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Polyhydroxyalkanoates (PHAs) are biodegradable and biocompatible polymers that are produced by microorganisms as storage
materials under limited nutrition and excess carbon. These PHAs have been found to be ideal for replacing synthetic plastics
for use in packaging and biomedical applications. In this study, an alkaliphilic and moderately halophilic bacterium Halomonas
alkalicola Ext was isolated from Lake Simbi Nyaima in western Kenya and investigated for PHA production. Sudan Black B
and Nile Red A staining showed that bacterium had distinct ability for accumulation of PHAs. To optimize PHA production,
the bacterium was grown in submerged fermentation under varying culture conditions and different sources and
concentrations of carbon and nitrogen. With one-factor-at-a-time (OFTA) approach, optimal PHA yields were obtained after
72 hours at a pH of 10.0, temperature of 35°C, and 2.5% (w/v) NaCl. The bacterium yielded the highest biomass, and PHA
amounts on 2% galactose and 0.1% ammonium sulfate as sources of carbon and nitrogen, respectively. A record PHA yield of
0.071gg" with a titer of 1.419 +0.09 g/L was achieved from 3.397 g/L of biomass, equivalent to 41.8% PHA content. Using
response surface methodology, PHA titer was increased by 1.5% to 1.44 g/L, while PHA content was improved 1.1-fold to
45.57%. Polymer analysis revealed that the extracted PHA was a poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
(3-HB:3-HV=92:8) with two copolymer subunits of 3-hydroxyvaryrate (3-HB) and 3-hydroxybutyrate (3-HV).
Halomonas alkalicola Ext attained efficient galactose conversion into PHBV under high salinity and alkalinity conditions.

1. Introduction

Petroleum-derived polymers have numerous applications in
packaging, transportation, construction, manufacturing, and
other industries. As a result, the amount of plastic generated
and used globally has risen rapidly over the years, reaching
over 380 million metric tons annually [1]. However, a signif-
icant amount of plastics produced in the world ends up as
waste. Every year, approximately 80 million metric tons of
plastic wastes are released into the environment, endanger-
ing both the ecosystem and human health [2, 3]. The nonde-
gradable nature of the polymers in the synthetic plastic have
led to severe soil and water pollution, thus making plastic

pollution a major global issue of concern [4]. Hence, efforts
aimed at developing alternative materials to synthetic poly-
mers may help in resolving the global environmental pollu-
tion problem associated with the synthetic plastics.
Biopolymers from biological sources are simple to pro-
duce and purify and are ecofriendly, thus suitable substitutes
for polymers made from petrochemicals [5]. Polyhydrox-
yalkanoates (PHAs) are a class of biopolymers that possess
various advantages including being produced by diverse
groups of microorganisms and physiochemical characteris-
tics similar to those of petroleum-based polymers, biode-
gradability and biocompatibility [6]. These advantages have
increased the utilization of products made from PHAs in
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scientific community including food packaging, agriculture,
and medicine [6-8].

PHAs are thermoplastic, aliphatic polyesters with linear
polymer chains that are typically accumulated inside the
cells of different microorganisms in an abundance of carbon
sources and a deficiency of microelements such as nitrogen
[9]. Inside the bacterial cell, they can serve as energy and
carbon reserve molecules [10]. Polyhydroxyalkanoates have
also been shown to play a role in enhancing the bacterial tol-
erance to stresses and survival [11]. PHAs can be divided
into three groups based on the number of carbon atoms in
the molecule, namely, the short chain length (SCL) that
has 3-hydroxy acids with 3 to 5 carbon atoms, the medium
chain length (MCL) whose 3-hydroxy acids have 6 to 16
carbon atoms, and the long chain length (LCL) that is
composed of 3-hydroxy acids with more than 16 carbon
atoms [12].

Despite the attractive sustainability potential, commer-
cial production of polyhydroxyalkanoates is limited by high
production costs [13]. The market price of PHAs ranges
from US$ 2.4 to 5.5/kg while that of petroleum-based plas-
tics may be as low as US$ 1.2/kg [14]. The high cost of
PHA production is often associated with the price of the car-
bon substrate. In a PHA production process, the carbon sub-
strate may contribute up to 40% of the total cost [15]. As a
result, recent research efforts have sought to address the
high-cost bottlenecks in PHA production by exploring dif-
ferent types of cheap carbon sources [13, 15-17]. Methane
and volatile fatty acids have also been explored as cheap
and highly available feedstocks for production of polyhy-
droxyalkanoates [18-20]. Methanotrophs have been shown
to have efficient abilities for the conversion of methane into
polyhydroxyalkanoates [20]. For instance, Methylcystis sp.
MJCI has been found to accumulate poly(3-hydroxybuty-
rate-co-3-hydroxyvalerate) copolymer from methane as a
sole carbon source [19]. Wastewater could also provide a
cheap feedstock for PHA production. For example, halo-
philic bacterium Halomonas sp. has been found to have
the capacity for treatment of wastewater and production of
polyhydroxyalkanoates from sludge [21]. Thus, the optimi-
zation of fermentation and production bioprocesses includ-
ing careful selection of carbon sources is one of the key
strategies of reducing the production costs of PHAs since
slow growth of microorganisms may contribute to the high
cost of PHA production [22, 23]. Thus, the current work
sought to optimize the production of PHAs by a newly iso-
lated strain, Halomonas alkalicola Ext. In this work, optimi-
zation included the evaluation of physiochemical factors like
pH, temperature, salinity, and the types and concentrations
of carbon and nitrogen sources.

