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Abstract 

Background: Halomonas boliviensis is a halophilic microorganism that accumulates poly(3‑hydroxybutyrate) (PHB) 
using different carbons sources when nitrogen is depleted from the culture medium. This work presents an improved 
production of PHB using an air‑lift reactor (ALR) that was fed with a concentrated solution of a carbon source, and was 
supplemented with an adequate airflow rate.

Results: Simple production media were used to study PHB production by H. boliviensis in an ALR. Glucose was first 
used as the main carbon source and was fed during the exponential phase of cell growth. The maximum CDW and 
PHB content were 31.7 g/L and 51 wt%, respectively, when the airflow rate entering the reactor varied between 0.5 
and 1.2 L/min. Changing the air inflow to 0.5–0.9 L/min resulted in an improvement in PHB accumulation (62 wt%). 
A cultivation was performed by using the latter range of airflow rate and feeding glucose only when nitrogen was 
depleted from the medium; a considerable enhancement in PHB content (72 wt%) and CDW (27 g/L) was achieved 
under these conditions. Moreover, PHB was also produced using molasses as the main carbon source. Residual cell 
mass was about the same to that achieved with glucose, however the PHB content (52 wt%) was lower.

Conclusions: PHB production by H. boliviensis in an ALR using a simple medium is possible. CDW and PHB content 
in H. boliviensis can be improved with respect to batch cultivations previously reported when a carbon source is fed 
to the reactor. The best strategy for the production of PHB consisted of starting the cultivation in a batch mode while 
glutamate was present in the medium; glucose should be fed when glutamate is depleted from the medium to keep 
an excess of the carbon source during the synthesis of PHB.

Keywords: Poly(3‑hydroxybutyrate), Halomonas boliviensis, Air‑lift reactor, Halophilic bacterium

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.

Open Access

*Correspondence:  j.quillaguaman@umss.edu.bo
1 Pilot Plant of Bioprocessing, Center of Biotechnology, Faculty of Science 
and Technology, San Simon University, Cochabamba, Bolivia
Full list of author information is available at the end of the article

Background
From 1950 to 2015, 6300 million tons of plastic waste had 
been produced, of which only 9% was recycled, 12% was 
incinerated and 79% was deposited in landfills or the nat-
ural environment (Rabnawaz et  al. 2017). Furthermore, 
polypropylene and polyethylene contributed 46% to the 
global production of plastics in 2015 and it is expected 

that approximately 12,000 million tons of non-biode-
gradable polymers waste will be allocated in landfills by 
2050 (Rabnawaz et  al. 2017). Biodegradable polymers 
have become an interesting alternative to petrochemical 
plastics, which are highly persistent in the environment 
and are produced in large amounts (Geyer et  al. 2017). 
Polyhydroxyalkanoates (PHAs) are intracellular com-
pounds that are stored as carbon and energy reservoirs in 
several microorganisms (Steinbüchel and Füchtenbusch 
1998). PHAs are recognized as non-toxic, biodegradable, 
completely recyclable into organic waste and resemble 
many characteristics of petroleum-derived plastics and 
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elastomers (Steinbüchel and Füchtenbusch 1998; Lee 
1996). Poly(3-hydroxybutyrate) (PHB) is the most com-
mon type of the PHAs and has similar properties to poly-
propylene (Lee 1996; Harding et al. 2007).

PHB has been industrially produced using bacteria 
such as Cupriavidus necator (Kim et  al. 1994), Azohyd-
romonas lata (Wang and Lee 1997) and recombinant 
Escherichia coli strains (Liu et al. 1998; Choi et al. 1998), 
which have attained the highest polymer accumulations 
and productivities. However, the commercialization of 
PHB is impaired by its production costs. PHA price varies 
from 1.5 to 5 € per kg (Chanprateep 2010), whilst poly-
propylene price varies from 0.2 to 0.4 € per kg (Urtuvia 
et al. 2014). Moreover, the current industrial production 
of PHAs is still performed in small-scale (from 1000 to 
20,000 tons per year) that also increments the cost of the 
polymers (Chanprateep 2010). In this respect, the com-
mercialization of PHB may be restricted to applications 
in tissue engineering and other biomedical appliances 
(Manavitehrani et al. 2016) in which oil-derived plastics 
cannot be utilized. The main factors that influence the 
price of PHAs are the carbon source used in the medium 
for the production of PHAs, the type of production pro-
cess and the purification of the polymer (Lee 1996; Chan-
prateep 2010). Furthermore, the dominant contribution 
to the environmental deterioration in the production 
of PHB is the large requirement for energy, particularly 
steam for sterilization procedures, as well as high require-
ment of freshwater (Harding et al. 2007).

