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Abstract: Sugarcane bagasse (SCB), one of the major lignocellulosic agro-industrial waste products,
was used as a substrate for biosynthesis of polyhydroxyalkanoates (PHA) by halophilic archaea.
Among the various wild-type halophilic archaeal strains screened, Halogeometricum borinquense strain
E3 showed better growth and PHA accumulation as compared to Haloferaxvolcanii strain BBK2,
Haloarcula japonica strain BS2, and Halococcus salifodinae strain BK6. Growth kinetics and bioprocess
parameters revealed the maximum PHA accumulated by strain E3 to be 50.4 ± 0.1 and 45.7 ± 0.19 (%)
with specific productivity (qp) of 3.0 and 2.7 (mg/g/h) using NaCl synthetic medium supplemented
with 25% and 50% SCB hydrolysate, respectively. PHAs synthesized by strain E3 were recovered in
chloroform using a Soxhlet apparatus. Characterization of the polymer using crotonic acid assay,
X-ray diffraction (XRD), differential scanning calorimeter (DSC), Fourier transform infrared (FT-IR),
and proton nuclear magnetic resonance (1 H-NMR) spectroscopy analysis revealed the polymer
obtained from SCB hydrolysate to be a co-polymer of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
[P(3HB-co-3HV)] comprising of 13.29 mol % 3HV units.
Keywords: archaea; halophiles; sugarcane bagasse; polyhydroxyalkanoates; Halogeometricum borinquense
strain E3; Soxhlet extractor

1. Introduction
Conventional plastics obtained from non-renewable petrochemical resources are creating
environmental havoc due to their non-degradable nature. To solve this problem, various
bio-based materials derived from renewable resources have been explored as a replacement for
conventional plastics. These materials could be (i) directly extracted from biomass as polysaccharides,
lignocelluloses, proteins, and lipids; (ii) chemically synthesized, e.g., by in vitro polymerization
of bio-derived monomers such as lactate to produce poly(lactic acid) (PLA); or (iii) biologically
synthesized by microorganisms, in vivo polymerization of hydroxylalkanoic acid (HA) units to
polyhydroxyalkanoates (PHAs) [1]. PHAs are synthesized and accumulated as inclusions by
microorganisms when the available nitrogen/phosphorus gets depleted while carbon is in excess.
PHAs are synthesized either in the inner membrane, on a central scaffold, or in the cytoplasm of cells
and aggregated in the form of globular, water-insoluble granules [2,3].
High production costs, downstream processing, and low yields are the major hurdles for the
commercial production and application of PHA, making microbially synthesized PHA 5–10 times
more expensive than petroleum-derived polymers [4]. Carbon sources/substrates represent half of
the PHA fermentation cost [5–7]. Various strategies such as replacing commercial substrates with
inexpensive renewable agro-industrial waste, finding novel high PHA-accumulating microorganisms
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or microbial strain improvements, and reducing the cost of PHA recovery/downstream process can
make the overall fermentation process more cost-effective [4].
Sugarcane (Saccharum officinarum) is the world’s largest cash crop, with Brazil being the leading
producer, followed by India, and is exploited for the production of sugar, jaggery, ethanol, molasses,
alcoholic beverages (rum), soda, etc. [8]. Sugarcane bagasse (SCB) is the leftover, fibrous residue of
sugarcane stalk after the extraction of juice and is a major lignocellulosic, inexpensive byproduct of the
sugarcane industry [9]. SCB needs special attention for its management, and is primarily used as a source
of energy for electricity/biogas production. It also serves as a raw material for fermentation processes in
the production of various products such as enzymes (cellulose, lipase, xylanase, inulinase, and amylase),
animal feed (single cell protein), amino acids, organic acids, bioethanol, bioplastics, etc. [10].
SCB is comprised of cellulose (46%), hemicelluloses (27%), lignin (23%), and ash (4%) [9].
Cellulose is a homopolysaccharide comprised of a linear chain of β(1→4) linked D-glucose units,
whereas hemicellulose is a heteropolysaccharide consisting of many different sugar monomers such
as xylan (consisting units of pentose sugar, xylose), glucuronoxylan (consisting units of glucuronic
acid and xylose), arabinoxylan (consisting of copolymers of two pentose sugars, arabinose and xylose),
glucomannan (consisting of D-mannose and D-glucose), and xyloglucan (consisting of units of glucose
and xylose). Degradation of these polymers would yield various sugars that could serve as a substrate
for PHA production. The fibrous nature of SCB makes its microbial degradation slower and more
difficult and hence limits its utilization. To overcome this, pre-treatment of SCB is usually carried out
for improved substrate availability and to speed up the fermentation process. Acid hydrolysis is a fast
and simple method, mostly performed to release sugars from the SCB that can be readily used by
microorganisms, rather than feeding solid bagasse, which is time-consuming and interferes with the
downstream processing [11].
Much insight has been gained into PHA synthesis by using non-halophilic microorganisms
as compared to their halophilic counterparts. PHA production by halophiles has been studied
among members of the families Halobacteriaceae (Domain Archaea) and Halomonadaceae (Domain
Bacteria). Kirk and Ginzburg (in 1972) first documented the occurrence of PHA granules in halophilic
archaea [12]. Subsequent research on members of the family Halobacteriaceae revealed significant
PHA synthesis by the following genera: Haloferax (Hfx. mediterranei), Haloarcula (Har. marismortui),
Halobacterium (Hbt. noricense), Haloterrigena (Htg. hispanica), Halogeometricum (Hgm. borinquense),
Halococcus (Hcc. dombrowskii), Natrinema (Natrinema pallidum); Halobiforma (Hbf. haloterrestris), and
Halopiger (Hpg. aswanensis) [13–20]. Among the halophilic bacteria, members of the genus Halomonas
(H. boliviensis) are known to synthesize a large amount of PHA from a variety of substrates such as
glucose, maltose, starch hydrolysate, etc. [21,22].
Overall, there are few reports on PHA production using agro-industrial waste/cheap substrates
by employing halophilic microorganisms. Haloferax mediterranei is the most widely studied and is
reported to produce a copolymer of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)]
using various renewable agro-industrial waste products like extruded corn starch, rice bran, wheat
bran, hydrolyzed whey, waste stillage from the rice-based ethanol industry, vinasse, etc. [23–26].
Pramanik et al. and Taran reported the synthesis of a homopolymer of hydroxybutyrate (PHB) by
Haloarcula marismortui MTCC 1596 and Haloarcula sp. IRU1 by utilization of vinasse waste from the
ethanol industry and petrochemical wastewater, respectively [27,28].
To date, to the best of our knowledge, there has been no report on the utilization of sugarcane
bagasse for PHA production by members of the domain Archaea, especially the genus Halogeometricum.
Therefore, in the present study, the ability of halophilic archaeal isolates to accumulate PHA from
SCB hydrolysate was examined. The growth kinetics and bioprocess parameters during growth and
PHA production by Hgm. borinquense strain E3 were examined and the polymer synthesized was
characterized using physico-chemical analysis techniques.
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2. Materials and Methods
2.1. HalophilicArchaeal Strains and Media Used
Four halophilic archaeal isolates (GenBank/DDBJ database accession number), Halococcus
salifodinae strain BK6 (AB588757), Haloferax volcanii strain BBK2 (AB588756), and Haloarcula japonica
strain BS2 (HQ455798), isolated from solar salterns of Ribandar in Goa, India, and Hgm. borinquense
strain E3 (AB904833), obtained from Marakkanam in Tamil Nadu, India, were used in the present
study [29,30]. The cultures were maintained on complex media (Table 1), i.e., NTYE (NaCl Tryptone
Yeast Extract), NT (NaCl Tri-sodium citrate), EHM (Extremely Halophilic Medium). The NSM (NaCl
Synthetic Medium) with a varying concentration of SCB hydrolysate as per the requirements was used
as a production medium (Table 1).
Table 1. Composition of maintenance and production media used in the study.