Extremophiles such as halophilic bacteria can accumulate
high amounts of polyhydroxyalkanoates. A major advantage
of halophiles is their resistance to contamination due to
extreme culture conditions; also, they have various mecha-
nisms that enable them to survive in high-salinity environ-
ments that other microorganisms cannot [24]. Besides,
halophilic microorganisms have genetic mechanisms for
enhanced survival in high-salinity environments, due to pos-
session of genes that regulate uptake and efflux of salt ions
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for enhanced osmoregulation [25]. Moreover, PHA accumula-
tion may also be used as a strategy for protecting halophiles
from hypertonic and osmotic regulations [24]. Halophilic bac-
teria of the genus Halomonas have shown great potential in the
production of polyhydroxyalkanoates [26-28]. Thus, this
study sought to optimize the production of PHAs by a moder-
ately halophilic bacterium Halomonas alkalicola Ext isolated
from Lake Simbi, a hypersaline-alkaliphilic lake in Kenya.

2. Materials and Methods

2.1. Sampling and Bacteria Cultures. A total of 24 samples
comprising eight each from soil, sediments, and water were
collected from eight sampling points in Lake Simbi Nyaima,
a hypersaline lake located in western Kenya (0.3676° S,
34.6290" E) as previously described and reported in our
earlier work [29]. Screening for polyhydroxyalkanoates pro-
duction was conducted using Sudan Black B plate assay [30],
microscopy [31], and Nile Red A staining [32]. Pure cultures
were maintained in 20% (w/v) glycerol in nutrient broth at
-80°C at the Institute for Biotechnology Research of Jomo
Kenyatta University of Science and Technology.

2.2. Culture Conditions and PHA Production in Shake Flasks.
Bacteria cells preserved in 20% (w/v) glycerol were cultured
in nutrient agar media supplemented with 3% (w/v) NaCl
for 24 h. Precultured cells were used to prepare seed cultures
for subsequent PHA production. Seed cultures were prepared
by growing a single colony of 24-hour-old cultures in 10 mL
nutrient broth in culture bottles. One milliliter of seed culture
was transferred to a 250 mL Erlenmeyer flasks, and 50 mL of
sterilized PHA production media was added to the flask. The
PHA production media was prepared using the following
components (g/L): glucose 10g, Na,HPO,.2H,O 4¢g, NaCl
30g, (NH,),SO, 5g, MgSO, 0.39g, and KH,PO, 3.7 g/L and
the pH adjusted to 9.0. Sterilization of PHA production media
was achieved through steam autoclaving at 121°C and 15 psi
for 15 minutes. PHA production was conducted in submerged
fermentation. Isolates were grown in an incubator at 150 rpm
and 30°C for 72 hours after which the cells were harvested and
the PHAs extracted and measured.

2.3. Characterization of Selected Isolate. Based on prelimi-
nary experiments, Gram-negative bacteria Halomonas alka-
likola Ext isolated from Lake Simbi Nyaima was identified
as the most promising candidate as it had the highest initial
PHA production. The selected isolate was characterized phe-
notypically using morphological and biochemical features.
The morphology of the bacteria colonies on nutrient agar
was observed delineate the colony features including colour,
opacity, shape, size, elevation, and surface characteristics.
Microscopy was used to study Gram staining and cell
arrangement of the isolate. Various biochemical tests were
conducted including catalase, oxidase, H,S production,
Voges—Proskauer, urease activity, indole production, and
citrate utilization. The ability of the bacteria to ferment
carbon such as glucose, sucrose, xylose, lactose, starch, malt-
ose, galactose, fructose, mannose, cellobiose, glycerol, and
mannitol was also assessed. The selected isolate was also
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TaBLE 1: Test variables and levels of CCD for optimizing NaCl and galactose concentrations for optimized PHA production.
Variables CCD levels
Symbol Unit -o (—1.68) Low (-1) Middle (0) High (1) +a (+1.68)
Galactose concentration A g/L 5.86 10.00 20 30.00 34.14
NaCl concentration B g/L 3.79 10.00 25 40.00 46.21

characterized using 16S rRNA sequencing. Genomic DNA
was extracted using the Invitrogen PureLink Genomic
DNA Mini Kit (Thermo Fisher Scientific) in accordance
with the manufacturer’s instructions.

The gene encoding for the 16S rRNA gene was ampli-
fied by polymerase chain reaction (PCR) using the primers
27F (5" AGAGTTTGATCMTGGCTCAG 3') and 1492 (5'
TACGGYTACCTTGTTACGACTT 3'). The PCR protocol
involved initial denaturation at 95°C for 5min, followed by
30 cycles of 95°C for 1 min, annealing at 55°C for 1 min, exten-
sion at 72°C for 1.5 min, and final extension at 72°C for 5 min.
Amplified products were resolved on 1.2% agarose gel electro-
phoresis and visualized on a UV transilluminator. The PCR
products were sent to Inqaba Biotec (Pretoria, South Africa)
for sequencing, and the sequences analyzed using Chroma-
sPro software. The identification of similar sequences was
done using the BLAST tool of the National Center for Biotech-
nology Information (NCBI) and phylogenetic tree constructed
using MEGA 7.0.

2.4.  Polyhydroxyalkanoate Extraction, Recovery, and
Quantification. The biopolymer was extracted using the
detergent-based method of Hahn et al. [33] with modifica-
tions. Bacteria cells were harvested by centrifugation at
10,000 g for 15 minutes and rinsed thrice with distilled
water. The cells were dried overnight to obtain a constant
dry weight. The harvested cells were incubated at 50°C in
10% (v/v) sodium hypochlorite for 1 hour with constant
homogenization. PHAs were extracted by centrifugation of
the detergent solution at 10,000 g for 10 minutes and then
serially washed with water, acetone, and ice-cold methanol.
PHAs were dissolved in hot chloroform and then dried at
room temperature for 48 hours. The purity of the recovered
PHA was assessed using the rapid spectrophotometric cro-
tonic acid-based assay of Law and Slepecky [34]. Briefly,
5mg of the extracted polymer was mixed with 10 mL con-
centrated (95%) H,SO, and heated at 100°C for 30 minutes
with periodic vortexing to convert the PHA into crotonic
acid. The sample was cooled, and its absorbance at 235 nm
was determined using the UV spectrophotometer. A stan-
dard calibration curve was used to estimate the percentage
purity from 5mg of initial sample with comparison of a
standard PHA comprising the commercial poly[R-3-hydro-
xybutyric acid] purchased from Sigma-Aldrich. In all exper-
iments, constant dry weights were taken for the cell dry
weight (CDW) and PHA concentration (g/L). The PHA
yield (gg™") was calculated as the content of PHAs for each
gram of carbon source used. Finally, the PHA content
extracted per liter of media was calculated as the proportion
of PHA weight per liter of production media to the cell
dry weight.

