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and many toxins are produced during their production and 
combustion [2, 3]. Many environmentally friendly plastics 
are being studied, among which are PHA. PHA are a family 
of polyesters that can synthesized and stored intracellularly 
by microorganisms. The properties of PHA are similar to 
those of synthetic plastics that made from petrochemicals, 
such as PE and PP [4], whereas PHA can be completely bio-
degraded by PHA depolymerase at a high rate in approxi-
mately 3 to 9 months and the products after biodegradation 
are environmentally friendly. However, the major limitation 
of PHA production is the high costs [5]. Therefore, the com-
mercial use of PHA is dependent on low production costs 
and the feasibility of mass production. Reducing the pro-
duction costs and increasing production estimates can be 
done in several ways, such as using low-cost substrates or 
engineering the nutrient metabolic control.

Southern Thailand has a famous straw mat weaving 
industry. The process to dye the product generates wastewa-
ter. If the wastewater is not completely treated, it will affect 
the environment, which is currently a major problem in the 

Introduction

Worldwide, approximately 35  kg of plastic per capita are 
consumed annually and this quantity is increasing every 
day. The largest plastic waste comes from the packaging 
industry: two-thirds is generated by households and one-
third by industry and commerce [1]. Today, most plastic 
is derived from petrochemicals such as polyethylene (PE) 
and polypropylene (PP). However, plastic typically become 
garbage once used and is a major concern due to its many 
negative environmental impacts. The major disadvantage 
of synthetic plastics is that they do not degrade naturally 
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Abstract
In our previous study, we found that Enterobacter strain TS3 is able to decolorize of textile wastewater (TW) through a 
fermentative polyhydroxyalkanoate (PHA) production process. This current study aimed to enhance the ability of strain 
TS3 to produce PHA using TW by a UV-light radiation-based mutagenesis system, and to enhanced PHA by multiple-
round UV-light radiation. The highest PHA-production mutant was obtained in the second rounds of UV-light radia-
tion. The radiation time was optimized to 40 s in the first round followed by 20 s at a distance of 60 cm of plates. The 
mutant strain TS3-UV2 yielded PHA production at 84.96 ± 1.32% cell dry mass (CDM). The highest PHA concentration 
(88.66 ± 1.00% CDM) is achieved at pH 7, 150 rpm and 35 °C for 60 h of incubation. Under optimal condition, the mutant 
yielded 0.53 times more production of PHA than the parent strain. Moreover, the decolorization efficiency of TW was 
observed to be 72.32% under optimal PHA conditions. Interestingly, the mutant strain could synthesize the medium-co-
long-chain-length PHA (mcl-co-lcl PHA), while short-co-medium-chain-length PHA (scl-co-mcl PHA) was observed in 
the wild type using TW as substrate. Therefore, the mutation and optimization strategy appear to be suitable for producing 
high-density PHA.
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world. Normally, TW is treated using a physical method 
(precipitation) [6]. However, the disadvantages of current 
physical methods include long treatment times, a large 
amount of sludge after treatment and incomplete degrada-
tion of chemical toxicity in the dye [7].

Currently, there are many studies producing PHA using 
wastewater as substrate. However, low content of PHA was 
reported. Bacillus megaterium and Sphingobacterium sp. 
produced 60.02% and 46.50% of PHA using TW, respec-
tively [8, 9]. In our previous study, Enterobacter isolated 
from TW showed a good ability to decolorize TW and pro-
duce PHA at 83.94% CDM, respectively. Moreover, this 
strain produced scl-co-mcl PHA, which had not been previ-
ously reported. Therefore, this TW is interesting for use as a 
precursor for PHA production. However, to our knowledge 
no application of UV-radiation to improved PHA produc-
tion in Enterobacter sp. have been reported. PHA productiv-
ity is ultimately controlled by the organism’s genome [10]. 
Consequently, genetic alteration is an attractive route for the 
process development of this biotechnology. The improve-
ment of microbial strains for the production of PHA has 
attracted attention in the commercial fermentation process 
[11]. There are many reports of increased PHA produc-
tion yield through genetic improvements using mutagen-
esis via mutagenic agents, such as ultraviolet (UV), X-rays 
and gamma radiation. Shamala and Divyashree [12] used 
gamma irradiation for Bacillus flexus mutation, which 
resulted in cell damage and isolated 45% and 54% PHA on 
biomass. Sangkharak and Prasertsan [13, 14] mutated Rho-
dobacter sphaeroides U17, N20 and Bacillus licheniformis 
PHA-007 using UV and N-methyl-N’-nitro-N-nitrosogua-
nidine (NTG) and found that the PHA production increased 
2.25-, 3.28- and 3.18-fold, respectively, compared to the 
wild type. In the current study, UV radiation was selected as 
it is a standard mutagen and its mutability has been studied 
extensively due to its ubiquity in nature and convenience of 
handling. A major benefit of UV radiation is that the circula-
tion and use of such mutants created by this approach are 
not subjected to the restrictions as those mutants genetically 
generated and modified. In addition, UV radiation is also 
applied in many fields, such as UV disinfection technology 
in clinical microbiology [15] and evolution engineering in 
biotechnology [16]. Irradiation with UV radiation induces 
thymine dimer lesions in DNA sequences [17]. The unre-
paired lesions increase the rate of replication errors, i.e., 
mutations. The UV-induced mutation rates can be kept 
consistent regardless of the differences in the UV dose, 
viabilities against UV and/or spontaneous mutation rates. 
The broad spectrum and high upper limit of the speed in the 
mutability of UV suggest ubiquitous roles of UV radiation 
in accelerating the evolutionary process [18]. Therefore, 
this strain can be used to increase the production of PHA.