Ingredients (g/L)
NaCl
MgSO4 ·7H2 O
MgCl2 ·6H2 O
KCl
Tryptone
Yeast Extract
Tri-Sodium citrate
CaCl2 ·2H2 O
NaBr
NaHCO3
NH4 Cl
KH2 PO4
Peptone
FeCl3 ·6H2 O

Maintenance Media

Production Medium

NTYE

NT

EHM

NSM

250.0
20.0
5.0
5.0
3.0
-

250.0
20.0
2.0
10.0
3.0
-

-

-

250.0
20.0
2.0
10.0
0.36
0.23
0.06
5.0
Trace

200.0
13.0
4.0
1.0
1.0
0.2
0.2
0.5
0.005

NTYE: NaCl Tryptone Yeast Extract; NT: NaCl Tri-sodium citrate; EHM: Extremely Halophilic Medium; NSM:
NaCl Synthetic Medium. NSM with various concentration of SCB was used as production media. Agar 1.8% (w/v)
was use as solidifying agent. The pH of the medium was adjusted to 7.0–7.2 using 1M NaOH.

2.2. Procurement, Processing, and Hydrolysis of Sugarcane Bagasse
Sugarcane bagasse (SCB) was collected from a local sugarcane juice extractor, from Vasco-da-Gama,
Goa, India. It was dried under sunlight for 3–5 days, cut into small ~5–10 cm pieces, followed by
pulverization to a fine powder using a blender. The powdered form of the waste was subjected to dilute
acid hydrolysis. Briefly, 5 gm of the SCB powder was added to 100 mL of 0.75% (v/v) sulfuric acid in
water. The mixture was heated at 100 ◦ C for 1 h under reflux using an allihn condenser. The hydrolysate
was filtered using non-absorbent cotton to separate the solid residue from the liquid hydrolysate.
The liquid hydrolysate was neutralized to pH 7.0–7.4 using NaOH, followed by sterilization at 121 ◦ C
for 10 min and storage at 4 ◦ C [11].
2.3. Characterization of the SCB
The SCB powder was characterized for the following physical and chemical parameters.
Total solids (TS) and volatile solids (VS) were estimated according to the American Public Health
Association (APHA) [31]. The chemical oxygen demand (COD) was determined as described by
Raposo et al. [32]. The carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) contents of the SCB were
determined using a CHNS Analyzer (Elementar, Rhine Main area near Frankfurt, Germany). The total
carbohydrate content of the SCB hydrolysate was estimated by the phenol sulphuric acid method,
as described by Dubois et al. [33]. Total Kjeldahl nitrogen (TKN) was determined as described by
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Labconco [34]. All the physical and chemical characterization was performed in triplicate to determine
means and standard deviations.
2.4. Screening of the Halophilic Archaeal Isolates for PHA Accumulation using SCB Hydrolysate
Halophilic archaeal isolates were screened for the production of PHA using NSM (Table 1) and Nile
Red stain. Briefly, the NSM plates were prepared by adding 1.8% agar (w/v) to the medium followed
by autoclaving; while still molten, the medium was supplemented with varying concentrations
(0.5%–30% v/v) of SCB hydrolysate along with 50 µL of Nile Red stain [stock of 0.01% (w/v) Nile red
in DMSO] such that the final concentration was0.5 µg/mL medium. Twenty microliters of log phase
(three-day-old) halophilic archaeal cultures were spot inoculated on the agar plates and incubated
at 37 ◦ C for 6–7 days. The plates were exposed to ultraviolet (UV) light using gel documentation
system (BIO-RAD Laboratories, Hercules, CA, USA) andthe emitted fluorescence from the culture was
quantified using TotalLab Quant software [16,35].
2.5. Selection and Further Study of the Best PHA Producer Strain
Based on it having the best growth and fluorescence on NSM supplemented with SCB hydrolysate,
the halophilic archaeon Hgm. borinquense strain E3 was selected for further study. Preliminary screening
indicted the strain E3 to grow up to 30% (v/v) of SCB hydrolysate. Therefore, the concentration of
SCB hydrolysate that inhibited the growth of strain E3 was determined by growing the culture on
NSM agar plates containing higher concentrations of the SCB hydrolysate, i.e., 50%, 75%, and 100%.
NSM with 100% SCB hydrolysate was prepared by dissolving the medium ingredients in the directly
SCB hydrolysate. Based on the growth observed on NSM agar plates, growth of the strain E3 was
further recorded in NSM broth with that particular concentration of SCB hydrolysate.
2.6. The Growth Kinetics and PHA Quantification
Growth and intracellular PHA content for Hgm. borinquense strain E3 were determined as follows.
An actively growing mid-log phase culture (3–4 days) of Hgm. borinquense strain E3 grown in NGSM
(NaCl Glucose Synthetic Medium) containing 0.2% glucose was used as a starter culture. One percent
of the starter culture was inoculated in NSM (NaCl Synthetic Medium) containing 25% and 50% (v/v)
SCB hydrolysate. The flasks were maintained at 37 ◦ C, 110 rpm on a rotary shaker (Skylab Instruments,
Mumbai, India). At regular intervals of 24 h, aliquots of the culture broth wereaseptically withdrawn
and the following parameters were monitored: (i) culture growth was monitored by recording the
