracellular. The dissolved cells of isolated
bacterial strains were then lysed by ultrasonication treatment in a
bathsonicator(Digital UltrasonicCleanerLCMU-2,LabmanScientific
Instruments, Chennai, India) for 30 min. After sonication, the
solution mixture was centrifuged at 7000 rpm at room temperature
for 15 min to obtain a colorless pellet and colored supernatant
[26,58]. This methanol solution along with the extracted pigment
wasthenair-driedfor 3days inadust-freeenvironment. Afterdrying,
the extracted crude pigment was weighed.

The purification of the crude pigment was performed by
Column Chromatography assisted with Thin Layer Chromatogra-
phy (TLC). Initially, a homogenous mixture of dried crude pigment
and silica were prepared and column chromatography was
performed using dissolved Silica Gel G (GRM7480, Himedia,
New Delhi, India) in chloroform in 1:4 (w/v) ratio. The fractions
were eluted using a solvent mixture of ethanol:chloroform in 1:4
(v/v) ratio [59,60]. Each eluted fractions were examined by TLC
analysis in pre-coated TLC plates (TLC Silica Gel 60 F254, Merck,
India) using the same solvent as the mobile phase for examining
the purity of the fractions. For each TLC run, the retention factor
(Rf) value was calculated by Eq. (1) [27].

Rf= Distance traversed by the pigment/Distance traversed by the
solvent (1)

Elute showing single mobile front having identical Rf value was
considered as a single component. Such fractions were cumulated
and the solvent was evaporated to obtain the purified dried
component. From the obtained data, stoichiometric equations
were produced to represent each of the steps and net yield was
calculated.

2.6. Antibacterial assay

run, 150 mL of culture was performed in constant shaking of 140
rpm and incubated for 4 days [54].

Analysis of variance (ANOVA) was used to test the effect of
different factors on response variables and interaction between the
response and the interaction variables were examined using model
equations. Error sum of square (SSE), regression sum of square
3

The antibacterial effect of the crude pigment was studied by
inoculating it with different Gram-positive and Gram-negative
bacterial strains on Luria Bertani (LB) (M575) (Himedia, India)
agar media plates. The Gram-negative test organisms include
Escherichia coli DH5α, Enterobacter sp. EtK3, Klebsiella sp. SHC1,
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hereas Gram-positive test strain includes Bacillus subtilis MTCC
616. Young suspension cultures of the test strains were spread
ver in different sterile LB agar plates. Paper discs of mm diameter
mpregnated with 5 mL of the pigment suspended in a solvent
ere placed on the plates and incubated at 30 �C for 3 days. A
arallel plate was maintained by using a similar paper
isc impregnated with only methanol as a control for the
xperimental condition. Proper radial diffusion of the pigment
as allowed by keeping the plates upright in an undisturbed
ondition [27,61].

.7. GC–MS analysis

For the Gas Chromatography-Mass Spectrometry analysis of the
rude pigment, a pinch of dried crude pigment was dissolved in
00 mL of methanol. The sample was analyzed using Gas
hromatography (7890B, Agilent Technologies, United States)
sing standard HP-5-MS column (7890B, Agilent Technologies,
nited States) and the compounds were detected by Mass
pectrometer (5977A, Agilent Technologies, United States). The
nitial temperature of the gas chromatography was maintained at
0 �C and for 1 min and escalated up to 180 �C at a rate of 20 �C/min
nd held for 0.5 min. The temperature was increased again at a rate
f 20 �C/min up to 280 �C and held for 3 min. A split ratio of 1:50
as maintained with Helium being used as inert carrier gas at a
ow rate of 1 mL/min [56,62,63].

.8. NMR analysis of pigment compound

The characterization of the purified pigment was performed by
uclear Magnetic Resonance (NMR) Spectroscopy. A pinch of dried
urified pigment was dissolved in 500 mL of deuterated dimethyl
ulfoxide (DMSO) (DLM-10-S-10 mL, Cambridge Isotope Laborato-
ies Inc, United States) and the solution was made homogenous
64]. The mixture was then analyzed in 400 ultrashield NMR
Avance III, Bruker, United States) to evaluate the number of
rotons (1H) at 500.13 MHz and carbon (13C) at 125.77 MHz
requency [61].