This study aimed to improve PHA production in Entero-
bacter strain TS3 using UV radiation. Afterward, the mutant 
strain was used to optimize the effects of environmental con-
ditions to increase the production of PHA. PHA production 
was confirmed using Fourier transform infrared spectros-
copy (FTIR) and gas chromatography-mass spectrometry 
(GC-MS) analysis. The thermal properties of the isolated 
PHA were analyzed using differential scanning calorim-
etry (DSC). In addition, the mutant was also analyzed to 
determine its ability to decolorize TW. The PHA production 
capacity and decolorization of the mutant were compared 
with those of the wild type.

Materials and methods

Bacterial inoculum preparation

The Enterobacter strain TS3 (GenBank number MN508473) 
isolated from TW (Ban Phraek Weaving Group, Phatth-
alung, Thailand) by Rakkan et al. [6] was used in this study. 
This strain was prepared in an Erlenmeyer flask containing 
PHA-producing medium; 10% of each isolate was added to 
the medium and incubated at 35 °C and 150 rpm for 24 h.

Textile wastewater

TW was collected from the Ban Phraek Weaving Group 
(Phatthalung, Thailand). Samples were kept on ice and 
transferred to the laboratory. To prepare the TW, the pH was 
adjusted to 7 and the sample was autoclaved at 121 °C for 
10 min. After preparation, the TW was used to optimize the 
parameters for PHA production. The characteristics of the 
TW were determined previously, including pH 6.92, total 
dissolved solids (TDS) 407 mg/l, settleable solids 3 mg/l, 
total suspended solids (TSS) 20 mg/l, oil and grease 2 mg/l, 
sulfide 0.02 mg/l, temperature 27.5 °C, total Kjeldahl nitro-
gen (TKN) 40 mg/l and chemical oxygen demand (COD) 
5,600 mg/l [19].

Sequential and repeated mutagenesis

The Enterobacter strain TS3 (wild type), grown in PHA-
producing medium incubated at 35 °C and 150 rpm for 24 h, 
was harvested at the logarithmic phase and centrifuged at 
10,000  rpm for 10 min at 4  °C. After this, the cells were 
washed using sodium chloride and then spread on PHA 
detection agar (20  g/l glucose, 2  g/l (NH4)2SO4,  13.3  g/l 
KH2PO4, 1.2 g/l MgSO4·7H2O, 1.7 g/l citric acid, 10 ml/l 
trace elements solution, and 15 g/l agar containing 0.5 µg/
ml Nile Red stain) [14]. The plates were placed under a 
UV lamp at a distance of 60 cm for various periods from 
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0 to 60 s (1st round mutagenesis). After UV radiation, the 
plates were kept in the dark for 1  h. The colonies grown 
were observed under UV-light at the wavelength of 235 nm. 
The positive colonies showed bright orange or pink fluo-
rescence were picked up. Selected mutant was incubated 
in PHA-producing medium at 150 rpm, 35 °C for 3 days. 