TABLE 2: Parameters investigated and the variation ranges.

Parameters Units Variation range
Cell dry weight (CDW) g/L 2.412-3.34
PHA concentration g/L 0.397-1.44
PHA content % 16.46-48.15
PHA yield glg 0.022-0.072
PHA weight
PHA content (%) = — 80 100,
Cell dry weight )
PHA weight (g/L
PHA yield (g/g) = ght (/L)

Amount of carbon source (g/L)

2.5. Optimization of PHA Production. A one-factor-at-a-
time (OFAT) approach was adopted in optimizing PHA
production in this study. In this method, the design of
experiments involved the testing of independent variables,
one factor at a time, while all other factors were held con-
stant. The approach is effective in determining the most
important factors in fermentation experiments and the
effective ranges [35]. The production of PHAs was con-
ducted under varying fermentation conditions of pH, tem-
perature, carbon source, nitrogen source, and incubation
times. For pH optimization, fermentations were carried
out in triplicates with variable initial pH levels of 6, 7, 8, 9,
10, and 11 on media containing 1% (w/v) glucose as substrate,
a temperature of 35°C, 3% NaCl, and 0.5% (w/v) ammonium
sulfate for 72 hours. The effect of temperature on PHA pro-
duction was assessed by cultivating the bacteria on 1% glucose,
3% NaCl, and 0.5% ammonium sulfate for 72 hours while
altering the incubation at different temperatures, viz., 25°C,
30°C, 35°C, 40°C, 45°C, and 50°C. Halomonas alkalikola Ext
was also cultivated under varying concentrations of NaCl on
constant of pH, temperature, glucose, and nitrogen sources
at 72-hour incubation period. The PHA production media
was altered with NaCl concentrations of 1%, 2%, 3%, 4%,
and 5%. To determine the effects of incubation time, cell dry
weight and PHA content were measured at intervals of 24h,
48h, 72h, and 96 h.

Halomonas alkalikola Ext was also cultivated on PHA
production media containing 1% (w/v) of different carbon
sources including glucose, fructose, galactose, glycerol,
xylose, sucrose, and lactose. For the carbon source with the
highest productivity, further optimization was conducted
by cultivating the bacteria on different concentrations of
1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, and 4.0%. PHA produc-
tion was conducted with various types of nitrogen sources,
namely, peptone, yeast powder, (NH,),SO,, NH,Cl, and
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TaBLE 3: Identities and PHA accumulation by halophilic and halotolerant bacteria isolated from Lake Simbi under nonoptimized

conditions.

Isolate ID Identity Accession number CDW (g/L) PHA titer (g/L) PHA content (%)
SW 36 Halomonas alkalicola MK478810.1 2412 0.397 16.46%
SO32 Bacillus pumilus strain 37 MK327816.1 1.772 0.235 13.26%
SW38 Bacillus sp. MEB205 MN809475.1 1.942 0.189 9.73%
SO62 Bacillus subtilis QD9 EF488088.1 3.52 0.188 5.34%
SE93 Bacillus sp. ISO_06_Kulunda EU676884.1 0.916 0.1 10.92%
SE89 Paracoccus sp. TMN-21-1 ]X950033.1 1.082 0.085 7.86%
SO75 Bacillus sp. strain FA2-253 KY476210.1 1.232 0.082 6.66%
SO13 Bacillus sp. 01105 EU520307.1 1.194 0.078 6.53%
SE83 Exiguobacterium sp. QZS4_8 KX364032.1 1.411 0.062 4.39%
SO31 Bacillus subtilis OTPB28 KT265083.1 1.401 0.052 3.71%
SE42 Paracoccus sp. TMN-21-1 ]X950033.1 0.613 0.047 7.67%

(NH,);PO, to a final concentration of 5g/L. Finally, PHA
production was assessed on different concentrations of
(NH,),SO, including 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%.

2.6. Process Optimization with Central Composite Design
(CCD). One-factor-at-a-time experiments have the limita-
tion of inability to evaluate multiple factors and the associ-
ated interactions [35]. As such, statistical experimental
designs are useful for investigating simultaneous interactions
of several independent variables. In the present study, the
widest range in PHA accumulation was noted for two vari-
ables, viz., galactose and NaCl concentrations. While defini-
tive optimal conditions of PHA production were determined
for pH, temperature, nitrogen source concentration, and
incubation time, galactose and NaCl concentrations showed
a wide range for which the bacteria accumulated high
amounts of PHAs, hence the need to optimize these vari-
ables through response surface methodology. As a result,
the two variables were selected for further optimization
through response surface methodology. In this study, central
composite design was used to design fermentation experi-
ments for optimal PHA production. The Design-Expert
software, trial version 13.0.0 (Stat-Ease, Inc., MN, USA)
was used for statistical design of the experiment. The design
included 13 experiments with two factors and 5 replicates at
center points to optimize the effects of the two most impor-
tant factors of PHA production by the halophile, sodium
chloride, and galactose concentration. The five levels were
set at -1.68, -1, 0, +1, and+1.68 as shown in Table 1. Exper-
iments were conducted in triplicates in 250 mL flasks con-
taining 0.1% (w/v) (NH,),SO, and 10% (v/v) inoculum at
30°C, initial pH of 9.0, and an incubation period of 72 hours.
The results were fitted to a second-order polynomial equa-
tion with multiple regression and response surface plotted
on 3D surface plots and contour plots. The performance of
the model was validated by comparing the predicted values
with actual result.