absorbance at 600 nm using a UV-visible spectrophotometer (UV-2450, Shimadzu, Tokyo, Japan) with
the respective medium as blank, (ii) Cell Dry Mass (CDM) was determined by centrifuging 2 mL of
the culture broth at 12,000 g for 15 min, washing the pellet with distilled water, and recentrifuging it
at 12,000 g for 15 min, followed by drying at 60 ◦ C until a constant weight was obtained. Since the
SCB hydrolysate had some particle participation, the dry mass of the plain medium (without culture)
was taken and subtracted from the culture CDM so as to avoid error. (iii) Total carbohydrates were
determined colorimetrically according to Dubios et al. and compared with the standard curve [33];
(iv) the pH of the medium was monitored using a pH meter; and (v) polymer quantification was done
by converting PHA to crotonic acid using concentrated sulfuric acid. The absorbance was recorded at
235 nm using a UV-visible spectrophotometer (UV-2450, Shimadzu, Tokyo, Japan) and compared with
the standard curve for PHB [36]. All the experiments were performed in triplicate to determine means
and standard deviations.
2.7. Extraction of the PHA
The PHA extraction from the biomass was done as described by Sánchez et al. with slight
modifications [37]. Briefly, Hgm. borinquense strain E3 was grown in NSM containing 25% SCB
hydrolysate for six days. The cells were harvested by centrifuging at 12,000 g for 10 min using
Eppendorf centrifuge 5810R (Hamburg, Germany). The cell pellet was dried for 12 h at 60 ◦ C in
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an oven (Bio Technics, Mumbai, India). The dried cells were ground using mortar and pestle and
extracted for 8–10 h at 60 ◦ C in a soxhlet extractor using chloroform. Up to 95% of the chloroform was
recollected using rotary evaporator (Rotavapor R-210, Büchi, Switzerland) and the remaining 5% of
the chloroform-containing polymer was poured into a clean glass Petri dish and kept undisturbed
during the total evaporation of the chloroform to give a uniform polymer film.
2.8. Characterization of the PHA
Characterization of the polymer was done using UV-visible spectrophotometry (crotonic
acid assay), X-ray diffraction (XRD) analysis, differential scanning calorimeter (DSC) analysis,
Fourier transform infrared (FT-IR) spectroscopy, and proton nuclear magnetic resonance (1 H-NMR)
spectroscopy, as described in detail by Salgaonkar and Bragança [30].
3. Results and Discussion
3.1. Sugarcane Bagasse (SCB)
The SCB used in the present study appeared greenish-brown with a sweet odor and upon
pulverization had total solids (TS) of 94.3 ± 0.14%, volatile solids (VS) of 92.7 ± 0.14%, and COD of
1.18 ± 0.05 g/Kg. The carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) content of the SCB was
found to be C = 43.45 ± 0.12%, H = 6.0 ± 0.27%, N = 0.26 ± 0.02%, and S = 0.32 ± 0.12%. Hydrolysis
of SCB using dilute sulfuric acid yielded total carbohydrates of 12.64 ± 0.7 g/L and total Kjeldahl
nitrogen (TKN) of 0.7 g/L (Table S1).
3.2. Screening for PHA using SCB Hydrolysate
All four halophilic archaeal isolates were able to grow on NSM plates with Nile Red dye
supplemented with SCB hydrolysate as substrate. Upon exposure of the plates to UV light, only
three cultures, Hfx. volcanii strain BBK2, Har. japonica strain BS2, and Hgm. borinquense strain E3,
showed bright orange fluorescence, indicating the accumulation of PHA (Figure S1). Hcc. salifodinae
strain BK6 showed weak growth but failed to show any fluorescence. The intensity of fluorescence
exhibited by the cultures varied, in the order Hgm. borinquense strain E3 > Har. japonica strain BS2
> Hfx. volcanii strain BBK2. Hgm. borinquense strain E3 grew faster and showed better fluorescence,
which directly correlates withthe amount of polymer accumulated over a range of SCB concentrations
(Figure S1). Preliminary work on Hgm. borinquense strain E3 proved it to be the best accumulator of
PHA in an NGM medium supplemented with 2% glucose [30].
3.3. Optimization of SCB Hydrolysate Concentration
Figure 1 represents the growth of Hgm. borinquense strain E3 on NSM agar plates and broth
containing various concentrations of SCB hydrolysate. The SCB hydrolysate optimization studies
revealed that the culture could tolerate and grew up to 75% (v/v) SCB hydrolysate on NSM agar plates
(Figure 1A). Interestingly, when grown in NSM broth (Figure 1B), the culture grew only up to 50%
(v/v) SCB hydrolysate and failed to grow at higher concentrations.

Bioengineering 2017,
2017, 4,
4, 50
50
Bioengineering

of18
18
66of

Figure 1.
Growth of
strain
E3 on
(B) NSM
broth,
containing
Figure
1.Growth
of Hgm.
Hgm.borinquense
borinquense
strain
E3(A)
onNSM
(A) agar
NSMplates
agar and
plates
and (B)
NSM
broth,
various
concentrations
of
SCB
hydrolysate.
containing various concentrations of SCB hydrolysate.