After that, the mutant strains were harvested and analysed 
for PHA production using GC. The mutant strain yielding 
the highest levels of PHA was subjected to repeat treatment 
by UV radiation. After each treatment, the mutant strain 
was firstly selected under UV-light in detection medium and 
incubated in PHA-producing medium. The strain with the 
highest PHA production was selected for the optimization 
study [5]. A schematic diagram of the mutagenesis of strain 
TS3 is shown in Fig. 1.

Effects of environmental conditions

The effects of environmental conditions on PHA produc-
tion were analyzed in 500 ml Erlenmeyer flasks containing 
100% TW as substrate, with a working volume of 250 ml. 
The mutant obtained from the 2nd round of mutagenesis was 
selected and optimized. 10% inoculum containing 106 cells/
ml was incubated at 35 °C for 48 h at an agitation speed of 
150 rpm. Subsequently, the optimal pH (5–9), temperature 
(25–40 °C), agitation speed (100–300 rpm) and cultivation 
time (0–96 h) were evaluated. After 48 h, the samples were 
collected and centrifuged for 10 min at 10,000 rpm at 4oC 
in a centrifuge. The pellet was tested to determine the cell 
growth, total cell mass, PHA concentration and content. The 
supernatant was subjected to decolorization measurement. 
The optimal conditions for PHA production were selected 
according to the highest PHA production. Moreover, PHA 
production was further characterized by FTIR, GC and 
DSC.

Analytical methods

Cell growth measurement

The pellet was washed twice with distilled water and then 
suspended in distilled water. After mixing, growth was 
monitored by measuring the absorbance at 600 nm [20].

Total cell mass analysis

The total cell mass was determined by weighing the CDM. 
Briefly, the pellet was resuspended in distilled water and 
centrifuged again for washing. The washed cells were dried 
at 100 °C for 24 h in a hot air oven and then cooled in a des-
iccator. The samples were weighed and the total cell mass 
was reported in g/l [14].

PHA concentration and content

PHAwere analysed in whole-cell samples or after extrac-
tion with chloroform and purification by repeated precipi-
tation from a chloroform solution with ethanol. The PHAs 

Fig. 1   A schematic diagram of mutagenesis of Enterobacter TS3
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DSC analysis

DSC was employed to record the thermal transitions of the 
extracted polymer. The polymer sample was heated from 
− 90 to 450 °C at 10 °C/min in helium using a differential 
scanning calorimeter (DSC8500, Perkin Elmer, USA). The 
glass transition temperature (Tg) was taken as the midpoint 
of the heat capacity change and the melting point (Tm) was 
taken as the summit of the melting peak [22].

Comparison studies between the wild-type and 
mutant strains

Comparison studies between the wild-type and mutant 
strains were conducted under optimal conditions. The opti-
mal conditions for the production of PHA by the wild type 
were as follows: 100% TW as the sole substrate, pH 6.92, 
150 rpm, 35 °C and 48 h of incubation [19]. The optimal 
conditions for the production of PHA by the mutant strain 
were as follows: 100% TW as the sole substrate, pH 7, 
150 rpm, 35 °C and 60 h of incubation. After cultivation, 
the CDM and PHA production and decolorization efficiency 
were analyzed.

Statistical analysis

All experiments were run in triplicate. A completely ran-
domized design was used throughout this study. Data were 
subjected to analysis of variance (ANOVA) and mean com-
parison was carried out using Duncan’s multiple range test 
[23]. All analyses were performed using the statistical pack-
age for social science, SPSS (SPSS 24 for Windows, SPSS 
Inc., Chicago, IL, USA).

Results and discussion

PHA production of the wild type

In our previous study, 5 strains of Enterobacter were iso-
lated and identified by Rakkan et al. [14]. However, strain 
TS3 (wild type) produced the highest PHA production at 
83.94 ± 2.72% CDM under optimal conditions. It can pro-
duce scl-co-mcl PHA monomers consisting of 6.38 mol% 
3-hydroxybutyrate (3HB), 8.32  mol% 3-hydroxyvaler-
ate (3HV), 36.00  mol% 3-hydroxyhexanoate (3HHx), 
18.05  mol% 3-hydroxyoctanoate (3HO), 18.26  mol% 
3-hydroxydecanoate (3HD), 6.45  mol% 3-hydroxy-5-do-
decenoate (3H5DD) and 6.55  mol% 3-hydroxydodecano-
ate (3HDD), when using TW as a substrate [19]. Therefore, 
Enterobacter strain TS3 has the potential to produce PHA 
using TW. Using TW as a substrate for the production 