2.9. Statistical analysis

The experiments were performed in triplicates and the
obtained results were statistically analyzed in Origin Pro (v11.0)
using Analysis of Variance (ANOVA) test. The significant difference
was calculated statistically using the Chi-Square test.

2.10. Nucleotide sequence accession number

The obtained sequence has been submitted to the GenBank
database of the NCBI with an accession number of MK944323.

3. Results and discussion

3.1. Phylogenetic analysis of bacterial strain

The pink-colored colony was collected from the wastewater
spread plates and streaked multiple times to screen out the pure
strain. DNA extraction of the bacterial strain using enzymatic cell
lysis found no yield of genomic DNA, while both the control
microbes showed a significant yield of genomic DNA following the
same protocol. This indicated high resistivity of the isolated
bacterial cell wall towards cell lysis due to its complex cell wall
composition. The DNA extraction was successful only after a more
vigorous cell lysis approach like sonication or boiling combined
with sonication.

BLASTN analysis of the partial sequence of the 16S rRNA gene of
BPW19 confirms the relation of the isolated strain to different
species of Paenibacillaceae family. The phylogenetic analysis
showed that Paenibacillus taichungensis BCRC 17757 (EU179327)
had the most resemblance with BPW19 (MK944323) (Fig. 1). Other
closely related bacterial strains were found to be P. oceanisediminis
L10 (NR118217), P. dongdonensis KUDC0114 (KF425513), P. pan-
acisoli 1411 (AB245384), and P. terrae AM141 (AF391124). This
confirmed the relation of the isolated BPW19 with Paenibacillaceae
family and established it as a member of the family. Paenibacilla-
ceae family is well known as a soil bacteria and associated with the
growth of different plants like maize, cucumber, rice, pumpkin, etc.
Fig. 1. Phylogenetic tree analysis of the isolated strain BPW19 (MK944323).
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showing abilities like nitrogen fixation, phosphate solubilization
and iron acquisition [64,65]. Even biocontrol and insecticidal
effects along with antimicrobial effects were also observed by
members of the Paenibacillaceae family [64]. Although no
Paenibacillaceae family members have been reported in pigment
production to date. The phylogenetic analysis also showed that the
isolated strain BPW19 is distantly related to Bacillus subtilis and
other well-known pigment-producing bacteria like Serratia
marcescens, Enterobacter cloacae, Chromobacterium violaceum,
and Arthrobacter agilis. Staphylococcus aureus was considered as
an outgroup to construct the phylogenetic tree.

3.2. Characterization of strain

The Gram staining differentiates bacterial strains based on their
cell wall content: Gram-negative strain containing lower polysac-
charide and higher lipid percentage hence staining red by safranin,
characterizing less rigid cell wall, and Gram-positive strain having
higher polysaccharide and lower lipid content hence staining
purple by crystal violet signifying the presence of rigid cell wall.
The strain BPW19 was observed to be Gram-positive and rod-
shaped characterizing its rigid cell wall which was evident during
the cell lysis process of DNA extraction. During the experiment, a
Gram-positive control, B. subtilis, and a Gram-negative control, E.
coli was maintained to validate the result.

The ability of the bacterial strain to convert tryptophan into
indole was evaluated by the Indole test in which Kovac reagent
turns to pinkish-red from colorless in presence of indole. The strain
BPW19 did not show any such changes in the color signifying its
inability to produce indole fro tryptophan. For this analysis, E. coli
was considered as a positive control, and B. subtilis was considered
as a negative control. The acid fermentation ability of the isolated
strain BPW19 was examined by methyl red test in which the media
contained a pH indicator (methyl red) which turns yellow to red in
the periphery of a bacterial colony producing acid. BPW19
exhibited similar changes indicating acid fermentation ability. E.
coli and B. subtilis were maintained as a positive and negative
control, respectively. The Voges-Proskauer test was used to check
the utilization 2,3 butanediol pathway to produce acetoin from
glucose by the bacterial strain in which the test reagent containing
α-naphthol and potassium hydroxide turns pinkish for a positive
result and remain colorless or turns slightly copper for the negative
result. The negative results for BPW19 in the Voges-Proskauer test
confirmed that the strain cannot produce acetoin by glucose
fermentation. B. subtilis and E. coli were considered as a positive
and negative control, respectively for the examination. The citric
acid test was conducted to confirm the citrate utilization ability of
the bacterial strain as a sole carbon source in which a pH indicator
turns blue from green due to the increase in the pH of the media as