3.4.
3.4. Growth
GrowthProfile
Profile of
of Hgm.
Hgm. borinquense
borinquense Strain
Strain E3
E3 and
and Polymer
Polymer Quantification
Quantification Study
Study
The
The time
time course
course of
of growth
growth of
of Hgm.
Hgm. borinquense
borinquensestrain
strainE3
E3in
in NSM
NSM containing
containing25%
25% and
and 50%
50% SCB
SCB
hydrolysate
hydrolysateisispresented
presentedin
inFigure
Figure 2.
2. Table
Table 22 gives
gives aa comparison
comparison of
of the
the various
various kinetics
kinetics and
and bioprocess
bioprocess
parameters
and
PHA
production
by by
Hgm.
borinquense
strainstrain
E3 using
SCB
parametersused
usedtotodetermine
determinegrowth
growth
and
PHA
production
Hgm.
borinquense
E3 using
hydrolysate.
In the In
presence
of 25% of
SCB
hydrolysate,
isolate E3
showed
48-h lagaand
SCB hydrolysate.
the presence
25%
SCB hydrolysate,
isolate
E3 ashowed
48-hreached
lag and3.17±0.19
reached
g/L
dry mass
(CDM),
containing
g/L1.6
of ±
PHA.
the
of 50%
SCB
3.17of±maximum
0.19 g/L ofcell
maximum
cell
dry mass
(CDM), 1.6±0.09
containing
0.09 In
g/L
of presence
PHA. In the
presence
hydrolysate,
E3 exhibited
longer
lag phase
of 96 hlag
and
reached
4.15±0.7
of maximum
CDM,
of 50% SCB isolate
hydrolysate,
isolatea E3
exhibited
a longer
phase
of 96
h andg/L
reached
4.15 ± 0.7
g/L
containing
1.9±0.3
g/Lcontaining
of PHA. The
lag0.3
phase
culture
depends
definite depends
environmental
of maximum
CDM,
1.9 ±
g/L of
of the
PHA.
The lag
phase on
of the culture
on the
conditions.
This prolonged
lag phase
be reduced
by could
increasing
the inoculum
size and
definite environmental
conditions.
Thiscould
prolonged
lag phase
be reduced
by increasing
the
decreasing
the and
effect
of culturethe
conditions
the growth,
which
cangrowth,
be achieved
bycan
acclimatizing
inoculum size
decreasing
effect of on
culture
conditions
on the
which
be achievedthe
by
starter
culture the
to the
ingredients
ofthe
production
medium
by pre-culturing
thepre-culturing
isolate in thethe
presence
acclimatizing
starter
culture to
ingredients
of production
medium by
isolate
of
concentration.
substantial The
quantity
of carbohydrates,
12.64 ± 0.7
in the
the respective
presence ofsubstrates
the respective
substratesThe
concentration.
substantial
quantity of i.e.,
carbohydrates,
g/L
the ±
SCB
served
as the basic
essential
source required
the growth
i.e.,in
12.64
0.7hydrolysate,
g/L in the SCB
hydrolysate,
served
as thecarbon
basic essential
carbon for
source
requiredand
for
synthesis
of and
PHA
by Hgm.ofborinquense
strain
E3. The rapid
ofconsumption
the total carbohydrates
the growth
synthesis
PHA by Hgm.
borinquense
strainconsumption
E3. The rapid
of the total
by
the isolate was
theobserved
growth progressed
and progressed
a steady drop
pH of
the in
production
carbohydrates
by observed
the isolateaswas
as the growth
andinathe
steady
drop
the pH of
medium
from 7.2
to 5.0 was
also
the production
medium
from
7.2noted.
to 5.0 was also noted.
To
To the
the best
best of our knowledge,
knowledge, haloarchaea
haloarchaea have
have not
not been
been explored
explored for
for their
their potential
potential to
to utilize
utilize
SCB
SCB hydrolysate
hydrolysate for
for the
the synthesis
synthesis of
of PHA.
PHA. Bioprocess
Bioprocess parameters
parameters(Table
(Table 2)
2) revealed
revealed the
the maximum
maximum
PHA
± 0.1
PHA accumulation
accumulation by
by Hgm.
Hgm. borinquense
borinquense strain
strain E3
E3 to
to be 50.4 ±
0.1 and
and 45.7
45.7 ±±0.19
0.19(%)
(%) with
with specific
specific
productivity
(mg/g/h) using
productivity (qp) of 3.0 and 2.7 (mg/g/h)
usingNaCl
NaClsynthetic
syntheticmedium
mediumsupplemented
supplementedwith
with25%
25% and
and
50%
respectively. A
Arecent
recentinvestigation
investigationby
byPramanik
Pramaniketetal.al.reported
reported
the
potential
50% SCB
SCB hydrolysate, respectively.
the
potential
of
of
haloarchaeon
Har.
marismortui
MTCC
1596
to produce
and30
30±0.3
haloarchaeon
Har.
marismortui
MTCC
1596
to produce
23 23±1.0
± 1.0 and
± 0.3(%)
(%)P(3HB)
P(3HB)with
with specific
specific
productivity
productivity (qp) of 1.21 and 1.39 (mg/g/h)
(mg/g/h)using
usingaanutrient-deficient
nutrient-deficientmedium
medium(NDM)
(NDM)supplemented
supplemented
with
10% and
and100%
100%raw
raw
treated
vinasse,
respectively
[27].specific
The specific
productivity
(qp)
with 10%
andand
treated
vinasse,
respectively
[27]. The
productivity
(qp) attained
attained
by
Hgm.
borinquense
strain
E3
using
SCB
hydrolysate
was
higher
compared
to
Har.
by Hgm. borinquense strain E3 using SCB hydrolysate was higher compared to Har. marismortui
marismortui
grown
in theofpresence
vinasse.
et al.
(2004) investigated
the synthesis
of
MTCC 1596MTCC
grown1596
in the
presence
vinasse.ofSilva
et al.Silva
(2004)
investigated
the synthesis
of P(3HB)
P(3HB)
by Burkholderia
sacchari
IPTand
101 and
Burkholderia
cepacia
feedingthe
thecultures
cultures with SCB
by Burkholderia
sacchari
IPT 101
Burkholderia
cepacia
IPTIPT
048048
byby
feeding
SCB
hydrolysate
hydrolysateas
asaa carbon
carbon source.
source. ItIt was
was noted
noted that
that both
both the
the cultures
cultures reached
reached 4.4
4.4 g/L
g/Lof
of dry
dry biomass,
biomass,
containing
containing62%
62%and
and 53%
53% of
of P(3HB)
P(3HB) in
in the
the case
case of
of B.sacchari
B. sacchariIPT
IPT101
101and
andB.
B.cepacia
cepaciaIPT
IPT048,
048,respectively.
respectively.
The
coefficient of the
the PHA
PHA were
were0.11
0.11(g/L/h)
(g/L/h) and
(g/g) for
The specific
specific production
production rate
rate and
and yield coefficient
and 0.39 (g/g)
for
B.sacchari
whereas
it was
0.09
(g/L/h)
and and
0.29 (g/g)
for B. for
cepacia
IPT 048IPT
[7].048 [7].
B. sacchariIPT
IPT101,
101,
whereas
it was
0.09
(g/L/h)
0.29 (g/g)
B. cepacia