content and composition were determined by subjecting 
8 mg of lyophilized cells or 2 mg of isolated PHAs, respec-
tively, to methanolysis which was performed in a mixture 
of chloroform and methanol containing 15% (v/v) sulfuric 
acid. The resulting hydroxyacyl methyl esters were anal-
ysed with a gas chromatograph [3]. Compared to those of 
authentic standards [21]. The authentic standards are con-
sisting of methyl butyrate (C4:0), methyl pentanoate (C5:0), 
methyl hexanoate (C6:0), methyl heptanoate (C7:0), methyl 
octanoate (C8:0), methyl nonanoate (C9:0), methyl decano-
ate (C10:0), methyl undecanoate (C11:0), methyl laurate 
(C12:0), methyl tridecanoate (C13:0), methyl myristate 
(C14:0), methyl pentadecanoate (C15:0), methyl palmitate 
(C16:0), methyl heptadecanoate (C17:0), methyl stearate 
(C18:0), methyl oleate (C18:1), methyl linoleate (C18:2), 
and methyl linolenate (C18:3) from NU-CHEK-PREP, Inc, 
U.S.A.

The initial structural assignments of the methyl esters 
analysed were based on their retention times. Gas chro-
matographic analysis was performed on a Hewlett Packard 
GC-6890 system equipped with an HP-INNOWAX capil-
lary column (length, 30 m; internal diameter, 0.25 mm; film 
thickness, 0.25 μm) and an FID [19].

Decolorization measurement

The decolorization efficiency was measured as described by 
Rakkan and Sangklarak [6]. The samples were centrifuged 
at 10,000  rpm for 10  min. Decolorization efficiency was 
analysed by measuring the absorbance of the culture super-
natant at 540 nm. The decolorizing efficiency was expressed 
as the percentage of decolorization.

% Decolorization = [(Initial absorbance- Final absor-
bance)/Initial absorbance] × 100.

PHA characterization

FTIR analysis

The infrared spectra of the PHA were recorded in the wave-
number range from 650 to 4,000 cm− 1 using FTIR spectro-
photometry (Jasco FTIR-6100, Japan) [19].

GC-MS analysis

The monomers of PHA were determined using methanoly-
sis, analysed by the GC-MS method and compared with the 
authentic standard [21]. The conditions of GC-MS analysis 
followed those of Rakkan et al. [19].
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higher than those of the parent strains (15 to 48% DCW). 
The PHA production of Rhodobacter sphaeroides U17 and 
N20 was improved 2.25 and 3.28 times (compared with the 
wild type) after a single treatment of UV and NTG, respec-
tively [5]. Sangkharak and Prasertsan [8] mutated Bacillus 
licheniformis PHA-007 using UV and NTG and PHA accu-
mulation increased 3.18 times compared to that in the wild 
type. PHA production increased after UV treatment because 
UV light influenced the alteration of genes involved in PHA 
synthesis. UV light may cause two adjacent pyrimidine 
residues (cytosine or thymine) to form a dimer, which may 
cause an error in the subsequent DNA replication, resulting 
in a mutation. They may cause error at the next replication 
and so result in mutation. The gene responsible for the PHA 
synthesis may increase on the DNA of bacteria due to muta-
tion, as a result increase in PHA production [25]. In this 
study, TS3-UV2 was selected to study the effects of envi-
ronmental conditions on PHA production.

Effects of environmental conditions on PHA 
production

The environmental conditions are important for the produc-
tion of PHA. The PHA production of strain TS3-UV2 was 
improved using an optimization strategy. Therefore, we 
studied the environmental conditions affecting PHA produc-
tion as follows: pH (5–9), temperature (25–40 °C), agitation 
speed (100–300 rpm) and time of cultivation 0–96 h (PHA 
production was determined every 12 h) using 100% TW as 
a substrate.