citrate gets depleted. No such color changes of the inoculated
citrate media were evident in presence of BPW19 which inferred
the inability of the strain to utilize citrate as sole carbon source. B.
subtilis and E. coli were considered as positive and negative control,
respectively for the analysis. Carbohydrate utilization profile of the
isolated strain BPW19 was constructed following the standard
protocol. In the process, the carbohydrate utilization activity
generally reduces the pH of the medium due to the production of
acids like pyruvic acid and other secondary metabolites. This
change in the pH was detected by pH indicator phenol red which
turns purple-red to yellow in lower pH. Different carbohydrate was
considered and it was found that BPW19 was able to utilize glucose
and sucrose as sole carbon sources. While the medium containing
carbohydrates like adonitol, arabinose, lactose, sorbitol, mannitol,
and rhamnose did not show any changes signifying the inability of
the strain to utilize these carbohydrates as sole carbon sources. As a
reference carbohydrate profile and validation of the experiment, B.
subtilis and E. coli were considered. The comparative biochemical
profile of BPW19 had been represented in Table 2 along with the
model organisms B. subtilis and E. coli.

The strain BPW19 appeared motile when observed under
1000X microscopic magnification which states a character for
strains of Paenibacillaceae family [66]. B subtilis was found motile
whereas K. pneumoniae was found to be non-motile which ensured
the correctness of the experiment. BPW19 appeared rod-shaped
with an average cell length of 1.55 mm and was found to have a
rough appearance on the cell surface when visualized under
50,000X magnification of the ESEM (Fig. 2). The obtained cell
length of BPW19 is smaller than other reported bacterial strains
from the Paenibacillaceae family, for example, Paenibacillus
dongdonensis, was reported with an average length of 2.8 mm
[67]. On the other hand, BPW19 had larger cell length than bacteria
like S. aureus which had been reported with an average cell length
of 1 mm [68].

3.3. Psychrotolerant nature of BPW19

The bacterial strain was found to grow better in lower
temperatures and the cellular growth was observed to be the
maximum at 5 �C which is 11.80 % higher than that observed at 25 �

C, 60.5 % higher than the growth at 30 �C and almost 296.46 %
higher than the growth obtained at 35 �C (Fig. 3). However, the
specific growth rate was observed to be more at a higher
temperature of 30 �C with 1.64/hr as compared to a lower
temperature of 5 �C with 0.66/hr. The cell growth rate at a lower
temperature was unsurprisingly lower as the metabolic activities
tend to slow down at low temperatures. Since the log phase was
more prolonged at lower temperatures, the overall cell growth was
obtained higher despite having a lower growth rate. Since BPW19

Table 2
Biochemical characterization of the isolated bacterial strain Paenibacillus sp. BPW19.

Biochemical test Positive Negative E. coli (DH5α) B. subtilis (MTCC 2616) BPW19

Gram staining Violet Red – + +
Indole test Reddish pink Colorless + – –

Methyl red test Red Yellowish orange + – +
Voges Praskeur test Pinkish red Colorless – + –

Citrate utilization test Blue Green – + –

Glucose Yellow Red + + +
Adonitol Yellow Red – – –
Arabinose Yellow Red + + –

Lactose Yellow Red + – –

Sorbitol Yellow Red + + –

Mannitol Yellow Red + + –

Rhamnose Yellow Red + – –

Sucrose Yellow Red – + +
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as able to grow in a temperature range of 5 �C–35 �C it could be
onsidered as a psychrotolerant bacteria [69]. Different strains of
aenibacillus had already been reported to be psychrophilic
rowing at extremely low-temperature conditions. Strains of
aenibacillus were isolated from the active permafrost layer of
laska while another strain from the same family was isolated
rom chilled ready to eat meals and could sustain lower temper-
tures of about 7 �C [69–71]. Some other strains were also isolated
rom soil with their ability to grow at temperatures between 4 �C
nd 25 �C which is comparable with the isolated strain of the study
PW19 which also exhibits similar temperature range for effective
rowth [72].