Bioengineering 2017, 4, 50
Bioengineering 2017, 4, 50

7 of 18
7 of 18

Figure 2.Growth profile and PHA production by Hgm. borinquense strain E3 in NSM containing (A)
Figure 2. Growth profile and PHA production by Hgm. borinquense strain E3 in NSM containing
25% and (B) 50% SCB hydrolysate.
(A) 25% and (B) 50% SCB hydrolysate.
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Table 2. Kinetic and bioprocess parameters during growth and PHA production by Hgm. borinquense strain E3 (present study) in comparison with Har. marismortui
MTCC 1596 (literature).
HalophilicArchaeal
Strain

Hgm. borinquense
strain E3

Har. marismortui
MTCC 1596

Production
Medium

Lag (h)

CDM (g/L)

PHA (g/L)

PHA
Content (%)

µmax
(1/h)

qp a
(mg/g/h)

YP/S b

Vol.
Productivity c
(g/L/h)

NSM25% SCB

48

3.17 ± 0.19

1.6 ± 0.09

50.4 ± 0.1

0.017

3.0

0.448

0.0095

NSM50% SCB

96

4.15 ± 0.7

1.9 ± 0.3

45.7 ± 0.19

0.023

2.7

0.253

0.0113

Present
study

NGSM2%
Glucose

-

5.78 ± 0.4

4.25 ± 0.045

73.5 ± 0.045

ND

4.3

0.212

0.0252

[30] *

NDM10% Raw
vinasse

96 ± 12

12.0 ± 0.20

2.8 ± 0.2

23 ± 1.0

0.086

1.21

2.17

0.015

NDM100%
treated vinasse

144 ± 12

15.0 ± 0.35

4.5 ± 0.2

30 ± 0.3

0.128

1.39

0.77

0.020

Reference

[27]

NSM: NaCl Synthetic Medium; NGSM: NaCl Glucose Synthetic Medium; NDM: Nutrient Deficient Medium; ND: not determined; µmax: maximum specific growth rate; CDM: Cell
Dry Mass; PHA: Polyhydroxyalkanoate; Hgm: Halogeometricum; Har: Haloarcula; MTCC: Microbial Type Culture Collection; a Specific production rate of PHA (qp) = PHA (g/L)/time
(h) × CDM (g/L) [38]; b Yield coefficient of PHA (YP/S ) = PHA (g/L)/ total organic carbon (g/L). The YP/S was calculated based on total carbohydrate in NSM with 25% (3.5642 g/L)
and 50% SCB hydrolysate (7.494 g/L) [26]; c Volume productivity of PHA = PHA (g/L)/ time (h) [39]. Time of growth for Hgm. borinquense strain E3 using NSM supplemented with
glucose and SCB hydrolysate was 168 h (7 days), whereas that for Har. marismortui MTCC 1596 using NDM and 10% raw and 100% treated vinasse was 192 h (8 days) and 216 h (9 days),
respectively [27]; * Some of the bioprocess parameters are not mentioned in the reference.
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3.5. Bench Scale Polymer Production and Extraction by Hgm. borinquense Strain E3
The polymer was extracted from the cell biomass as shown in Figure S2. The dried cells
of Hgm. borinquense strain E3 (before Soxhlet extraction), when subjected to concentrated H2 SO4
hydrolysis, showed a clear peak at 235 nm, which is indicative of crotonic acid, indicating the presence
of PHA (Figure S3A) [36]. After Soxhlet extraction, no peak at 235 nm was observed, thus confirming
the complete extraction of the polymer from the cell mass (Figure S3B).
3.6. Polymer Characterization
The polymer obtained using SCB hydrolysate (Figure S2J) appeared orange due to the
co-extraction of carotenoid pigment along with some cellular lipids from the cells of Hgm. borinquense
strain E3. These impurities were taken care of by treating the polymer with acetone for 10 min [30].
This polymer was characterized using a UV-visible spectrophotometer, XRD, DSC, FT-IR, and
NMR analysis.
3.6.1. UV-Visible Spectrophotometric Analysis
Concentrated H2 SO4 hydrolysis of the polymer obtained from SCB gave a characteristic peak at
235 nm of crotonic acid, which corresponded with the standard PHB (Sigma-Aldrich, St. Louis, MO,
USA) (inset of Figure S3) and also with the copolymer P(3HB-co-3HV) synthesized by Hgm. borinquense
strain E3 and Hfx. mediterranei “DSM 1411”when fed with substrates such as glucose and raw vinasse,
respectively [26,30].
3.6.2. XRD Analysis
Figure 3 represents the X-ray diffraction (XRD) patterns of the polymer obtained from SCB
hydrolysate in comparison with standard PHB (Sigma-Aldrich, St. Louis, MO, USA). The profile of
polymer from SCB exhibited prominent peaks at 2θ = 13.8◦ , 17.4◦ , 21.8◦ , 25.8◦ , and 30.7◦ , corresponding
to (020), (110), (101), (121), and (002) reflections of the orthorhombic crystalline lattice. Overall,
the diffraction pattern was similar to that of the PHB. However, peak shifts as well as a decrease in
peak intensity were observed in the case of the SCB polymer when compared with standard PHB.
It was clearly observed that the diffraction peaks between 2θ = 0–25◦ were broadened and drastically
decreased in intensity for the SCB polymer. A broadening of the peaks indicates a decrease in
crystallinity, i.e., the amorphous nature of the polymer [40]. The crystallite size L (nm) was determined
for the highest peaks using the Scherrer equation, which is defined as: L(nm) = 0.94 λ/BCosθ, where λ
is the wavelength of the X-ray radiation, which is 1.542 Å(wavelength of the Cu); B is the full width
at half maximum (FWHM) in radians; and θ is the Bragg angle [41,42]. The crystallite size for the
highest peak (020) in the case of standard PHB was found to be 22.3 nm, which decreased drastically to
10.4 nm for peak (110) of the SCB polymer. For the diffraction peak of the (110) plane of SCB polymer,
an increase in the FWHM was observed as compared to the standard PHB. This clearly indicates a
decrease in the crystallite size, given that the peak width is inversely proportional to the crystallite
size. The crystallite size matched more or less to the one reported for the copolymer P(3HB-co-3HV)
synthesized by Hgm. borinquense strain E3 by utilizing glucose, which was found to be 12.17 nm for the
(110) peak [30].
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Figure 3. Comparison of X-ray diffraction patterns of standard PHB and polymer obtained from
Figure 3.Comparison of X-ray diffraction patterns of standard PHB and polymer obtained from Hgm.
Hgm. borinquense strain E3 grown in NSM containing SCB hydrolysate.
borinquense strain E3 grown in NSM containing SCB hydrolysate.