pH

The pH is an important factor for cell growth, enzymatic 
activities and PHA accumulation because of its effect on 
the bioavailability of trace elements [26] and the regu-
latory enzymes responsible for the synthesis of PHA, 
β-ketothiolase, acetoacetyl-CoA reductase and PHA poly-
merase [27]. Therefore, the effect of varying the pH from 5 
to 9 to produce PHA from strain TS3-UV2 was determined. 
Figure 2 A shows that strain TS3-UV2 obtained PHA pro-
duction at pH 5–9 of 37.93 ± 1.29 to 86.99 ± 1.20% CDM 
(0.11 ± 0.02 to 0.62 ± 0.02  g/l). The highest PHA produc-
tion was observed at pH 7, which was 86.99 ± 1.20% CDM 
(0.62 ± 0.02 g/l). A similar optimal pH was also found for 
TS3 (wild type), which yielded the highest PHA produc-
tion at pH 7 [19]. The optimal pH for PHA production has 
been reported to be 6-7.5 [28, 29]. Enterobacter aerogenes-
produced PHA were observed at 38% CDM at pH 6.5 [30]. 
Samrot et al. [31] found that Enterobacter cloacae SU-1 
accumulated a higher concentration of PHA (94% CDM) 
at pH 7.5. Shaaban [32], Raj et al. [33] and Javaid et al. 

of PHA has the advantages of low production costs with 
simultaneous treatment of wastewater and is an environ-
mentally friendly method. However, there are productivity 
limitations. Therefore, we increased the productivity by the 
sequence mutagenesis technique.

Sequential mutagenesis of PHA production

From our previous study, we found that Enterobacter strain 
TS3 is able to utilize TW as substrate for polyhydroxyal-
kanoate (PHA). More than 83% of PHA was produced by 
this strain [6]. Therefore, the possibility of strain TS3 for 
PHA production is large. Thus, the improvement of PHA 
production using TW as substrate of Enterobacter strain 
TS3 is important with respect to its PHA production poten-
tial and performance in the industry. The ability of strain 
TS3 to produce PHA using TW was increased by a UV-light 
radiation-based mutagenesis system. After the 1st round 
of mutagenesis, high PHA production (0.58 ± 0.01  g/l, 
84.96 ± 1.32% CDM) for the radiation time of 40  s was 
observed by strain TS3-UV1 (Table 1). Therefore, the strain 
TS3-UV1 was chosen for 2nd round mutagenesis. After the 
2nd round of mutagenesis, the strain TS3-UV2 showed the 
highest PHA production (0.71 ± 0.01  g/l, 86.99 ± 1.20% 
CDM) for the radiation time of 20 s. Thereafter, PHA pro-
duction had been deceased after 3rd round of UV-radiation 
(data not shown). The mutants showed significantly higher 
PHA production than that of the wild-type strain. The pro-
duction of PHA from mutants TS3-UV2 was 0.52 times 
greater than that of the wild type, showing a significant 
accumulative effect on the PHA production by UV-induced 
mutagenesis. Similar results were reported by Katircioglu 
et al. [24] for mutant strains using acriflavin, 5-bromourasil 
(80 to 180 µg/ml) and UV with Bacillus sp. gave yields of 
PHA in the range of 17.37 to 63.45% DCW, which were 

Table 1  The production of PHA by the strain TS3 produced through 
various mutagenic treatments
Mutagenic treatment Biomass 

(g/l)
PHA (% 
CDM)

Production 
improved 
(%)

None (wild type) 0.41 ± 0.01 83.94 ± 2.72 100 ± 2.95
1st round
20 s 0.44 ± 0.02 84.77 ± 0.59 101 ± 1.00
40 s 0.58 ± 0.01 84.96 ± 1.32 101 ± 2.60
50 s 0.36 ± 0.03 70.02 ± 2.01 -
60 s 0.29 ± 0.01 59.66 ± 1.10 -
2nd round
0 s 0.58 ± 0.01 84.96 ± 1.32 101 ± 2.30
10 s 0.62 ± 0.01 85.01 ± 1.00 101 ± 2.00
20 s 0.71 ± 0.01 86.99 ± 1.20 104 ± 1.31
30 s 0.48 ± 0.03 43.75 ± 0.95 -
40 s 0.23 ± 0.02 39.13 ± 0.91 -
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oxygen transfer between the different phases, but also main-
tains homogeneous chemical and physical conditions in the 
medium by continuous mixing [39]. Therefore, the influ-
ence of agitation speeds of 100–300 rpm on PHA produc-
tion were studied. Figure 2 C shows the PHA production at 
agitation speeds of 100, 150, 200, 250 and 300 rpm. PHA 
production increased from 70.00 ± 1.01 to 86.99 ± 1.20% 
CDM at agitation speeds of 100–150  rpm. The highest 
PHA production (86.99 ± 1.20% CDM, 0.71 ± 0.01 g/l) was 
obtained at an agitation speed of 150  rpm. Choonut et al. 
[40] also found that an agitation speed of 150 rpm stimu-
lated maximum PHA production. Agitation speeds higher 
than 150 rpm resulted in lower PHA content of 50.00 ± 1.52 
to 68.97 ± 0.95% CDM in the cells and PHA concentrations 
of 0.19 ± 0.02 to 0.40 ± 0.02  g/l. The optimum agitation 
speed for PHA production was 100–250 rpm [41–44].