2.7. Characterization of Extracted Polymer. Extracted poly-
mers were characterized by Fourier-transform infrared
(FTIR) spectroscopy on a Bruker Alpha I spectrometer

(Bruker Corporation, Billerica, Massachusetts, USA). 10 mg of
the sample was finely ground and mixed with FTIR grade
potassium bromide and pressed into a pellet. The infrared spec-
tra were recorded on the spectrometer at wavelengths of
between 400 and 4000 cm™". The FTIR spectra were visualized
and analyzed using the Bruker OPUS software version 8.0.1.
In addition, gas chromatography-mass spectroscopy (GC-MS)
was used to analyze the profile of extracted PHA. The GC mea-
surements were used for qualitative analysis of the polymer pro-
duced and quantitative determination of the monomeric units
of the copolymers. About 2 mg of the sample was processed into
a paste with 2 mL methanol and the sample separated with a CE
GC 8000 top MSMD Fyson instrument with a Db 35 mr col-
umn (10 m x 0.5 mm, 0.25 ym film thickness) (CE Instruments
Ltd., Wigan, UK). The heating program was maintained as
described in literature [36].

2.8. Statistical Analysis. All measurements were conducted
in triplicates for biomass yields, PHA concentration, and
PHA content of the different experimental setups. Statistical
analysis involved making comparisons of the means of the
triplicates of cell dry eight (CDW), PHA concentration,
and PHA content at a 95% level of confidence. Table 2 shows
the list of parameters investigated in this study and the cor-
responding variation ranges. The means and standard devi-
ations were calculated for each experiment using IBM SPSS
Statistics V.22.0 (IBM SPSS Inc., Chicago, IL, USA). Means
were separated using Tukey’s HSD. Production of PHAs by
Halomonas alkalicola Ext was optimized with Design-
Expert v.13.0. The central composite design (CCD) sug-
gested a total of 13 experiments with five replicates of the
central point. The experiments were conducted to optimize
PHA production by two independent variables, namely,
galactose concentration (A) and salinity (B). The fitness of
the statistical model was evaluated with analysis of variance
(ANOVA) at 95% significance level.

3. Results

3.1. Isolation and Screening for PHA Production. In this
study, 96 isolates were isolated from Lake Simbi and
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KU561566.1:1-1465 Halomonas sp. AN55

KU561557.1:1-1464 Halomonas sp. AN38

KU561571.1:1-1464 Halomonas sp. AN60

MZ831340.1:1-1468 Halomonas campaniensis strain L227
KU561585.1:1-1464 Halomonas sp. HN20

KU561569.1:1-1464 Halomonas sp. AN58

KU561555.1:1-1464 Halomonas sp. AN35

KU561570.1:1-1472 Halomonas sp. AN59

KU561562.1:1-1464 Halomonas sp. AN47

NR 156922.1:11-1485 Halomonas alkalicola strain CICC 11012s
MT760065.1:11-1485 Halomonas alkalicola strain CICC 110128
AJ309560.1:16-1486 Halomonas sp. IB-559
KY457427.1:12-1485 Halomonas shengliensis strain EP27-2-1
CP021435.1:221033-222502 Halomonas beimenensis strain NTU-111
AY505525.1:13-1484 Halomonas salina strain GSP33
MZ064633.1:11-1482 Halomonas ventosae strain NIOT A 90
FJ444982.1:11-1482 Halomonas ventosae strain whb36
HM640415.1:2-1458 Halomonas campisalis strain VKRKCu7
OM423175.1:1-1410 Halomonas alkalicola strain AKS3
JQ946335.1:19-1434 Halomonas campisalis strain 8-11-1
DQO077911.1:18-1488 Halomonas campisalis strain LL6
GU228476.1:16-1486 Halomonas campisalis strain SE.br
GU228477.1:15-1485 Halomonas campisalis strain HE.br
GU228480.1:15-1485 Halomonas campisalis strain HB10.1

CP099975.1:226436-227906 Halomonas sp. Y3
GU228479.1:2-1473 Halomonas campisalis strain HI0.1.1

— |[MK478810.1:1-1474 Halomonas alkalicola strain Ext

50

JN645867.1:18-1467 Halomonas campisalis strain SL125

FiGuRre 1: Phylogenetic analysis for Halomonas alkalicola Ext.

screened for PHA production using the Sudan Black B stain-
ing and Nile Red A fluorescence. Of these isolates, 11 had
the abilities to accumulate PHAs as indicated in Table 3.
The sample included eight halophilic bacteria belonging to
the genera Bacillus, Halomonas, Paracoccus, and Exiguobac-
terium. The sample also included three halotolerant bacteria
recovered from the soils on the shores of the lake, namely,
Bacillus pumilus strain 37, Bacillus subtilis QD9, and Bacillus
subtilis OTPB28. Isolate SW36 had the highest PHA concen-
tration of 0.397 g/L, equivalent to a PHA content of 16.46%
with a CDW of 2.412 g/L when cultured in a nonoptimized
PHA production medium. As such, the isolate was selected
for further optimization studies.