3.6.3. DSC Analysis
3.6.3. DSC Analysis
The thermograms derived from differential scanning calorimetry (DSC) analysis for the polymer
The thermograms derived from differential scanning calorimetry (DSC) analysis for the
obtained using SCB hydrolysate and standard PHB (Sigma Aldrich, St. Louis, MO, USA) are
polymer obtained using SCB hydrolysate and standard PHB (Sigma Aldrich, St. Louis, MO, USA)
represented in Figure 4. The polymer obtained from SCB hydrolysate exhibited two melting
are represented in Figure 4. The polymer obtained from SCB hydrolysate exhibited two melting
endotherms at Tm1 = 136.5 ◦ C and Tm2 = 149.4 ◦ C, whereas standard PHB displayed a single melting
endotherms at Tm1=136.5°C and Tm2=149.4°C, whereas standard PHB displayed a single melting
endotherm at Tm = 169.2 ◦ C. The degradation temperature (Td) peaks for the SCB polymer and PHB
endotherm at Tm=169.2°C. The degradation temperature (Td) peaks for the SCB polymer and PHB
were at 275.4 ◦ C and 273.2 ◦ C, respectively (Table 3). A recent study by Buzarovska et al. (2009) reported
were at 275.4°C and 273.2°C, respectively (Table 3). A recent study by Buzarovska et al. (2009)
two melting endotherms for pure copolymer PHBV containing 13 mol% 3-hydroxyvalerate (3HV) [43].
reported two melting endotherms for pure copolymer PHBV containing 13mol% 3-hydroxyvalerate
The lower melting peak (Tm1 ) at ~138 ◦ C could be due to the melting of the primary formed crystallites,
(3HV) [43]. The lower melting peak (Tm1) at ~138°C could be due to the melting of the primary
whereas the upper one (Tm2 ) at 152 ◦ C is mostly due to the recrystallization of species during the
formed crystallites, whereas the upper one (Tm2) at 152°C is mostly due to the recrystallization of
scan [43]. The existence of multiple melting peaks in a polymer indicates that the polymers have
species during the scan [43]. The existence of multiple melting peaks in a polymer indicates that the
varying monomer units such as 3HB and 3HV units [44]. Haloferax mediterranei is known to produce
polymers have varying monomer units such as 3HB and 3HV units [44]. Haloferax mediterranei is
PHA with multiple melting endotherms by utilizing various carbon substrates [45]. Chen et al. (2006)
known to produce PHA with multiple melting endotherms by utilizing various carbon substrates
and Koller et al. (2007) showed the ability of Haloferax mediterranei ATCC 33500/DSM 1411 to utilize
[45]. Chen et al.(2006) and Koller et al. (2007)showed the ability of Haloferax mediterranei ATCC
extruded cornstarch/whey sugars as carbon substrates for the production of copolymer P(3HB-co-3HV)
33500/DSM 1411 to utilize extruded cornstarch/whey sugars as carbon substrates for the production
containing 10.4 mol% and 6 mol% of 3-hydroxyvalerate (3HV), respectively. The P(3HB-co-3HV)
of copolymer P(3HB-co-3HV) containing 10.4mol% and 6mol% of 3-hydroxyvalerate (3HV),
produced by strain DSM 1411 showed two melting peaks at 150.8 ◦ C (Tm1 ) and 158.9 ◦ C (Tm2 ), whereas
respectively. The P(3HB-co-3HV) produced by strain DSM 1411 showed two melting peaks at
the melting endotherms for strain ATCC 33500 were at 129.1 ◦ C (Tm1 ) and 144.0 ◦ C (Tm2 ) [13,46].
150.8°C (Tm1) and 158.9°C (Tm2), whereas the melting endotherms for strain ATCC 33500 were at
129.1°C (Tm1) and 144.0°C (Tm2) [13,46].
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Table 3. Comparison of the DSC data of a polymer synthesized by Hgm. borinquense strain E3 using
Table 3. Comparison of the DSC data of a polymer synthesized by Hgm. borinquense strain E3 using
SCB waste with data from the literature.
SCB waste with data from the literature.
DSCCharacterization(°
Characterization (◦ C)
PHAfrom
from Various
PHA
DSC
C)
Haloarchaeal
Isolate
Substrates
Various
Haloarchaeal isolate
Tm1
Tm2
Td
Tm1
Tm2
Td
Substrates
136.59
149.4
275.4
SCB
Hgm. borinquense
SCB
136.59
149.4
275.4
Hgm.
borinquense
strain E3
Glucose
138.15
154.74
231.08
strain E3
Glucose
138.15
154.74
231.08
Hfx. mediterraneic
129.1
144.0
NR
Cornstarch
Hfx. mediterraneic
ATCC 33500
Cornstarch
129.1
144.0
NR
ATCC 33500
Hfx. mediterranei
150.8
158.9
241
Whey
Hfx. mediterranei
DSM 1411
Whey
150.8
158.9
241
DSM 1411
Tm—melting temperature; Td—degradation temperature NR-not reported

Reference

Reference

Present study

Present study
[30]
[30]
[13]

[13]

[46]

[46]

Tm—melting temperature; Td—degradation temperature NR-not reported

Figure
Figure 4.
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Comparison of
of DSC
DSC curves
curves of
ofstandard
standardPHB
PHBand
andpolymer
polymerobtained
obtainedfrom
fromHgm.
Hgm.borinquense
borinquense
strain
E3
grown
in
NSM
containing
SCB
hydrolysate.
strain E3 grown in NSM containing SCB hydrolysate.