Research on halophilic microorganisms has shown 
that their requirement of NaCl for growth facilitates 
PHB production under non-sterile conditions, which 
reduces the costs related to the generation of steam for 
the sterilization of media, reactors, and pipes (Yin et al. 
2015; Quillaguamán et  al. 2010). Moreover, seawater 
could be used to dissolve the components of a culture 
medium; hence the consumption of freshwater could be 
reduced (Yue et  al. 2014). Among halophilic bacteria, 
some species of the genus Halomonas such as a recom-
binant H. campaniensis LS21, Halomonas sp. TD01 and 
H. boliviensis have reached high concentrations and 
accumulations of PHB in batch, fed-batch and continu-
ous cultures using stirred tank reactors (Yue et al. 2014; 
Tan et al. 2011; Quillaguamán et al. 2008). Since gener-
ally Halomonas species can metabolize several carbon 
sources, hydrolysates of agro-industrial residues or a 
mixture of carbohydrates and volatile fatty acids can 
be used as cheap substrates for the production of PHB 
(Yin et al. 2015; Quillaguamán et al. 2010). Halomonas 
sp. TD01 and H. boliviensis have reached PHB contents 
as high as 80 wt% and a cell dry weight (CDW) of 80 g/L 
and 44 g/L, respectively, from glucose (Tan et al. 2011; 
Quillaguamán et  al. 2008), whereas a recombinant 

strain of H. campaniensis has been able to accumulate 
70 wt% PHB and a maximum CDW of 73 g/L using sub-
strates that imitated kitchen wastes (Yue et  al. 2014). 
Recently, H. boliviensis was grown on an air-lift reac-
tor (ALR) to produce PHB from starch hydrolysate in a 
batch culture (Rivera-Terceros et  al. 2015). The maxi-
mum PHB accumulation attained was 41 wt% with a 
CDW of 8 g/L (Rivera-Terceros et al. 2015). ALRs have 
several interesting features, for instance, their design 
and construction are simple, low energy is required for 
mass transfer because they are pneumatically mixed 
by air bubbles and generate low shear stress on cells 
suspended in the medium (Siege and Robinson 1992). 
These characteristics have also motivated research on 
PHB production by non-halophilic bacteria that were 
grown on ALRs. Azohydromonas australica and C. 
necator have reached about 72 wt% PHB and a CDW 
of 10 g/L and 32 g/L, respectively (Gahlawat et al. 2012; 
Tavares et al. 2004), whilst cultivation of Burkholderia 
sacchari in an ALR has led to 41 wt% PHB and a maxi-
mum CDW of 150 g/L (Pradella et al. 2010).

In this study, we report PHB production by H. bolivien-
sis that was grown in an ALR. The purpose of this study 
was to investigate cultivation conditions that improve 
cell growth and PHB accumulation in H. boliviensis using 
a simple production media in a reactor whose construc-
tion, operation and scalability are relatively straightfor-
ward. Moreover, the ARL was not operated under strict 
sterile conditions in our experiments. Some chemical 
compounds that were previously included in the medium 
of H. boliviensis were removed because their absence did 
not show any detrimental effect on cell growth or PHB 
accumulation in the cells, and should reduce the costs 
of supplies. Furthermore, a carbon source was fed to the 
reactor to maintain an excess of the substrate during the 
cultivation to enhance cell concentration in the medium 
and PHB content.

Methods
Microorganism and its maintenance
Halomonas boliviensis  LC1T = DSM  15516T was used in 
this study. The strain was maintained at 4 °C on solid TSA 
(tryptone soy agar) medium containing 5% (w/v) NaCl.