3.2. Characterization of Selected Isolate. Isolate SW36 was
recognized as an ideal PHA producer. Observation of its col-
ony morphology revealed that it had an off-white coloration
with small, circular-shaped, and opaque colonies with entire
margins. Microscopic examination revealed that the bacte-
rium was Gram-negative with rod-shaped cells. The isolate
showed positive tests for catalase and oxidase tests but was
negative for Voges—Proskauer, citrate utilization, indole pro-
duction, and urease activity. As shown in Table 4, the isolate
was capable of fermenting a wide range of sugars including
glucose, sucrose, xylose, lactose, fructose, galactose, manni-
tol, and glycerol but not starch, maltose, and cellobiose.
Identification of the isolate through 16S rRNA sequenc-
ing and BLAST search on NCBI revealed isolate SW36 had

97.49% similarity with Halomonas alkalicola Ext (accession
number: MK478810.1). A phylogenetic analysis (Figure 1)
revealed that the closest relatives are various strains of Halo-
monas campisalis.

3.3. Optimization of PHA Production

3.3.1. Effects of Culture Conditions. The physical growth
parameters greatly affected the amount of biomass produced
and the PHA accumulated by Halomonas alkalicola Ext. As
shown in Figure 2, the bacterium grew in a wide temperature
range. However, optimal biomass and PHA accumulation of
2.62g/L and 0.9133 g/L, respectively, were achieved at 35°C.
No significant difference was noted for the production at
30°C and 35°C. The bacteria further tolerated a wide pH
range, but optimal growth was observed at pH of 9.0 and
10.0. At a pH of 10.0, the bacteria accumulated 0.963 g/L of
PHAs from a biomass of 2.653 g/L (Figure 2). The duration
of incubation was also found to affect PHA production out-
comes with optimal production of 0.975 g/L being achieved
after 72 hours of incubation from 2.63g/L of biomass.
However, incubation durations of 48h and 72h had no
significant differences in PHA accumulation and biomass
production. After 72 hours, the biomass yield remained con-
stant while the PHA yield declined. Finally, the salinity of
the fermentation media was found to have profound impacts
on PHA production. The bacteria produced optimally at
NaCl of 30g/L (3% w/v) with 1.045g/L of PHAs from



International Journal of Polymer Science

CDW & PHA concentration (g/L) CDW & PHA concentration (g/L)

CDW & PHA concentration (g/L)

2.5

1.5

0.5

2.5

1.5

0.5

3.5

25°C 30°C 35°C 40°C 45°C

Temperature

mm Biomass (CDW) (g/L)
mm PHA concentration (g/L)
—— PHA content (%)

pH

mm Biomass (CDW) (g/L)
mm PHA concentration (g/L)
—— PHA content (%)

(b)

0 1 2 3

NaCl concentration (%)

mm Biomass (CDW) (g/L)
mm PHA concentration (g/L)
-% PHA content (%)

(0

FiGure 2: Continued.

10

50°C

11

40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00

0.00

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00

0.00

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00

0.00

PHA content (%)

PHA content (%)

PHA content (%)



3.5

2.5

CDW & PHA concentration (g/L)

International Journal of Polymer Science

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00

0.00

PHA content (%)

48h

24h

72h 96 h

Incubation time

mm Biomass (CDW) (g/L)
= PHA concentration (g/L)
% PHA content (%)

(d)

FiGurek 2: Effects of temperature (a), initial pH (b), NaCl concentration (c), and incubation time (d) on cell dry weight and PHA production
under shake flask fermentation. Error bars represent the standard deviations from means of triplicates.

TaBLE 5: Production of PHAs by Halomonas alkalicola on different carbon sources.

Carbon sources Cell dry weight (g/L)

PHA concentration (g/L)

PHA content (%) PHA yield (gg™)

Glucose 2.64+0.16° 0.92 +0.05° 34.66 + 1.16° 0.046
Fructose 2.48 +0.12%° 0.93 +0.02° 37.64 +1.21° 0.047
Sucrose 2.55+0.14%° 0.82+0.11° 32.26 +0.95° 0.041
Xylose 1.87+0.08 0.51+0.07 27.48 +£0.71° 0.026
Galactose 3.14+0.23 1.25+0.09* 39.68 +1.13% 0.063
Lactose 2.67 £ 0.51° 1.03 £0.19° 38.57 +1.11° 0.052
Mannitol 2.31+0.19° 0.32+0.05 13.77 £ 0.58 0.016
Glycerol 2.27 £0.15° 0.61 +0.06 26.87 +0.19° 0.031

*Measurements with similar letters in superscripts in a column are not statistically significant based on Tukey’s HSD (p > 0.05).

2.728 g/L of biomass. The findings further revealed that the
bacteria biomass was not significantly different for three
NaCl concentrations of 1.0%, 2.0%, and 3.0%. Moreover,
the PHA concentrations were not significantly different for
NaCl concentrations of 1% and 2% but a concentration of
3% produced significantly higher yields (p <0.05). Thus,
the optimal culture conditions were identified as tempera-
ture of 35°C, pH of 10, 72 hours incubation time, and NaCl
concentration of 30 g/L.

3.3.2. Effects of Carbon and Nitrogen Sources. Having opti-
mized the physical parameters, the effects of carbon and nitro-
gen sources were explored under varying concentrations. The
bacterium showed an ability to accumulate PHAs from diverse
carbon sources including glucose, fructose, sucrose, xylose,
galactose, and glycerol. As shown in Table 5, the highest bio-
mass and PHA accumulation were achieved with galactose
as a sole carbon source. The bacterium produced 1.25 + 0.09
g/L of PHAs from 3.143g/L of biomass, accounting for
39.7% PHA content. High yields were also recorded for media
containing lactose as a sole carbon source with biomass and

PHA concentration of 1.03g/L and 2.67g/L, respectively.
With fructose as a sole carbon source, the bacterium produced
0.93 g/L of PHAs from 2.48 g/L of cellular biomass. For media
containing glucose as a sole carbon source, 0.92 g/L of biopoly-
mer was produced from 2.64 g/L of biomass. Glucose, fructose,
and sucrose had comparable yields with no significant differ-
ences in their biomass and PHA production (p < 0.05). Galac-
tose was selected as the most ideal substrate for production of
PHAs from Halomonas alkalicola.