.4. Biomass production optimization

predicted R2 value was obtained as 0.0451 which is less than 0.2
and the overall R2 value was determined as 0.9874. These statistics
signified the good fit of the model. The ANOVA analysis (Tables 4
and 5) also suggested the model is signified with considerable F
and p values and lack of fit was also found non-significant [43].

Biomass = 0.0951�0.0006A + 0.0056B + 0.014C - 0.0177AB -
0.0055AC + 0.0013BC + 0.0162A2 + 0.0043B2 - 0.0052C2 - 0.005ABC
+ 0.0396A2 B - 0.0252A2C - 0.0232AB2 (2)

where A, B, and C are temperature, pH, and inoculum percentage,
respectively.

The model suggested that the pH and inoculum percentage had
a positive impact whereas temperature had a negative impact on
cellular growth (Fig. 4). According to the model, the preference of
low temperature was found collinear with the psychrophilic
character of PW19. But maintaining a lower temperature in the
bioreactor makes the whole process exothermic but to support
that refrigeration would be required [73]. Hence maintaining such
low temperatures for industrial production will require energy
consumption and incur operational and maintenance costs. The
increased amount of biomass obtained at low temperature may not
be sufficient to support the elevated process cost. Moreover, a low-
temperature process is well known for slow bacterial growth rate,
even for psychrophilic bacteria [74]. Hence lowering the tempera-
ture will increase operation time to obtain the maximum cell
growth which is also not accepted in industrial-scale processes. So
the optimum temperature was considered 25 �C which was found
sufficient to support cell growth. The acceptance of the model was
tested by the run suggested by the software with temperature 25 �

C, pH 8, and inoculum percentage of 2.25 %. The predicted value of
biomass was 0.19 g. The experimental result obtained was 0.18 g
which confirmed the difference between the predicted and
experimental value is only 5.85 % which is significantly low.

Fig. 2. Visualization of the isolated strain BPW19 under ESEM at 50000X magnification.

ig. 3. The effect of temperature on cellular growth of BPW19 indicating the
sychrotolerant nature of it.
Based on CCD modeling, a total of 20 runs of the different
ombination was suggested by the software. The obtained biomass
long with the run combinations have been represented in Table 3.
he cubic model suggested by the software for cell growth was
epresented by Eq. (2). The difference between the adjusted and
6

3.5. Pigment purification and yield

After the sonication process, the intracellular pigment was
dissolved completely in methanol. The solution was further
considered for TLC analysis which revealed two different bands
using a mobile phase of ethanol and chloroform in 1:4 (v/v)
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signifying the presence of two different chemicals in the crude
pigment. The major pink band was observed to have an Rf value of
0.92, where the solvent front was 1.9 cm and the pigment front was

�

around 3.14 g of dry cell mass. Considering R-2A broth contains
2.36 g/L of carbohydrates and 0.17 g/L of ammonia (a simplest
representable form of nitrogen source) the stoichiometric equa-
tion, Eq. (3) was produced taking 1 L basis to represent biomass
production during the process.

2.35 g carbohydrates + 0.01 NH3 → 0.051 CH1.79O0.5N0.2 + 1.117 g
residual (3)

Where CH1.79O0.5N0.2 is a universal bacterial biomass representa-
tion [43].

This inferred a net biomass yield of 0.35 g of dry biomass/g of

Table 3
Experimental run combination of different process parameters for biomass production optimization of Paenibacillus sp. following CCD.