Culture medium with carbohydrates as carbon source
A minimal culture medium was used to determine 
the optimum concentration of molasses or glucose as 
a carbon source for the production of PHB. Seed cul-
ture medium contained (g/L): molasses 15; glucose 5; 
monosodium glutamate 6 and NaCl 45, with pH initially 
adjusted to 7.5 using 3 M NaOH. H. boliviensis was grown 
in a 100-mL seed culture medium contained in a 1-L 
Erlenmeyer flask at 180 rpm rotatory shaking at 35 °C for 
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18  h until the culture broth reached an  OD600 = 3 ± 0.4. 
Subsequently, 5 mL of the seed culture was inoculated in 
100 mL of PHB production medium that contained (g/L): 
monosodium glutamate 2; NaCl 45 and the following car-
bohydrates were used in 8 different experiments (g/L): (1) 
molasses 30; (2) molasses 20; (3) molasses 15, glucose 5; 
(4) molasses 10, glucose 10; (5) molasses 5, glucose 15; 
(6) molasses 7.5, glucose 2.5; (7) molasses 5, glucose 5; 
(8) molasses 2.5, glucose 7.5. All media were sterilized at 
121 °C for 15 min. These experiments were incubated in 
a rotary shaker at 180 rpm at 35 °C. Samples were with-
drawn at 24 and 30 h.

Production of PHB in an air‑lift reactor
For the production of PHB in an air-lift reactor, a medium 
previously optimized in Erlenmeyer flasks was used. The 
seed culture medium contained (g/L): molasses 15; glu-
cose 5; monosodium glutamate 6; NaCl 45. Furthermore, 
a culture medium with glucose as the sole carbohydrate 
was prepared with (g/L): NaCl 50;  KH2PO4 1.6;  Na2HPO4 
6.6; glucose 20; monosodium glutamate 10. The sterile 
minimal medium was supplemented with 1 mL/L of trace 
elements and 1  mL/L of 1  M  MgSO4·7H2O, both solu-
tions were filter-sterilized (0.2 μm filter) before they were 
added to the medium. Composition of trace elements 
solution was (g/L):  CaCl2·2H2O 0.5;  FeCl3·6H2O 16.7; 
 ZnSO4·7H2O 0.18;  CuSO4·5H2O 0.16;  MnSO4·5H2O 
0.11; Na-EDTA 20.1. The medium was sterilized at 121 °C 
for 15 min.

For both media, the seed culture was prepared in 
80 mL contained in a 1-L Erlenmeyer flask. In all experi-
ments, the initial pH of the medium was adjusted to 7.5 
using 3 M NaOH/H3PO4. The medium was seeded with 
colonies of H. boliviensis and incubated with shaking at 
180 rpm at 35  °C between 16 and 18 h until the culture 
broth reached an  OD600 = 2.9 ± 0.03.

An ALR used in previous studies was also utilized in 
these experiments (Rivera-Terceros et  al. 2015). In our 
experiments, the reactor was not sterilized and its opera-
tion was not kept under strict sterile conditions. Inlets 
of the ALR for sensors and for the addition of solutions 
of an acid, a base and carbon sources were open to the 
environment. The seed culture was added to 1-L ARL 
containing 720  mL of the culture medium that had the 
same composition of that used for the seed culture. How-
ever, in the bioreactor, the concentration of monosodium 
glutamate was increased to 15  g/L in all cases to attain 
high cell density. Four different experiments were carried 
out for the production of PHB in the ALR varying the air 
inflow to the reactor between: (1) 0.5–1.2 L/min during 
the first 18 h afterward the air inflow was kept at 1.2 L/
min; glucose was the main carbon source, and was fed to 
the reactor after 13.5 h of cultivation; (2) 0.5–0.9 L/min 