The bacterium was capable of accumulating PHAs exceed-
ing 0.5 g/L from a variety of nitrogen sources. However, ammo-
nium sulfate and peptone had the highest productivity values.
The bacterium was able to convert 38.72% of biomass into
PHAs using ammonium sulfate as a nitrogen source. For media
containing ammonium sulfate, 1.313 g/L of PHAs was pro-
duced from 3.39 g/L of cellular dry weight (Table 6). Peptone
produced an equally high amount of PHAs at 1.052 g/L from
3.083 g/L of biomass, accounting for 34.12% PHA content.

The concentrations of carbon and nitrogen sources in
the growth media were found to have significant effects on
PHA accumulation. Thus, optimal yields were evaluated
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TaBLE 6: Production of PHAs by Halomonas alkalicola on different nitrogen sources.

Nitrogen sources Cell dry weight (g/L) PHA concentration (g/L) PHA content (%) PHA vyield (gg")
Ammonium chloride 2.55+0.26° 0.96 +0.05% 37.66 +1.17° 0.048
Ammonium sulfate 3.39+0.11° 1.31+0.03 38.72 +0.92° 0.066
Ammonium phosphate 2.78+0.17° 0.89 +0.04> 31.87 +0.25° 0.045
Ammonium nitrate 2.53+0.68" 0.83 +0.02° 32.80 +1.15" 0.042
Peptone 3.08 +0.650° 1.05 +0.04" 34.12 +0.52% 0.053
Beef extract 2.67 £0.62° 0.59+0.03 22.12+0.14 0.030
Yeast extract 2.53+0.52° 0.43 +£0.06 16.82 £0.15 0.022

*Measurements with similar letters in superscripts in a column are not statistically significant based on Tukey’s HSD (p > 0.05).
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Fiurg 3: PHA production on different concentrations of galactose (a) and ammonium sulfate (b). Controls had 0.0% concentrations of
galactose and ammonium sulfate. Error bars represent standard deviations from means of triplicates.

using different concentrations of ammonium sulfate as a  was achieved from 3.38 g/L of biomass at a galactose concen-
nitrogen source and galactose as a sole carbon source for  tration of 2.0% (Figure 3). For nitrogen sources, the bacterium
production of PHAs from Halomonas alkalicola. The high-  was found to accumulate 41.8% PHAs from 0.1% (1 g/L w/v)
est productivity was recorded at galactose concentration of =~ ammonium sulfate. A record output of 1.419 +0.09 g/L of
2.0% and 2.5%. An optimal production of 1.28 g/L of PHAs = PHAs was obtained from 3.397 g/L of biomass, equivalent to



10 International Journal of Polymer Science
TaBLE 7: Predicted and actual results of the central composite design for CDW (g/L), PHA (g/L), and PHA (%).
T L T eI
1 20 25 3.11+£0.25 3.12 1.41 £ 0.04 1.42 45.34+1.15 45.57
2 20 3.79 2.19+0.07 2.23 0.63 +£0.05 0.66 28.77 £0.55 28.59
3 20 25 2.97+0.13 3.12 1.43+0.08 1.42 48.15+1.61 45.57
4 5.86 25 1.92 +£0.09 1.86 0.45+0.06 0.46 23.44+0.28 22.80
5 30 40 2.25+£0.05 2.20 0.51+£0.00 0.55 22.67 +£0.25 21.98
6 34.14 25 3.04+£0.05 3.14 1.17 £ 0.09 1.15 38.49+0.77 39.22
7 20 46.21 0.78 £0.00 0.95 0.03 +£0.00 -0.04 3.85+0.35 0.27
8 30 10 3.02+£0.04 2.92 1.07 £0.02 1.05 35.43+0.18 35.06
9 10 40 1.27 £ 0.06 1.30 0.04 £ 0.00 0.06 3.15+£0.12 3.43
10 20 25 3.18+0.10 3.12 1.44+0.11 1.42 45.28 +2.28 45.57
11 10 10 1.98 £ 0.07 2.02 0.59 +0.05 0.56 29.80 +0.40 30.40
12 20 25 3.18£0.05 3.12 1.43 £ 0.00 1.42 4497 +0.97 45.57
13 20 25 3.15+0.10 3.12 1.39+0.08 1.42 44.13 +0.44 45.57

TaBLE 8: Analysis of variance (ANOVA) for the quadratic model of interactive effects of galactose concentration (A) and NaCl concentration

(B) on PHA concentration (g/L).

Source of variation Sum of squares Degrees of freedom Mean square F value p value
Model 3.48 4 0.8699 668.78 <0.0001 S
A-Galactose concentration 0.4842 1 0.4842 372.27 <0.0001 S
B-NaCl concentration 0.4857 1 0.4857 373.41 <0.0001 S
A? 0.6634 1 0.6634 510.01 <0.0001 S
B? 2.11 1 2.11 1624.01 <0.0001 S
Residual 0.0104 8 0.0013

Lack of fit 0.0088 4 0.0022 5.50 0.0637 NS
Pure error 0.0016 4 0.0004

Cor total 3.49 12

R?=0.9970, adjusted R* =0.9955, predicted R? =0.9871, coefficient of variation (CV%) = 4.05%, adequate precision =64.8530. *S: significant; NS: not

significant.

a yield of 0.071gg" (Figure 3). Higher production levels
exceeding 1.0 g/L were also recorded at nitrogen source con-
centrations of 0.3% and 0.4%. A notable observation was that
there were no significant differences in the PHA and biomass
yields for ammonium sulfate concentrations of 0.2%, 0.3%,
0.4%, and 0.5% (p < 0.05).