No. Temperature (⁰C) pH Inoculum percentage (%) Response : Biomass (g/L)

1 25 8 3.5 0.19
2 31 7 2.5 0.10
3 37 6 3.5 0.06
4 31 7 2.5 0.08
5 37 6 1.5 0.08
6 41.09 7 2.5 0.14
7 37 8 1.5 0.12
8 25 6 1.5 0.09
9 31 7 2.5 0.10
10 20.91 7 2.5 0.14
11 31 7 4.18 0.10
12 31 7 2.5 0.09
13 25 6 3.5 0.07
14 31 7 0.82 0.06
15 25 8 1.5 0.19
16 31 5.32 2.5 0.12
17 31 7 2.5 0.10
18 37 8 3.5 0.08
19 31 8.68 2.5 0.10
20 31 7 2.5 0.10

Table 4
ANOVA analysis obtained from the model suggested by software for the optimization of pigment production.

Source Sum of Squares df Mean Square F-value p-value

Model 0.0236 13 0.0018 36.12 0.0001 Significant
A-Temperature 2.000E-06 1 2.000E-06 0.0397 0.8486
B-pH 0.0002 1 0.0002 3.58 0.1072
C-Inoculum 0.0011 1 0.0011 21.93 0.0034
AB 0.0025 1 0.0025 50.05 0.0004
AC 0.0002 1 0.0002 4.81 0.0709
BC 0.0000 1 0.0000 0.2482 0.6361
A2 0.0038 1 0.0038 74.83 0.0001
B2 0.0003 1 0.0003 5.36 0.0599
C2 0.0004 1 0.0004 7.80 0.0315
ABC 0.0002 1 0.0002 3.97 0.0933
A2B 0.0052 1 0.0052 103.44 < 0.0001
A2C 0.0021 1 0.0021 41.86 0.0006
AB2 0.0018 1 0.0018 35.28 0.0010
AC2 0.0000 0
B2C 0.0000 0
BC2 0.0000 0
A3 0.0000 0
B3 0.0000 0
C3 0.0000 0
Residual 0.0003 6 0.0001
Lack of Fit 7.325E-06 1 7.325E-06 0.1242 0.7389 not significant
Pure Error 0.0003 5 0.0001
Cor Total 0.0239 19

Table 5
Fit statistics of the model suggested for optimization of pigment production.

Std. Dev. 0.0071 R2 0.99

Mean 0.11 Adjusted R2 0.96
C.V. % 6.72 Predicted R2 0.92

Adeq Precision 21.82
1.75 cm at around 30 C. The purified pigment was obtained
through column chromatography after collecting elutes of the
major band considering similar Rf values and dried for further
confirmatory analysis.

After 4 days of incubation in bioreactor maintaining the
optimized culture conditions, 2.5 L of cell culture broth produced
7

carbohydrate. From the obtained 3.14 g of biomass, 0.17 g of crude
pigment was recovered following the solvent extraction process.
This indicated that the crude pigment was 5.41 % of the biomass by
proportion. This solvent extraction process can be represented by
the stoichiometric equation, Eq. (4) which was also prepared
considering a 1 L basis.
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.051 CH1.79O0.5N0.2 → 0.066 g crude pigment + 1.186 g cell debris
4)

The obtained crude pigment was further purified using column
hromatography and around 0.1 g of purified pigment compounds
as obtained from 0.17 g of crude pigment. This resulted in 57.80 %
f the crude pigment if purified as the final pigment compound.
his purification process can be expressed stoichiometrically as
q. (5). The net yield of purified pigment was 3.06 % from biomass.

.07 g crude pigment → 0.03 g purified pigments + 0.03 g
ontaminants (5)

The net yield of purified pigment for this process was obtained
s 0.1 g from 2.5 L of bacterial culture. The yield obtained for the
igment in this study is comparable with yields reported in recent
iterature for intracellular pigment isolation from bacteria. The
ecorded yield in this study was 68 mg/L of crude pigment from the
PW19 strain by the solvent extraction method. This result is 3.5
imes higher than the yield of 18.90 mg/L reported for a strain of D.
iolaceinigra [79] and 4.5 times higher than the yield of 15 mg/L

reported for Formosa sp. [88]. The optimization of process
conditions for maximum biomass production led to the higher
yield in our study as compared to the other reports. In another
report, violacein pigment was produced by Janthinobacterium
species and optimization of growth conditions was done followed
by pigment isolation using solvent extraction method [78]. The
obtained yield in the report was 77 mg/L which is comparable with
the yield results of the current study.