(the maximum airflow rate was reached at 13.5  h) and 
under the same conditions of experiment 1; (3) 0.5–0.9 L/
min (the maximum airflow rate was reached at 9 h), with 
glucose fed after 24 h; (4) 0.5–0.9 L/min (the maximum 
airflow rate was reached at 30 h), with molasses and glu-
cose used as the main carbon source and molasses fed to 
the reactor after 14  h of cultivation. In all experiments, 
the pH of the medium was maintained at 7.5 by the addi-
tion of 3 M NaOH/H3PO4 and the temperature was kept 
at 35 °C using a jacket through which water was recycled 
from a thermostatic bath. Antifoam (polypropylene gly-
col 2000) was added to the growth medium as required 
during cultivation. A volume of 10  mL was taken from 
the bioreactor approximately every 4.5  h and was ana-
lyzed to determine the concentration of carbohydrates, 
glutamate, cell growth and PHB produced. The cultiva-
tions were fed with a concentrated solution of glucose 
(500 g/L) or molasses (500 g/L) using a peristaltic pump 
(LAMBDA Multiflow) at a flow rate that ranged between 
2.5 and 3 mL/h for 7 h when glucose was fed as carbon 
source and for 6  h when molasses was fed as carbon 
source. Subsequently, either glucose or molasses were 
manually added to the reactor whenever a decrease in the 
carbohydrate concentration was observed after an HPLC 
analysis.

Determination of cell growth
Cell growth was monitored by measuring  OD600 in a 
spectrophotometer (Biochrom, Libra S22) after dilut-
ing the cultivation broth with saline solution, 0.9% 
(w/v) NaCl, to an approximate  OD600 of 0.1. Cell dry 
weight (CDW) was obtained by centrifuging 1  mL of 
culture medium in a 1.5-mL microtube and was cen-
trifuged at 7000×g for 10 min using a microcentrifuge 
(Thermo scientific). The supernatant was removed, fil-
tered (0.22 μm filter) and stored at − 20 °C for further 
analyses. The cell pellet obtained was then suspended, 
washed with 1  mL 0.9% (w/v) NaCl and centrifuged 
again. The pellet was dried at 85  °C overnight, cooled 
to room temperature in a desiccator and weighed. All 
samples were analyzed in triplicate.

Determination of PHB content by gas chromatography
PHB content in the cells was determined by gas chro-
matography (GC) (Agilent 7890B) following the pro-
cedure described by Oehmen et  al. (2005). The dried 
pellets obtained from the determination of CDW 
were subjected to methanolysis (Oehmen et  al. 2005). 
An HP-INNOWAX (30  m length) capillary column 
was utilized for the analysis. Poly(3-hydroxybu-
tyrate-co-3-valerate) (Sigma) was used to elaborate 
a standard curve and benzoic acid was used as an 
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internal standard. Residual cell mass (RCM) was cal-
culated as the difference between the CDW and PHB 
concentration.

Quantitative analysis of carbohydrates
The concentration of carbohydrates in the medium 
was analyzed by the dinitrophenol method (Ross 
1959). After centrifuging the medium at 7000×g for 
10  min, the supernatant was diluted (1:25) in distilled 
water; 25  mL of the diluted supernatant was clarified 
by adding 0.5 mL of  K4Fe(CN)6·3H2O (150 g/L), 0.5 mL 
of  ZnSO4·7H2O (300  g/L) and 0.1  mL of  Na2HPO4 
(100  g/L). The solution was then filtered using a filter 
paper. For the dinitrophenol reagent, solution A was 
prepared by dissolving 0.3572 g of 2,4-dinitrophenol in 
11.5 mL of NaOH 5% (w/v) and then 0.125 g of phenol 
was added; solution B was prepared by dissolving 5  g 
of sodium and potassium tartrate in 25 mL of distilled 
water. Solutions A and B were mixed and completed to 
1 L with NaOH 5% (w/v). To determine glucose, 2 mL 
of the clarified solution was mixed with 6  mL of dini-
trophenol reagent. The mixture was heated in a boil-
ing water bath for 6  min, then cooled in a water bath 
at room temperature and absorbance of the resulting 
solution was measured using a spectrophotometer (Bio-
chrom, Libra S22) at 560  nm. A calibration curve was 
built using glucose as standard.

Quantification of total sugars in molasses was per-
formed by clarification followed by acid hydrolysis with 
1.5 mL of 9.5% (v/v) HCl. Then 12.5 mL of this solution 
and distilled water were mixed in a 25-mL volumet-
ric flask. The resulting solution was heated at 70  °C for 
10 min in a water bath, was cooled and treated with 4 N 
NaOH to reach a pH of about 8. Subsequently, 2 mL of 
this solution was combined with 6  mL of dinitrophenol 
reagent and the determination was carried out as in the 
case of glucose. Sucrose was hydrolyzed and used to con-
struct a calibration curve.