3.3.3. Process Optimization with Response Surface Methodology.
The optimal galactose and NaCl concentrations in the fermen-
tation medium for PHA production were determined using a
five-level CCD design. Table 7 shows the experimental and
predicted results for cell dry weight, PHA concentration, and
PHA content. A maximum production of 1.44gL™" with
45.07% PHA content was achieved through statistical optimi-
zation with fermentation conditions of 2% galactose and 2.5%
NaCl concentrations. Conversely, negligible amounts of PHAs
were produced with 4.62% salinity.

The statistical model was analyzed using ANOVA. The
results showed that the model was adequately fitted with F

value of 668.78 and p value of <0.0001, indicating that there
was only a 0.01% chance that the F value could be due to
noise (Table 8). Similarly, the models for cell dry weights
and PHA content were significant with F values of 115.11
and 315.85, respectively, and p values of <0.0001 for both
variables as shown in Supplementary Materials Table S1
and Table S2. The predicted and experimental values of
cell biomass, PHA concentration, and PHA content were
nearly identical as shown in Supplementary Materials
Figures S1, S2, and S3, indicating that the response values
were consistent with the projected ones.

Figures 4 and 5 show the interactive effects of galactose and
NaCl concentrations on PHA production and cell dry weights,
respectively. As shown in Figures 4 and 5, the concentrations of
galactose and NaCl in the growth media had profound effects
on biomass accumulation and PHA production. The results
of the experimental trials were then fitted to a second-order
polynomial model. The response of PHA concentration and
content to NaCl and galactose concentration are shown in
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the following equations. The model predicted a maximum
PHA production of 1.493g/L as shown in Supplementary
Materials Figure S4. However, actual results produced a
maximum PHA titer of 1.44 g/L.

Y, =1.427 + 0.246A — 0.2464B — 0.309A% — 0.55B,

Y, = 45.57 + 5.80A — 9.54B + 3.47AB — 7.45A% — 15.07B?,
2)

where Y, is the PHA concentration (g/L); Y, is the PHA
content (%CDW); A and B are the concentrations of
galactose and NaCl, respectively.

3.4. Polymer Characterization. As shown in Figures 6 and 7,
the extracted polymer showed a prominent peak at
1733.83cm™ and 1735.73cm™ for galactose and glucose
substrates, corresponding to the carbonyl (C=0) group.
Strong absorption peaks at 1281cm™ and 1283cm™ for
PHAs produced on galactose and glucose substrates were
indicative of an ester linkage of C-O groups. The absorption
peaks at 1378 for both polymers reflected a stretching mode
for the methyl group (CH,). Absorption peaks at 2979 cm™
for galactose-based polymer and 2983 cm™ for the glucose-
based polymer reflect a methine (-CH) group. A hydroxyl
(-OH) was evident at absorption peaks of 3589 cm™ and
3435cm™ for PHA derived from galactose and glucose as
carbon sources, respectively. The FTIR profiles match
closely with those of commercial poly(3-hydroxybutyrate-
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FIGURE 6: FTIR profile of PHA produced by Halomonas alkalicola on a galactose substrate.

co-3-hydroxyvalerate) (PHBV) standard and earlier studies
[37-40]. The GC-MS chromatography revealed that the
extracted polymer had two monomeric units, namely,
poly(3-hydroxybutyrate) (P3-HB) and 3-hydroxyvalerate
(3-HV). Gas chromatography revealed a prominent peak
with a retention time of 5.728 minutes, corresponding to
the polyhydroxybutyrate fraction of the polymer. As shown
in Figure 8, another peak was recorded at 7.659 minutes,
which was indicative of the hydroxyvalerate (3-HV) fraction.
Thus, the polymer extracted from Halomonas alkalicola Ext
is poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
copolymer (3 -HB : 3 -HV =92.23 : 7.77).

The purity of the polymer extracted from Halomonas
alkalicola was estimated using a spectrophotometric assay.
Using the crotonic acid standard curve (Figure 9), the
concentration of PHAs produced by H. alkalicola was deter-
mined as 4.28 mg from 5.0 mg of sample. As such, the purity

of the extracted PHA was estimated at 85.6% in comparison
with the standard.

The polymer extracted in this study contained 7.77%
3-HV fraction. This was lower than the 3-HV fraction
reported in some earlier studies (Table 9). According to
Hammami et al. [41], a 3-HV fraction of about 10-20% is
desirable for PHBV to have some practice use but the
attainment of high 3-HV fraction often demands the incorpo-
ration of chemical precursors. In the present study, PHBV
precursors were not incorporated in the growth media, hence
the low 3-HV fraction in the extracted polymer.

4. Discussion

Plastic waste pollution is one of the major challenges facing
the world today. Biodegradable polymers have emerged as
suitable alternatives to synthetic plastics in resolving the
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global plastic waste problem [45]. Among the available nat-
ural polymers, polyhydroxyalkanoates are attractive due to
their desirable physical, chemical, and thermoplastic proper-
ties [7, 46-49]. Screening for PHA production by bacteria
often involves the use of rapid phenotypic methods such as
Sudan Black B staining and Nile Red A screening. However,
Sudan Black B and Nile Red A stains are lipophilic and may
detect lipid granules that are not PHAs [16]. Thus, amplifi-
cation of the PhaC gene is an important confirmatory test
for detecting PHA production ability. In the present study,
16S rRNA gene sequence analysis revealed that the isolates
belonged to well-known groups of PHA producers. The
isolates screened in this study included both halophilic and
halotolerant bacteria. Of these isolates, Halomonas alkalicola
emerged as the most effective PHA producer in moderate
salinity and was selected for further optimization studies.
The production of polyhydroxyalkanoates is influenced
by multiple factors including cultural conditions and
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TABLE 9: Properties of the extracted polymer.
PHBV (g/L) PHBV (%) PHA (g/g) 3-HV fraction (%) Reference
1.44 45.34 0.071 7.77 This work
1.5 68.18 *ND 52.04 [41]
0.27 17 ND 2.83 [42]
0.42 20.1 ND 60.59 [43]
41 65 0.44 25 [44]