Each bacterial species has a different oxygen demand, 
and in this study, the agitation speed of 150 rpm was most 
suitable for PHA fermentation by strain TS3-UV2. Further-
more, an agitation speed of 150 rpm was selected to deter-
mine the cultivation time.

Cultivation time

Cultivation time is an important factor associated with bac-
terial growth and PHA accumulation. The effects of vari-
ous cultivation times for mutant strain TS3-UV2 on PHA 
production was evaluated by growing this strain in TW for 
different durations (0–96 h). The results revealed that PHA 
production increased when the cultivation time increased 
from 0 to 60  h and the PHA content and concentration 
were 0.00 ± 0.00 to 88.66 ± 1.00% CDM and 0.00 ± 0.00 to 
0.73 ± 0.03 g/l, respectively. It was found that a 60 h incu-
bation time resulted in the highest PHA production, which 
gradually diminished with increasing incubation time 
(Fig. 2D). The optimum PHA biosynthesis incubation time 
differs for each strain of bacteria. For example, strains C. 
taiwanensis, C. necator (CCUG52238T), V. harveyi MCCB 
284 and B. thermoamylovorans PHA005 achieved the max-
imum PHA production at 28, 36, 72 and 120 h of incubation, 
respectively [29, 40, 42, 44].

The TW decolorization efficiency of a mutant strain

We also studied the TW decolorization efficiency of mutant 
and wild type strains under optimal PHA conditions con-
sisting of 100% TW as the sole substrate, pH 7, 150 rpm, 
35 °C and 60 h incubation. The mutant strain showed the 
highest TW decolorization efficiency, of 72.32% under opti-
mal PHA conditions (Fig.  3), compared with 63.43% for 
the wild type (0.57-fold). Normally, the Enterobacter strain 
decolorizes and degrades TW via two mechanisms. The first 

[34] found pH 7 to be the optimum for PHA production by 
Stenotrophomonas maltophilia. At pH values lower than 
and above 7, the production of PHA by strain TS3-UV2 
(37.93 ± 1.29 to 77.78 ± 1.25% DCW) decreased. Therefore, 
pH 7 was selected to study the cultivation temperature.

Cultivation temperature

Temperature is an important factor in the survival of bacteria. 
A low temperature could inhibit cell growth and prolifera-
tion, alter protein expression patterns and weaken metabolic 
activity, whereas a high temperature could induce nucleic 
acid or protein denaturation [35]. Different microorgan-
isms have different optimum temperatures for cell growth 
and various functional activities. Therefore, the effect of 
temperatures of 25, 30, 35 and 40 °C on PHA production 
by strain TS3-UV2 was evaluated. Figure  2B shows the 
PHA production at different temperatures. The maximum 
PHA accumulation was observed at 86.99 ± 1.20% CDM 
(0.71 ± 0.01 g/l) at 35 °C. A similar optimal temperature was 
also observed for TS3 (wild type) [19, 36]. However, the 
optimal temperature for PHA production depends on the 
species. Enterobacter cloacae SU-1 produces high PHA 
concentrations at 30 °C [31], while Enterobacter aerogenes 
and Enterobacter sp. SEL2 prefer an incubation tempera-
ture of 37 °C [30, 37]. In the current study, TS3-UV2 under 
lower (25–30 °C) and higher (40 °C) cultivation tempera-
tures showed PHA content of 74.37 ± 1.36 to 75.41 ± 0.95% 
DCW in the cells and PHA concentrations of 0.18 ± 0.02 to 
0.46 ± 0.01 g/l. PHA production decreased due to the slow-
ing of polymerase enzyme activity [38]. In this study, an 
incubation temperature of 35 °C was selected to study the 
agitation speed.