Quantification of monosodium glutamate
The concentration of glutamate in the supernatant was 
determined by high-performance liquid chromatogra-
phy (HPLC) (Thermo Scientific, UltiMate 3000). The 
compounds were separated with a C12 RESTEK col-
umn. A solution containing 10  mL/L acetonitrile and 
340 μL/L  H3PO4 dissolved in deionized water was used 
as the mobile phase at a flow rate of 0.9 mL/min and at 
65  °C. All compounds were quantified by a UV diode 
array detector at 210 nm wavelength at 35 °C. For the 
analysis, all samples were acidified with 1 μL concen-
trated (85%)  H3PO4.

Determination of metal ions in a culture medium 
containing molasses
A combined flame and furnace atomic absorption 
spectrometer (AA500FG model, PG instruments) 
equipped with deuterium lamp background correction, 
hollow cathode lamps, and air–acetylene burner was 
used for the determination of the metals. Moreover, 
graphite furnace was used to determine metal ions that 
were not detected by flame quantification. We ana-
lyzed lead, iron, potassium, magnesium, manganese, 
zinc, cadmium and cobalt. The instrumental param-
eters were those recommended by the manufacturer. 
Samples were analyzed in triplicate.

Results and discussion
Effect of air inflow rate to the ALR on PHB production using 
glucose as the main carbon source
Halomonas boliviensis produced PHB in an air-lift reac-
tor operated in a batch mode in which PHB content was 
41 wt% and CDW was 8 g/L (Rivera-Terceros et al. 2015). 
The reactor was not operated under strict sterile condi-
tions. To improve cell growth and accumulation of PHB, 
we decided to feed the ALR with a concentrated solution 
of glucose so that glucose is maintained in excess in the 
medium (Figs.  1 and 2). Moreover, a different medium 
composition with respect to that previously reported 
was used in this study (Rivera-Terceros et al. 2015). We 
found that the magnesium concentration can be reduced 
20-fold and ammonium chloride can be removed from 
the medium composition (data not shown), thereby 
monosodium glutamate (MSG) is left as the sole nitro-
gen source in the medium. In the first cultivation, the air 
inflow rate varied from 0.5 to 1.2 L/min during the first 
18  h (Fig.  1). In Fig.  1, the RCM shows that cells grew 
while there was MSG in the medium and PHB content 
increased in a linear trend. During the nitrogen depletion 
phase, RCM was approximately constant denoting that 
cells reached the stationary phase of growth while PHB 
was rapidly accumulated in the cells. The maximum PHB 
accumulation reached was 51 wt% at 50.5 h of cultivation 
and, at this time, CDW was 28.2  g/L, which increased 
slightly to 31.7 g/L after 70 h of cultivation.

Inducing oxygen limitation during the cultivation of H. 
boliviensis on starch hydrolysate in a stirred tank reac-
tor quickened PHB accumulation in the cells to some 
extent (Quillaguamán et al. 2005). Taking this into con-
sideration, we decided to decrease to 0.9 L/min the maxi-
mum airflow supplied to the ALR (Fig. 2). Figure 2 shows 
that PHB accumulation was faster compared to our first 
experiment before the nitrogen depletion phase. When 
MSG was depleted from the medium, cells stored the 
major amount of PHB that was again observed during the 



Page 5 of 9Ortiz‑Veizán et al. Bioresour. Bioprocess.            (2020) 7:22  

stationary phase of growth. At 50.5 h of cultivation, PHB 
content and CDW were 59 wt% and 24 g/L, respectively, 
which showed an improvement in PHB accumulation 
although CDW was slightly lower than that observed in 
Fig. 1. However, Fig. 2 depicts further that PHB content 
increased to 62 wt%, which also rose CDW to 28 g/L, at 

70 h of cultivation. Although there was an improvement 
in the PHB content between 50.5 and 70 h of cultivation, 
PHB volumetric productivity was about 0.25  g/L/h for 
these cultivation times, which suggested that PHB pro-
duction could be improved if CDW and PHB synthesis 
were accelerated in the ALR.