3.6.4.
3.6.4. FT-IR
FT-IR Analysis
Analysis
The
The FT-IR
FT-IR spectra
spectra of
of polymer
polymer obtained
obtained using
using SCB
SCB hydrolysate
hydrolysate were
were compared
compared with
with those
those of
of the
the
standard
PHB
(Sigma
Aldrich,
St.
Louis,
MO,
USA)
(Figure
5).
The
IR
spectra
of
polymer
obtained
standard PHB (Sigma Aldrich, St. Louis, MO, USA) (Figure 5). The IR spectra of polymer obtained
from
intense
absorption
band
at 1724
cm−1 −1and
cm−−11 ,,
from SCB
SCB and
andstandard
standardPHB
PHBexhibited
exhibitedone
one
intense
absorption
band
at 1724cm
and1731
1731cm
respectively,
cm−−11 represents
respectively,characteristic
characteristicofofester
estercarbonyl
carbonylgroup
group(C=O)
(C=O)stretching.
stretching.AAband
bandatat1281
1281cm
represents
−
1
−
1
−−1
1 , represents
−1
−1
C–O–C
stretching,
whereas
one
in
the
region
3100–2800
cm
,
i.e.,
2983
cm
and
2981
cm
C–O–C stretching, whereas one in the region 3100–2800 cm , i.e., 2983 cm and 2981 cm , represents
C–H
C–H stretching
stretching (Figure
(Figure 5).
5). Apart
Apart from
from these,
these, other
other prominent
prominent bands
bands were
were also
also observed,
observed, which
which may
may
be
to interactions
interactionsbetween
betweenthe
theOH
OHand
andC=O
C=O
groups
resulting
a shift
of stretching
the stretching
be due
due to
groups
resulting
in ainshift
of the
[40].[40].
The
The
peaks
obtained
for
a
polymer
obtained
from
SCB
hydrolysate
matched
well
with
those
of
peaks obtained for a polymer obtained from SCB hydrolysate matched well with those of the
the
standard
standard polymer.
polymer.
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Figure 5.
5. FT-IR
FT-IRspectra
spectraofof
standard
PHB
polymer
obtained
borinquense
strain
E3
standard
PHB
andand
polymer
obtained
from from
Hgm. Hgm.
borinquense
strain E3
grown
grown
NSM containing
SCB hydrolysate.
in NSMincontaining
SCB hydrolysate.

3.6.5.
3.6.5. 11H-NMR
H-NMR Analysis
Analysis
H-NMR
thethe
polymer
obtained
from Hgm.
strain E3 using
H-NMR scans
scansof of
polymer
obtained
from borinquense
Hgm. borinquense
strainSCB
E3 hydrolysate
using SCB
are
represented
in
Figure
6.
The
chemical
shift
of
the
peaks
and
their
chemical
structure
are
hydrolysate are represented in Figure 6. The chemical shift of the peaks and their chemical
represented
in
Table
4.
Characteristic
peaks
at
0.889
ppm
and
1.26
ppm
are
of
methyl
(CH
3
)
from
structure are represented in Table 4. Characteristic peaks at 0.889 ppm and 1.26 ppm are of
3-hydroxyvalerate
and 3-hydroxybutyrate
unit, respectively.
Therefore,
it can be
methyl (CH3 ) from(3HV)
3-hydroxyvalerate
(3HV) and(3HB)
3-hydroxybutyrate
(3HB)
unit, respectively.
confirmed
that
the
polymer
obtained
using
SCB
hydrolysate
is
a
co-polymer
Therefore, it can be confirmed that the polymer obtained using SCB hydrolysate is a co-polymer of
of
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
[P(3HB-co-3HV)].
from
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)].
The The
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obtainedobtained
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(Figurerespectively
6, Table 4) [13,26].
Moreover,
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1[13,26].
Moreover,
the
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1 H-NMR spectra of polymer from Hgm. borinquensestrain E3 grown in NSM containing
Figure 6. 1H-NMR
spectra of polymer from Hgm. borinquensestrain E3 grown in NSM containing SCB
SCB
hydrolysate.
hydrolysate.

Table
Comparison of
of the chemical
chemical shift of the peaks and their
Table 4.4.Comparison
their chemical
chemical structure,
structure, obtained
obtained from
from
borinquense strain E3 using SCB waste with data from
H-NMR data of polymer synthesized by Hgm.
Hgm. borinquense
the
the literature.
literature.

11H-NMR

Relative
Chemical
Structure
Relative
Chemical
Structure
CH3
CH2
CH
CH3
CH2
Reference
CH3
CH2
CH
CH
CH2
(3HB)
(3HV/3HB)
(3HV/3HB)
(3HV)3
(3HV)
Reference
(3HB)
(3HV/3HB) (3HV/3HB)
(3HV)
(3HV)
Chemical Shifts of Each Peak (ppm)
Chemical Shifts of Each Peak (ppm)
Present
SCB
1.26–1.27
2.44–2.63
5.22–5.27
0.889
1.618–1.635
Hgm. borinquense
Present
study
SCB
1.26–1.27
2.44–2.63
5.22–5.27
0.889
1.618–1.635
strain
E3
Hgm. borinquense
study
Glucose
1.26–1.28
2.44–2.63
5.26
0.85–0.91
1.6
[30]
strain E3
Hfx. mediterranei
Glucose
1.26–1.28
2.44–2.63
5.26
0.85–0.91
1.6
[30]
Cornstarch
1.2
2.5
5.2
0.9
1.6
[13]
ATCC
Hfx. 33500
mediterranei
Cornstarch Hfx. mediterranei
1.2
2.5
5.2
0.9
1.6
[13]
ATCC 33500 1.26-1.28
Vinasse
2.43-2.645
5.22-5.28
0.86–0.95
1.586
[26]
DSM 1411
Hfx. mediterranei
VinasseHB: hydroxybutyrate; HV: hydroxyvalerate;
1.26–1.28
2.43-2.645
5.22-5.28
0.86–0.95
CH3: methyl;
CH2: methylene;
CH:1.586
methane. [26]
DSM 1411
PHA from
PHA from
Various
Various
Substrates
Substrates

Haloarchaeal
Haloarchaeal
Isolate
Isolate

HB: hydroxybutyrate; HV: hydroxyvalerate; CH3 : methyl; CH2 : methylene; CH: methane.