The higher yield observed in our study was due to the pigment
extraction after optimizing the parameters for maximum biomass
production followed by the use of only a single-step purification
process of the crude pigment. Therefore the production and
extraction of the intracellular pigments from BPW19 through
solvent extraction provided a higher yield with no energy
consumption as compared to other extraction processes, making
it a cost-effective approach. Another study on the extraction of
intracellular yellow pigment from coral-associated bacteria Vibrio
owensii TNKJ.CR.24�7 reported a yield of about 1.14 % when
isolated with 1-butanol which was comparable with BPW19 strain
of this study provided a yield of 3.06 % after purification stating a

ig. 4. Contour Plots of interaction between three factors considered during optimisation Temperature, pH and Inoculum (%); (A) Interaction between temperature and pH;
B) Interaction between temperature and inoculum % ; (C) Interaction between pH and inoculum %.

able 6
omparative representation of pigment yield from other bacterial sources.

Pigment Type Species Pigment isolation method Yield References

Indochrome type blue pigment Extracellular Pseudarthrobacter sp. Solid-phase extraction 2.5 g/L [41]
Carotenoid like pigment Intracellular Arthrobacter sp. Solvent extraction 0.84 g/L [77]

Violacein Intracellular Janthinobacterium sp. Solvent extraction 77 mg/L crude [78]
Violacein Intracellular Duganella violaceinigra str. NI28 Solvent extraction 18.9 mg/L crude [79]
Prodigiosin Intracellular Serratia marcescens Ultrasonication 2.54 � 0.41 mg/mL [80]

Freeze-thawing 0.06 � 0.02 mg/mL
Homogenization 0.49 � 0.10 mg/mL

Pink pigment Intracellular Paenibacillus sp. Solvent extraction 3.06 g/100 g of biomass This study

8
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relatively higher yield [76]. Comparative representation of the
pigment yield of this study along with other recent works had been
discussed in Table 6 [41,77–80].

3.6. Antibacterial assay of crude pigment

The solvent extraction process produced crude pigment which
was further evaluated for its antibacterial property. The crude
pigment showed antibacterial property against Gram-negative test
strains. Growth inhibition zone of about 2.5 mm was obtained
against E. coli whereas 3.1 mm and 2.9 mm were observed against
Enterobacter sp. and Klebsiella sp., respectively. No antibacterial
effect was observed against the Gram-positive bacteria B. subtilis.
Hence the pigment was found to be effective against Gram-
negative bacterial strains. Some reported bacterial pigments
exhibited similar kinds of antibacterial activity which include
prodigiosin produced by Serratia sp. PDGS 120915, phyocyanin
pigment by Pseudomonas aeruginosa, etc [31,75]. Although no
strain of Paenibacillus genus was reported with pigment produc-
tion, however, some strains like Paenibacillus polymyxa and
Paenibacillus thiaminolyticus were reported to produce antimicro-
bial substances comprised of bacteriocins, lipopeptides, enzymes,
and different volatile organic compounds [81].

3.7. GC–MS and NMR analysis

The GC–MS analysis of crude pigment indicated the presence of
a variety of complex components (Fig. 5a). Among them, the main
four dominating compounds were identified as dotriacontane
(16.72 min), 3,7 dimethyl 7 octanal (16.83 min), 1-eicosene (17.17
min) and erucic acid (17.19 min) with percentage area of 1.39 %,
23.66 %, 22.87 %, and 12.75 %, respectively (Fig. 5b). Among these
identified compounds, dotriacontane is a long chain hydrocarbon
having 32 carbon atoms. It had been reported with antibacterial,
antioxidant, and antispasmodic activity. On the other hand,
compound 1-eicosene is a suitable anticancer agent and possesses
immunosuppressive activity. It also acts as a radical scavenger to
reduce the chemical stress.