*ND: not determined.

nutrition. Several studies have shown that carbon and nitro-
gen sources as well as their concentration in fermentation
media have profound impacts on PHA production [4,
50-52]. Thus, this study sought to optimize the fermentation
conditions for Halomonas alkalicola Ext, a moderately halo-
philic bacterium isolated from Lake Simbi, a hypersaline lake
in Kenya. The accumulation of polyhydroxyalkanoates was
found to be optimal at 30-35°C, pH of 10, and an incubation
period of 48-72 hours. An exploration of PHA production
on different carbon sources revealed that Halomonas
alkalicola Ext produced the highest amount of PHAs on a
galactose substrate with a yield of 1.28 + 0.04 g/L. Galactose
concentrations of between 2.0% and 2.5% yielded the
optimal PHA concentrations and content. Our findings are
similar to those of Jung et al. [28] who reported a preference
for 2% galactose as a carbon source for polyhydroxybutyrate
production by a halophilic bacterium Halomonas sp. YK44.
The present study revealed that ammonium sulfate at a con-
centration of 0.1% was the most ideal nitrogen source for
PHA production by Halomonas alkalicola Ext whereby
1.4188 £ 0.09 g/L of PHAs was obtained from 3.397 g/L of
biomass under optimized conditions, corresponding to
41.8% PHA content. Through statistical modeling, the opti-
mal production was increased by 1.5% to 1.44 g/L with 2%
galactose and 2.5% salinity. In the present study, Halomonas
alkalicola Ext showed a commendable potency for accumu-
lation of polyhydroxyalkanoates. Furthermore, it portrayed
a wide variety of growth conditions including ability to
accumulate PHAs at temperatures of between 20°C and
50°C, a pH range of between 6.0 and 11.0, and salinity levels
of 0-5%. Members of the genus Halomonas have been shown
to have a strong potential for accumulation and production
of various types of polyhydroxyalkanoates [26, 50, 53-57].
For example, El-malek et al. [26] reported PH accumulation
by Halomonas salifodiane ASL11 isolated from salt lakes in
Egypt which exhibited a production of up to 6.2 g/L while
Dubey and Mishra [27] recorded a PHA production of
2.6 g/L from 3% glycerol. Stanley et al. [58] reported PHA
accumulation from 2.66 g/L, accounting for 70.56% content
from moderately halophilic bacteria Halomonas venusta
KT832796 in shake flask fermentation.

The identity of PHAs produced by Halomonas alkalicola
Ext was determined by FTIR spectroscopy and GC-MS. The
FTIR spectra of PHAs produced on glucose and galactose sub-
strates revealed similar patterns with prominent absorption
peaks at 1733.83 cm ™' and 1735.73 cm ™', respectively, indicating
the presence of an ester carbonyl group characteristic of PHB.
The observed bands had similar signals of P(3-HB-co-3-HV)

copolymer reported in earlier studies. Sinaei et al. [59] have
reported a strong absorption peak at 1735cm™ for poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) synthesized by Bacil-
lus cereus. Polymer analysis with GC-MS revealed that the
extracted biopolymer comprised of two subunits, namely, 3-
hydroxyvaryrate (3-HB) and 3-hydroxybutyrate (3-HV) in
the ratio of 92.23%:7.77%. Other biopolymers synthesized by
Halomonas bacteria have varied 3-HV fractions. For instance,
Hammami et al. [41] reported a maximum incorporation of
52.04% 3-HV fraction from biopolymer synthesized by Halo-
monas desertis G11 while Mozejko-Ciesielska et al. [42] showed
that Halomonas alkaliantarctica could synthesize PHBV with
60.59% HYV fraction. On their part, Tan et al. [57] synthesized
PHBV copolymers with 4-6% 3-HV fraction from Halomonas
TDO1. Our findings are consistent with earlier reports that
showed the prominence of PHBVs in PHAs extracted from
bacteria of the genus Halomonas [26, 41, 60, 61]. However,
short-chain polyhydroxyalkanoates have also been recovered
from members of the Halomonas genus [62, 63]. The produc-
tion PHBV by Halomonas alkalicola Ext shows a potential for
production of biocompatible copolymer. However, PHBV is
often limited by its poor mechanical properties including brit-
tleness, fragility, and low impact strength [64-66]. Thus, there
is a need for exploration of chemical and physical strategies of
improving the utility of this useful biomaterial.

5. Conclusion

This study sought to enhance the production of polyhydrox-
yalkanoates by a moderately halophilic bacterium Halomonas
alkalicola isolated from Lake Simbi, an alkaliphilic, hypersa-
line lake in Kenya. The highest PHA production was achieved
after 72 h fermentation at an initial pH of 10.0, temperature of
35°C, and 3% NaCl with 2% galactose and 0.1% ammonium
sulfate as carbon and nitrogen sources, respectively. A maxi-
mum PHA concentration of 45.57% was achieved with a yield
of 1.44g/L under optimized cultural and growth conditions.
FTIR and GC-MS analysis revealed that the extracted biopoly-
mer was a copolymer of 3-hydroxyvaryrate (3-HV) and 3-
hydroxybutyrate (3-HB). The findings of this study show the
potential for technological development, bioprocess engineer-
ing, and exploration of low-cost feedstocks for improved
PHBV production by Halomonas alkalicola.
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