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A way for PHA industrialization to become economically competitive is simultaneous production of PHA and an-
other high-valuable product. Co-production of poly (hydroxybutyrate-co-hydroxyvalerate) (PHBV) and ectoine
by Halomonas sp. PR-1 was investigated in two step fed-batch culture. In first-step culture the cell mass and
PHBV level reached 35.3 g L™, 20.8 g L}, respectively. Subsequently, Halomonas sp. PR-1 cells were subjected to
a salinity raising and dominantly produced ectoine in second-step culture. Finally, Halomonas sp. PR-1 produced
21.5 g L' PHBV and 4.5 g L™! ectoine in two-step fermentation process.
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Introduction

Polyhydroxyalkanoates (PHA) are a group of bacterial polyesters
synthesized by numerous bacteria. Their excellent plasticity, and
their good biodegradability and biocompatibility make them profit-
able biomaterial for application in packing, agriculture, medical field,
etc [1]. But the extensive industrial use of PHA is restricted by sever-
al factors, for example, high production cost [2,3]. A way for PHA in-
dustrialization to become economically competitive is simultaneous
co-production of PHA and another high-valuable product [4,5]. Ec-
toine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid) is a
well-known compatible solute commonly produced by halophile and
has been exploited for commercial applications as an active ingredi-
ent for cosmetics, medicine, and protein and nucleic acid protection
[6,7]. So far, there were several reports for co-production of PHA and
ectoine during the same fermentation condition. Halomonas campa-

niensis produced 12.4 wt% polyhydroxybutyrate (PHB) accompany-
ing with production of 1.4 mol ectoine per milligram of wet cells [8].
Controlling of nitrogen or phosphorus contents yielded 55% PHB and
6% ectoine within 120 h in H. elongate [9]. PHB and ectoine were syn-
thesized of 68.5 wt. % and 13.25 wt. %, respectively, during two fed-
batch fermentation by H. boliviensis [10]. It was recently highlighted
that Halomonas bluephagenesis, metabolically engineered based on
flux-tuning method produced ectoine of 8 g L* and dry biomass of
32 g L™ containing 75% PHB during 44h fermentation [11]. In pre-
vious study we reported that Halomonas sp. PR-1 isolated from ma-
rine environment could intracellularly produce poly (hydroxybutyr-
ate-co-hydroxyvalerate) (PHBV) from simplest carbon substrate, e.g.,
glucose [12]. In addition, Halomonas sp. PR-1 was capable to produce
ectoine as a major osmolyte. Therefore, co-production of PHBV and
ectoine by Halomonas sp. PR-1 can be considered to be a promising
strategy for competitive PHBV industrialization. In currently studies
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on production of osmolyte and polyester by halophile, PHA families
are limited primarily to PHB. Copolymers consisting of 3-hydroxybu-
tyrate and the other hydroxyalkanoate have several advantages over
homopolymer PHB, for example, low melting temperature and poor
brittleness. PHBV production can be accomplished by addition of the
precursors such as propionic acid and valeric acid during PHB fer-
mentation [13]. In this study we described the co-production of PHBV
and ectoine in two step fed-batch culture.

Materials and Methods
Bacterial Strain

The moderately halophile Halomonas sp. PR-1 was isolated from
a saltern soil in the western of DPR Korea and accumulate intracel-
lular PHBYV, and also produce ectoine as a osmolyte in a high-salinity
condition.

Culture Medium

Halomonas sp. PR-1 was grown in mineral medium consisting of
(g/L): glucose (15-59), NH,CI (4.5), KH,PO, (1.5); MgS0O,7H,0 (0.5);
FeSO,7H,0 (0.05), NaCl (10-150). The medium was sterilized at 121°C
for 20 min. To examine the effect of C/N ratio and NaCl concentration
on PHBV/ectoine production, glucose and NaCl contents were varied
at different level. Feeding medium 1 (g/L): glucose (700), NH,CI (4.5),
KH,PO, (1.5); MgS0,7H,0 (0.5); FeSO,7H,0 (0.05), NaCl (30), feeding
medium 2(g/L): glucose (500), NH,ClI (4.5), KH,PO, (1.5); MgSO,7H,0
(0.5); FeSO,7H,0 (0.05), NaCl (150).

Growth Conditions

For activation, a loopful of Halomonas sp. PR-1 cells was added to
a 250 ml Erlenmeyer flask containing 50 ml yeast extract-casamino
acid mineral salt medium and was grown in a rotary shaker at 30°C
and 200 rpm for 20 hours. Cultivation later, 1 mL of inoculum was
inoculated into a 250 ml Erlenmeyer flask containing 50 ml mineral
medium and cultivated at 30°C and 200 rpm for the experiments. In
study, how C/N ratio and NaCl concentration affect PHBV and ectoine
production was investigated by performing the batch culture, respec-
tively. The batch and fed-batch culture at a bioreactor were performed
at 35°C and pH 7.5. The dissolved oxygen level was never less than
40%.