NMR spectrum analysis was used to identify the component in
the purified pigment compound. The 13C analysis confirms the
presence of 1 carbonyl compound, two double-bonded carbons
(sp2), and 20 other (sp3) carbons (Fig. 6a). Proton count also
confirmed the presence of a carboxyl group, an internal double
bond, and a total of forty-two hydrogen (Fig. 6b). The NMR
spectrum analysis combined with the GC��MS report, the
component of the purified pigment was identified as erucic acid
(Fig. 7). Erucic acid is effectively used as a surfactant in various
oleochemical industries and is one of the fundamental compounds
in hydraulic fluids [82]. It is also used for the production of
lubricants, detergents, plastics, resins, and lacquers [83]. The
application of high erucic acid contained oil as cutting oil for
metals paves finds its utilization in the metallurgical industries
[84].

4. Application of the present work

Pigment production from bacterial sources is beneficial in
terms of large scale production with low generation time and
presence of different biological compounds like antioxidants and
antimicrobials along with biocompatibility, less toxicity, economic
and eco-friendly. The present work reported pigment production
from a strain of the Paenibacillus genus for the first time. The
intracellular pigment was extracted using solvent extraction after
sonication and heat mediated cell disruption. The solvent
extraction process aids in a less expensive pigment production
with no energy requirement. Bacterial pigment allows very little
amounts of waste generation and also reduces the cost of chief
substrates for the production line. The purified compound from the
pigment was identified as erucic acid which has its application in
oleochemical industries as surfactants and also used in the
production of lubricants, detergents, plastics, resins, and lacquers
[83]. The compound is also regarded as essential in the
metallurgical industries as high erucic acid contained oil is used
as cutting oil for metal paves [84]. It is also one of the major
compounds used in hydraulic fluids and is considered important in
the automobile industries [82]. Other natural sources of erucic acid
Fig. 5. a The GC–MS chromatogram of the crude pigment. b The GC–MS chromatogram showing the presence of erucic acid as one of the compounds in the crude pigment.
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include plants of Brassicaceae family, particularly rapeseed and
mustard. Since plants have higher generation time, industrial use
of erucic acid from plants would exhaust the inflow of chief
substrates thereby increasing the overall cost of the production
system. Plant source for erucic acid also involves other factors like
labor cost, seasonality, and large cultivable land. Hence the
bacterial source of the compound makes it a significant alternative
to avoid the limitations. Apart from these, industrial bacterial

ig. 6. a The 13C nuclear magnetic resonance spectrum for the purified pigment fraction of the major band. b The 1H nuclear magnetic resonance spectrum for the purified
igment fraction of the major band.
ig. 7. Structure of erucic acid obtained as the major product after purification from
igment produced by isolated strain BPW19.

1

culture minimizes the cost of pre-processing, unlike plants that
require intermediate steps of chopping, processing, and filtration
for the extraction of the compound thus reducing the overall cost.
The pigment produced alongside in the bacterial source also serves
as a beneficial and commercial by-product.
0
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5. Conclusion

The BPW19 strain was successfully isolated from wastewater
and was found to be a member of the Paenibacillaceae family. The
strain showed psychrotolerant nature, implying its ability to grow
both in low and moderate temperature. Since low temperature
operations are costlier and are difficult to maintain, giving priority
to this fact, the biomass production was optimized at moderate
temperature to ensure the ease of the operation. The intercellular
bacterial pigment was successfully extracted by sonication assisted
solvent extraction using slightly polar solvent indicating the
amphiphobic nature of the crude pigment. The crude pigment
exhibited antibacterial activity especially against different gram
negative bacterial strain enlightening its probable application as an
antibacterial substance. The GC-MS analysis detected four major
compounds in the crude pigment, namely, dotriacontane; 3,7
dimethyl 7 octanal; 1-eicosene and erucic acid. After column
chromatography, the crude pigment was purified and the purified
compound was detected as erucic acid by NMR analysis. Erucic acid
has many applications in the oleochemical, metallurgical, and
automobile industries. This study has established BPW19 as a cost-
effective source of a bacterial pigment that may have diverse
industrial applications and large scale production of the pigment
with optimization and cost efficiency calculation can open up new
opportunities for commercialization of the pigment.
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