Fig. 1 Production of PHB by H. boliviensis using an air‑lift reactor with an air inflow that varied between 0.5 and 1.2 L/min and feed of glucose after 
13.5 h of cultivation. The maximum airflow was reached at 18 h, pH was maintained at 7.5 and water at 35 °C was circulated by the jacket of the 
reactor. Glucose was the main carbon source. A solution of glucose (500 g/L) was fed to the reactor after 13.5 h of cultivation. Experiments were 
performed in duplicate. CDW, cell dry weight and RCM, residual cell mass

Fig. 2 Production of PHB by H. boliviensis using an air‑lift reactor with an air inflow that varied between 0.5 and 0.9 L/min and feed of glucose after 
13.5 h of cultivation. The maximum airflow rate was reached at 13.5 h, pH was maintained at 7.5 and water at 35 °C was circulated by the jacket of 
the reactor. Glucose was the main carbon source. A solution of glucose (500 g/L) was fed to the reactor after 13.5 h of cultivation. Experiments were 
performed in duplicate. CDW, cell dry weight and RCM, residual cell mass



Page 6 of 9Ortiz‑Veizán et al. Bioresour. Bioprocess.            (2020) 7:22 

A high intracellular concentration of NAD(P)H 
induces PHB synthesis in many bacteria (Steinbüchel 
and Füchtenbusch 1998; Lee 1996). The enzyme acetoa-
cetyl-CoA reductase participates in the synthesis of PHB 
by oxidizing NAD(P)H (Steinbüchel and Füchtenbusch 
1998; Lee 1996). High concentrations of NAD(P)H can 
be promoted by limiting or depleting an essential nutri-
ent in the medium such as oxygen, nitrogen, phosphorus 
among others (Steinbüchel and Füchtenbusch 1998; Lee 
1996). The activity of acetoacetyl-CoA reductase in H. 
boliviensis can be triggered by either NADH or NADPH, 
showing that the synthesis of PHB is adaptable to dif-
ferent conditions in H. boliviensis (Perez-Zabaleta et  al. 
2016). Nitrogen depletion has been used to favor the 
production of PHB by H. boliviensis (Quillaguamán et al. 
2008), although oxygen limitation can also induce PHB 
storage in the cells (Quillaguamán et al. 2005). Figures 1 
and 2 suggest that a combination of nitrogen depletion in 
the medium and a reduction in the air inflow to the reac-
tor may lead to intracellular concentrations of NADH 
and NADPH that direct the carbon flux towards PHB 
formation in H. boliviensis.

Increasing CDW and PHB content in the ALR
Figures 1 and 2 show that most PHB is accumulated dur-
ing the cells’ stationary phase of growth; hence, most of 
the carbon source should be supplied during the nitro-
gen depletion phase. On the other hand, the cultivation 
of Burkholderia sacchari in an ALR for PHB production 

showed that its exponential phase was not affected while 
sucrose was consumed from 30 to 0.5 g/L, rather CDW 
was enhanced in a relatively short time of cultivation 
(Pradella et al. 2010). In this respect, glucose concentra-
tion in the medium of H. boliviensis was not replenished 
during the first 24  h. Glucose was only fed during the 
nitrogen depletion phase (Fig. 3). Air inflow to the reac-
tor varied between 0.5 and 0.9 L/min and the maximum 
airflow rate was reached at 9 h to avoid an early limitation 
of oxygen in the cells. RCM had approximately the same 
trend as that observed in Fig. 2 while glucose and gluta-
mate were being consumed; however, the PHB content 
(41 wt%) was higher than those reached in the previous 
cultivations before the nitrogen depletion phase (Figs. 1, 
2, 3). Upon the depletion of MSG, PHB was accumu-
lated rapidly, whereas glucose was being supplemented to 
the reactor until a PHB content of 72 wt% was reached 
at 50  h of cultivation (Fig.  3). Moreover, the maximum 
CDW (27  g/L) and PHB (20  g/L) concentrations were 
also reached after 50  h. Albeit CDW was similar in all 
cultivations, the shorter production time and the higher 
PHB content observed in Fig.  3 than those obtained in 
the previous experiments (Figs.  1 and 2) resulted in a 
volumetric productivity of 0.40  g/L/h, which is 1.6-fold 
higher than those reached in this study.