Agitation speed

Agitation plays an important mixing and shearing role in 
fermentation processes. It not only improves mass and 

Fig. 2  Effect of initial pH value (A), incubation temperature (B), agita-
tion speed (C) and incubation time (D) for the production of PHA by 
TS3-UV2
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PHA characterization

PHA functional groups

The functional groups of the polymer were confirmed using 
FTIR spectroscopy in the 4,000-650 cm− 1 spectral range. The 
spectra of the PHA are shown in Fig. 4. The hydroxyl group in 
a polymer chain (mcl PHA) was observed at 3,316.31 cm− 1 
[14, 19]. The signal observed at 2,945.46 cm− 1 is assigned 
to an asymmetric methyl group. The stretching vibration at 
2,917.68  cm− 1 is allocated to the asymmetric CH2 of the 
lateral monomeric chains. The absorption at 2,849.72 cm− 1 
is assigned to symmetrical CH3 and the intensity of the 
band has been reported to be due to conformational disorder 
that occurs in the process of crystallization [19], suggest-
ing that the polymer is less crystalline. A strong signal at 
1,734.33  cm− 1 was assigned to the carbonyl (C = O) ester 
bond stretching vibration, which is also associated with the 
amorphous region of the polymer and can be considered a 
PHA marker peak. The vibration at 1,462.84 cm− 1 has been 
assigned to bacterial protein amide II (NC = O) in the cell. 
Absorption at 1,376.01  cm− 1 is assigned to terminal CH3 
groups. In the region of 1,300–700 cm− 1, the stretching of 
the ethers features C–O–C and C–C linkages of mcl PHA 
[19]. Therefore, the polymer extracted from TS3-UV2 is 
confirmed to be mcl-co-lcl PHA.

PHA monomers

PHA monomers produced by strain TS3-UV2 were ana-
lyzed by GC-MS and were achieved by converting PHA 
into methyl esters. As shown in Table 2, the strain TS3-UV2 
accumulated mcl-co-lcl PHA consisting of 3(HDD-co-
HTD-co-HHD-co-HOD) at 4.40 (C12), 16.54 (C14), 64.74 
(C16) and 14.32 (C18) mol% (Fig. 5). Interestingly, the con-
tent of 3HHD monomer was also enhanced by 2.08 times 
compared with the wild type. The PHA with a high 3HHD 
fraction had higher thermal stability than PHA with a low 
3HHD, suggesting an improved application property [46]. 
PHA with high 3HHD is suitable for a range of biomedical 
applications where flexible biomaterials are required, such 
as heart valves and other cardiovascular applications as well 
as matrices for controlled drug delivery. In addition, mcl-
PHA with high 3HHD fraction are more structurally diverse 
than scl-PHA and hence can be more readily tailored for 
specific applications. Other strains of Enterobacter can pro-
duce mcl-PHA, such as Enterobacter loacae SU-1 [31] and 
Enterobacter FAK 1384 [47]. However, the production of 
mcl-co-lcl PHA has not yet been reported by Enterobacter 
before.

mechanism is a change to oxime-, methoxy-phenyl by an 
oxidoreductase. Afterward, oxime- and methoxy-phenyl 
groups are converted to pyruvate, which can be converted 
into acetyl-CoA by dearomatization and amino acids. Ace-
tyl-CoA undergoes the tricarboxylic acid cycle (TCA cycle) 
to produce NADH2 and FADH2 (substrates of the electron 
transport chain). In the second mechanism, TW degradation, 
oxidative deamination and carboxylation lead to the produc-
tion of phthalic acid and di(2-propylpentyl) ester, which can 
be transformed into different fatty acids and aldehydes (car-
bonic acid, allyl nonyl ester, tetradecanoic acid, hexadeca-
noic acid methyl ester, hexadecanoic acid, bis(2-ethylhexyl) 
ester, 9-decanoic acid, squalene, n-hexadecanoic acid, octa-
decanoic acid and hexadecanoic acid ethyl ester). Phthalate, 
fatty acids and aldehydes can directly/indirectly enter fatty 
acid oxidation reactions (beta-oxidation) to produce acetyl-
CoA, NADH2 and FADH2 [6, 45]. Therefore, the decolor-
ization efficiency was increased after UV treatment because 
UV light influenced the alteration of genes involved in the 
decolorizing and degradation of TW (such as the oxidore-
ductase enzyme), as a result increase in decolorization effi-
ciency [25].