PHA accumulation by extremely halophilic archaea and moderately halophilic and/or
halotolerant
bacteria, inhabiting
hypersaline
and marine
regions
of countries
suchhalophilic
as China, Turkey,
PHA accumulation
by extremely
halophilic
archaea
and
moderately
and/or
Bolivia,
Vietnam,
India,
etc.,
has
been
documented
[6,16,18,21,22].
Moderately
halophilic
halotolerant bacteria, inhabiting hypersaline and marine regions of countries such as China,bacteria
Turkey,
belonging
to the genus
such documented
as H. boliviensis
LC1, H. nitroreducens,
and halophilic
H. salina have
been
Bolivia,
Vietnam,
India,Halomonas
etc., has been
[6,16,18,21,22].
Moderately
bacteria
reported totoaccumulate
56.0%, 33.0%,
55.0%
(w/w) LC1,
CDMH.
ofnitroreducens,
homopolymer
of H.
3-hydroxybutyrate
belonging
the genus Halomonas
suchand
as H.
boliviensis
and
salina have been
(3HB),
i.e.,
P(3HB)
by
utilizing
versatile
substrates
such
as
starch
hydrolysate,
glucose,
and glycerol,
reported to accumulate 56.0%, 33.0%, and 55.0% (w/w) CDM of homopolymer of 3-hydroxybutyrate
respectively
[22,47].
Similarly,versatile
Van-Thuoc
et al.such
(2012)
reported
the ability
of halophilic
and
(3HB),
i.e., P(3HB)
by utilizing
substrates
as starch
hydrolysate,
glucose,
and glycerol,
halotolerant
bacteria
Bacillus
sp.
ND153
and
Yangia
pacifica
QN271
to
accumulate
P(3HB)
(65.0
and
respectively [22,47]. Similarly, Van-Thuoc et al. (2012) reported the ability of halophilic and halotolerant
48.0% w/w CDM)/PHBV (71.0 and 31.0% w/w of CDM) when glucose with or without propionate
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bacteria Bacillus sp. ND153 and Yangia pacifica QN271 to accumulate P(3HB) (65.0 and 48.0% w/w
CDM)/PHBV (71.0 and 31.0% w/w of CDM) when glucose with or without propionate was provided as
the carbon source [48]. However, there are very few reports on halophilic bacteria such as H. campisalis
MCM B-1027 and Yangia pacifica ND199/ND218 synthesizing copolymer PHBV, irrespective of
precursors like propionic/valeric acid in the culture medium [49,50]. Shrivastav et al.(2010) reported
the utilization of Jatropha biodiesel byproduct as a substrate by Bacillus sonorensis strain SM-P-1S and
Halomonas hydrothermalis strain SM-P-3M for the production of 71.8 and 75.0% (w/w) CDM of P(3HB),
respectively [50].
Various members of halophilic archaea, belonging to the family Halobacteriaceae, such as Halopiger
aswanensis strain 56 and Hgm. borinquense strain TN9 have been reported to accumulate 34.0% and 14.0%
(w/w) CDM of homopolymer of P(3HB) by utilizing versatile substrates such as glucose, yeast extract,
butyric acid, and sodium acetate [16,20]. Interestingly, Hfx. mediterranei is known to accumulate
23.0% (w/w) CDM of copolymer PHBV from glucose naturally, without any addition of precursor [23].
There are limited reports on the utilization of SCB hydrolysates as substrates for PHA production
by microorganisms. Silva et al. reported the ability of two Gram-negative soil bacteria, Burkholderia
sacchari IPT 101 and Burkholderia cepacia IPT 048, to accumulate poly-3-hydroxybutyrate (P3HB) when
cultivated in SCB hydrolysate by submerged fermentation (SMF) [7].
Yu and Stahl reported the ability of the Gram-negative bacterium Ralstonia eutropha to synthesize
both P(3HB) and P(3HB-co-3HV) when grown on SCB hydrolysate along with glucose as a carbon
substrate. However, the bacterium failed to synthesize the polymer when grown in a hydrolysate
solution devoid of glucose and was also unable to utilize pentose sugars like xylose and arabinose
as a sole source of carbon [51]. Interestingly, in the present study, isolate Hgm. borinquense strain
E3 was able to grow and synthesize PHA [P(3HB-co-3HV)] from crude SCB hydrolysate without
any supplementation of carbon substrate (glucose) or prior treatment of the SCB hydrolysate for the
removal of inhibitors. The strain E3 was also able to utilize arabinose and xylose when supplied as the
sole source of carbon. Further studies should be done to investigate the cell and polymer yield after
pre-treatment of the SCB hydrolysate to remove toxic substances. Also, the effect of glucose or other
carbon substrates as supplements to SCB hydrolysate could be investigated with respect to increasing
the PHA yield.
4. Conclusions
In the present study, NSM with crude SCB hydrolysate was used as a carbon substrate for the
production of PHA by the extremely halophilic archaeon, Hgm. borinquense strain E3. The maximum
PHA accumulation was observed on the seventh day, reaching a total dry biomass of 3.17 and 4.15 g/L,
containing 50.4% and 45.7% PHA. The polymer exhibited two melting endotherms and was identified
to be a co-polymer of P(3HB-co-3HV) comprising of 13.29% 3HV. Strain E3 accumulated a substantial
quantity of PHA using crude SCB hydrolysate without any prior treatment or additional carbon
substrate. Investigation into enhancing the quality and yield of P(3HB-co-3HV) from SCB hydrolysate
could be achieved by: (i) standardization of the production medium, by additional supplement of
carbon substrate such as glucose/xylose, and (ii) detoxification/pre-treatment of SCB hydrolysate
for removal of inhibitors. Reducing the long lag phase of the culture by increasing the inoculum
concentrations and optimization of other cultivation parameters such as pH, temperature, aeration, or
salt can further increase the biomass and polymer yield.
The potential application of Hgm. borinquense strain E3 for the utilization of agro-industrial waste
such as SCB has been clearly demonstrated in the present study. Since India’s economy is dominated
by agriculture and agro-based industries, large amounts of agro-industrial waste are being generated.
Various agro-industrial waste products that can be degraded by such halophilic microbes should be
explored for the production of biopolymers as this may help with both managing waste and cutting
down the costs of commercial substrates. PHAs from halophilic archaea can be looked upon as a
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promising prospect for exploring novel bioplastics. This polymer can be further studied for various
medical applications like tissue engineering and as a scaffold in organ culture.
Supplementary Materials: The supplementary materials are available online at http://www.mdpi.com/23065354/4/2/50/s1.
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