Moreover, the PHB production attained in this experi-
ment showed a considerable improvement compared to 
that reached in batch cultivations (i.e., 41 wt% PHB and 
CDW of 8  g/L) previously reported (Rivera-Terceros 

Fig. 3 Production of PHB by H. boliviensis using an air‑lift reactor with an air inflow that varied between 0.5 and 0.9 L/min and feed of glucose after 
24 h of cultivation. The maximum airflow rate was reached at 9 h, pH was maintained at 7.5 and water at 35 °C was circulated by the jacket of the 
reactor. Glucose was the main carbon source. A solution of glucose (500 g/L) was fed to the reactor after 24 h of cultivation. Experiments were 
performed in duplicate. CDW, cell dry weight and RCM, residual cell mass
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et al. 2015). The maximum PHB accumulation in our cul-
tivations is similar to those reported for Azohydromonas 
australica and C. necator (72 wt% PHB) (Gahlawat et al. 
2012; Tavares et al. 2004) and higher than that observed 
in B. sacchari (41 wt%) (Pradella et al. 2010). CDW of H. 
boliviensis is higher than that obtained for A. australica 
(10  g/L), similar to that reached by C. necator (32  g/L) 
and lower than that observed in B. sacchari (150  g/L) 
when these bacterial species are grown in ALRs (Gahla-
wat et al. 2012; Tavares et al. 2004; Pradella et al. 2010). 
The PHB content of H. boliviensis was also comparable to 
the highest reported in cultivations performed in stirred 
tank reactors (i.e., between 70 and 85 wt%) (Steinbüchel 
and Füchtenbusch 1998); however, CDW of H. boliviensis 
has to be further improved to be similar to the highest 
attained so far (i.e., between 40 and 160  g/L) in stirred 
thank reactors (Steinbüchel and Füchtenbusch 1998). 
Furthermore, Halomonas sp. Td01 and a recombinant 
strain of H. campaniensis have reached a CDW of 80 g/L 
and 73  g/L, respectively, in stirred tank reactors. The 
results that are shown in Fig. 3 suggest that an adequate 
combination of glucose, glutamate, and air inflow rate to 
the ALR could prolong the active cell growth while PHB 
is being synthesized; perhaps glutamate concentration in 
the medium could be maintained at a level that delays the 
stationary phase of cell growth.

PHB production using molasses and glucose as carbon 
sources
The cultivation medium used in our previous cultiva-
tions (Figs. 1, 2, 3) permitted the reduction in the amount 
of supplies required for PHB production. H. boliviensis, 
however, also metabolizes other carbohydrates as car-
bon source, for instance, a combination of molasses and 
glucose was used before to produce PHB (Guzmán et al. 
2012). PHAs have also been produced by other microor-
ganisms such as A. vinelandii UWD, recombinant E. coli 

and Bacillus megaterium using molasses (Chanprateep 
2010). Molasses is an inexpensive carbon source and an 
industrial by-product (Chanprateep 2010), which con-
tains large amounts of reducing sugars and usually vita-
mins and trace elements (Crueger and Crueger 1990). In 
this respect, we decided to further simplify the culture 
medium for PHB production by H. boliviensis. In shake 
flasks experiments, glutamate, sodium chloride and dif-
ferent concentrations of glucose and molasses were the 
only components included in the culture medium. We 
determined various metals in this medium by atomic 
absorption spectrometry. We found (mg/L): Pb 0.007, 
Fe 0.23, K 271.7, Mg 0.0115, Mn 0.252, Zn 0.104 (the 
maximum standard deviation for the average values was 
0.0009  mg/L); cadmium and cobalt were not detected. 
The medium had indeed various metal ions that we 
included as trace elements in our previous experiments. 
Table 1 shows PHB production and CDW obtained from 
samples taken at 24 and 30 h. In samples taken at 24 h, 
CDW was about the same when 30 or 20 g/L of molasses 
was used in the medium, although at 20  g/L both PHB 
content and concentration improved slightly. Glucose 
was used to partially substitute molasses while main-
taining a total concentration of 20  g/L (Table  1). The 
maximum CDW, PHB content and PHB concentration 
were obtained when the concentration of glucose in the 
medium was between 5 and 10 g/L. Moreover, CDW and 
PHB production reduced when the total concentration 
of the carbohydrates was decreased to 10 g/L (Table 1). 
After 30  h of cultivation, CDW and PHB production 
improved when the initial concentration of the carbohy-
drates was 20 g/L, although they declined when the con-
centration of the carbohydrates was 10 g/L (Table 1).