Fig. 4  FTIR absorption spectra of the mcl-co-lcl PHA production from 
TS3-UV2 under optimal conditions

 

Fig. 3  The culture media before decolorization (A), after decoloriza-
tion by wild type (B) and after decolorization by mutant strain (C) 
under optimal PHA conditions that have removed the cells
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respectively (Fig. 6). Commercially produced PHA are typi-
cally the PHB type (consisting of carbon 4 atoms) and the Tm 
value of PHB is approximately 160–175 °C [48]. Therefore, 
this results in it being brittle, which is related to the high 
degree of crystallinity and it may lack the superior mechani-
cal properties required for biomedical and packaging appli-
cations. PHB and PHA contain 4–8 carbon atoms [49]. The 
PHA we produced consisted of 12–18 carbon atoms and Tm 
was less than that of PHB. Therefore, the PHA that we pro-
duced are attractive for biomedical and packaging applica-
tions. Guo et al. [22] also produced mcl-co-lcl PHA using 
Pseudomonas mendocina strains NK-01, C7C1 and C7C1 
and found that the Tm can be reduced to 54.90, 55.70 and 
55.00 °C, respectively. Normally, scl PHA tend to be hard, 
crystalline and brittle polymers with high melting points, 
whereas mcl- and lcl PHA are usually soft and elastomeric 
with lower melting points than scl PHA [50]. Therefore, the 
mutant strain is interesting for applications because it pro-
duces mcl-co-lcl PHA, a novel PHA composition.

DSC of PHA

DSC is useful to study the thermodynamic properties, heat 
of fusion and melting temperature of polymers, which are 
important to evaluate their potential industrial applications 
[48]. The Tg value was not detected in the DSC of mcl-co-
lcl PHA produced from TS3-UV2. The Tm and enthalpy 
of fusion (∆Hm) values were 131.15  °C and 16.84  J/g, 

Table 2  Comparison of PHA production from wild type (TS3) and 
mutant strain (TS3-UV2)
Content Wild type (TS3) Mutant strain 

(TS3-UV2)
Produc-
tion 
improved 
(%)

Cultivation condition
Substrate 100% TW 100% TW
pH 6.92 7
Agitation 
speed

150 rpm 150 rpm

Incubation 
temperature

35 °C 35 °C

Incubation 
time

48 h 60 h

Biomass (g/l) 0.41 ± 0.01 0.82 ± 0.03 200
PHA (g/l) 0.34 ± 0.02 0.73 ± 0.03 214.7
PHA (% 
CDM)

83.94 ± 2.72 88.66 ± 1.00 105.6

Productivity 
(g/l.h)

0.007 0.012 171.4

Type of PHA Scl-co-lcl PHA Mcl-co-lcl PHA
Monomer of 
PHA, PHA com-
position (mol%) 
by GC-MS

3(HB-co-HV-co-
HHx-co-HO-co-
HD-co-H5DD-co-
HDD), 6.38:8.32:
36.00:18.05:18.26
:6.45:6.55

3(HDD-co-HTD-co-
HHD-co-HOD),
4.40:16.54:64.74:14.32

3HB: 3-hydroxybutyrate, 3HV: 3-hydroxyvalerate, 3HHx: 3-hydroxy-
hexanoate, 3HO: 3-hydroxyoctanoate, 3HD: 3-hydroxydecanoate, 
3H5DD: 3-hydroxy-5-dodecenoate, 3HDD: 3-hydroxydodecanoate, 
3HTD: 3-hydroxytetradecanoate, 3HHD: 3-hydroxyhexadecanoate 
and 3HOD: 3-hydroxyoctadecanoate

Fig. 6  DSC scanning result of mcl-co-lcl PHA from strain TS3UV2

 
Fig. 5  GC-MS analysis of the mcl-co-lcl PHA produced from strain 
TS3UV2 under optimum conditions (A: 3HDD; B: 3HTD; C: 3HHD; 
D: 3HOD)
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of TW as a substrate for PHA production has numerous pos-
sible industrial applications. Bacteria enhanced by mutation 
can be used to effectively increase the production volume 
and treat the coloration of wastewater. The mutant strain 
TS3-UV2 accumulated highest PHA (88.66 ± 1.00% CDM 
and 0.73 ± 0.03 g/l) when grown at pH 7 and 35 °C for 60 h 
of incubation. Growth of Enterobacter TS3-UV2 generates 
a mcl-co-lcl PHA polymer containing 4.40  mol% 3HDD, 
16.54  mol% 3HTD 64.74  mol% 3HHD and 14.32  mol% 
3HOD. This is the first report on UV mutagenesis of Entero-
bacter strain TS3, which improved PHA production and 
yielded the highest mcl-co-lcl PHA production. Further-
more, research for upscale PHA production on the road to 
commercialization and the application of PHA for biomedi-
cal field is one of the future research directions.
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