Cultivation in an ALR was performed using an initial 
concentration of 15 g/L molasses, 5 g/L glucose, 15 g/L 
glutamate and 45 g/L NaCl (Fig. 4). When a total sugar 
concentration of 12  g/L was present in the medium, a 

Table 1 Effect of different concentrations of molasses and glucose on PHB production by H. boliviensis 

All experiments were performed in flasks incubated at 35 °C and 180 rpm. Samples were taken at 24 and 30 h of cultivation. The initial monosodium glutamate 
concentration was 0.6% (w/v). The numbers in the brackets show the standard deviation of the average values

Carbon source 24 h 30 h

Molasses (g/L) Glucose (g/L) CDW (g/L) PHB (wt%) PHB conc. (g/L) CDW (g/L) PHB (wt%) PHB conc. (g/L)

30 – 3.7 (± 0.6) 18.1 0.66 3.3 (± 0.5) 22.9 0.76

20 – 3.7 (± 0.3) 21.1 0.77 4.4 (± 0.1) 23.4 1.04

15 5 3.9 (± 0.2) 29.6 1.18 4.6 (± 0.1) 31.8 1.45

10 10 3.5 (± 0.1) 33.5 1.18 4.2 (± 0.4) 33.9 1.43

5 15 2.4 (± 0.3) 23.0 0.56 2.7 (± 0.2) 23.9 0.64

7.5 2.5 3.9 (± 0.2) 25.4 0.99 3.8 (± 0.1) 28.6 1.09

5 5 3.2 (± 0.4) 21.1 0.67 3.0 (± 0.3) 25.0 0.76

2.5 7.5 2.0 (± 0.1) 20.6 0.41 2.6 (± 0.5) 10.7 0.28
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concentrated solution of molasses was fed to the reac-
tor (Fig. 4). Most PHB was produced during the nitrogen 
depletion phase and reached a maximum accumulation 
of 52 wt% with a concomitant CDW of 16 g/L, PHB con-
centration of 8  g/L (Fig.  4) and a maximum volumetric 
productivity of 0.15 g/L/h after 54 h of cultivation. These 
results show that it is possible to produce PHB using a 
more economical medium. There was also an improve-
ment in the PHB concentration with respect to those 
obtained in batch cultivations performed in a stirred tank 
reactor (c.a. 4.3 g/L) (Guzmán et al. 2012), although the 
polymer volumetric productivity was about the same 
(0.13 g/L/h) (Guzmán et al. 2012). Moreover, the produc-
tion of PHB using molasses (Fig. 4) was lower than that 
reached using glucose (Fig. 3). Figures 3 and 4 also show 
that PHB was more rapidly accumulated when only glu-
cose was present in the medium than with the mixture 
of molasses and glucose. Nevertheless, RCM was about 
the same (approximately 9.5  g/L) in both cultivations 
(Figs. 3, 4), implying that cell growth was not inhibited by 
molasses. Probably there are compounds in the medium 
containing molasses that hinder the synthesis of PHB or 
reduce the intracellular levels of NAD(P)H. Additional 
studies are required to evaluate molasses or other renew-
able materials as carbon sources for the production of the 
biopolyester by H. boliviensis.

Conclusions
PHB production by H. boliviensis in an ALR using a sim-
ple medium is possible. CDW and PHB content in H. 
boliviensis can be improved with respect to batch culti-
vations previously reported when a carbon source is fed 
to the reactor. The best strategy consisted of starting 
the cultivation in a batch mode while glutamate is pre-
sent in the medium; glucose should be fed when gluta-
mate is depleted from the medium to keep an excess of 
the carbon source during the synthesis of PHB. Moreo-
ver, limiting the amount of air inflow rate to the reactor 
can enhance the accumulation of PHB in the cells. RCM 
using molasses was as high as that obtained with glucose; 
however, the PHB content reached using molasses was 
lower than the maximum reached with glucose. Further 
research is required to optimize the production process 
of PHB when molasses is used as the main carbon source.
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