Assays

Biomass was determined turbidimetrically: turbidity of culture
broth was measured at 660 nm (0D, ) and then was converted to cell
dry weight via a standard curve. The PHBV concentration was deter-

mined by using a colorimetric method. One milliliter of culture broth

was centrifuged at 4°C and 15,000xg for 10 min. One milliliter of so-
dium hypochlorite solution was then added to the pellet at 60°C for 1
h. After centrifugation again, pellet was washed with deionized water
2 times and was extracted with 1 ml of chloroform at 60°C for 1 h.
The chloroform was evaporated at 100°C and 10 mL of concentrated
sulphuric acid was added and heated for 10 min at 100°C in a water
bath. The solution was cooled and its absorbance was determined at
235 nm. A PHBV standard curve was determined in the same way. The
ectoine concentration was determined by high performance liquid
chromatography (HPLC). A 1 mL sample of fermentation broth was
centrifuged at 4°C and 14,000 x g for 15 min, and then washed with
NaCl-Kpi buffer. After centrifugation, the pellets were resuspended in
1 mL of ethanol (80%, v/v) and then left at room temperature over-
night. The suspension was centrifuged again and the supernatant was
used for HPLC analysis. An Agilent Technologies 1260 Infinity HPLC
(Germany) was equipped with a Nucleosil 100-5 C18 column with
water/acetonitrile (95/5 v/v) as the mobile phase at 20°C. The flow
rate was 1 mL min™ and a UV detector wavelength of 210 nm was
used. The ectoine retention time was determined by using commer-
cially available authentic ectoine.

Results and Discussion
Effects of the C/N Ratio on PHBV and Ectoine Production

To examine the effect of the initial C/N ratio (the mass ratio of C in
glucose and N in NH,Cl) on PHBV/ectoine production by Halomonas
sp. PR-1, the glucose concentrations in medium were adjusted to 15,
29, 44 and 59 g L! at a fixed concentration of ammonium chloride
(the C/N ratios were 5, 10, 15 and 20). Figure 1 plots the dependence
of PHBV and ectoine on the C/N ratio after 44h fermentation. The
PHBV content was found to increase in direct proportional to C/N
ratio. There was no significant difference between PHBV contents in
the C/N ratio of 15 and 20. It is a matter of common knowledge that
nitrogen-limiting condition with excess carbon may be of benefit to
PHA accumulation into microbial cell. But an excessively rise in the
proportion of carbon to nitrogen substrate would inhibit cell growth,
so that volumetric productivity of PHA would decrease. Ectoine pro-
duction by Halomonas sp. PR-1 showed a tendency to decrease with
increase in the C/N ratio. Chen et al. [14] reported the ectoine con-
centration diminished as a function of the C/N ratio from 5 to 20 in
H. salina DSM 5928 culture. The deprivation or reduction of the nitro-
gen supply to microbial cells would result in limitation of not only cell
multiplication but also synthesis of ectoine, a nitrogenous compound.
Difference in the optimal C/N ratios for PHBV and ectoine synthesis
suggests the necessity of controlling of C/N ratio in co-production of
two compounds.
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Figure 1: The effect of C/N ratio on PHBV and ectoine production by Halomonas sp. PR-1 grown in a shaking mineral medium at 30°C, 200 rpm

for 44 h with initial C/N ratio of 5, 10, 15 and 20.

Effects of NaCl Concentration on PHBV and Ectoine Pro-
duction

To examine the effects of NaCl concentrations on PHBV and ec-
toine production by Halomonas sp. PR-1, the NaCl concentrations in
medium were conditioned to 10, 20, 30, 60, 90, 120 and 150 g L.
The largest amount of PHBV (7.9 g L) was obtained at 30 g L! of
NaCl concentration, while that of ectoine (6.2 g L™!) at 120 g L™ As
NaCl concentration increased at 30 - 120 g L, the amount of PHBV
produced by Halomonas sp. PR-1 decreased dramatically and that of
ectoine vice versa. In this study the optimal concentration of NaCl for
PHBV accumulation was agreed with that reported by previous study,
in which H. salina produced the largest amount of PHB at 30 g L™!
NacCl [14]. But H. boliviensis L.C1, the other species of Halomonadace-

ae, accumulated the maximum amount of PHB at 45 g L™! NaCl [10].
Ectoine is a major osmolyte found in the family Halomonadaceae and
the amount of that stored in the cell increases as the salinity stress is
increased. With the raise of NaCl concentration ectoine content with-
in cell may be increased, but the volumetric productivity of ectoine in
bioreactor may be reduced because of inhibition of cell mass produc-
tion by overhigh salinity. The proper NaCl concentration for ectoine
production by H. boliviensis LC1 was reported to be 150 g L™! and 2
M of NaCl gaved the maximum ectoine yield in H. salina BCRC17875
[10,15]. As mentioned in previous reports, high NaCl concentration
was beneficial for ectoine synthesis, but suppressive for cell growth
and PHA synthesis. Both ectoine and PHA are synthesized from ace-
tyl-CoA, and therefore metabolic flux to either of these would inevi-
tably have an influence on the synthesis of the other [11] (Figure 2).
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Figure 2: The effect of NaCl concentration on PHBV and ectoine production by Halomonas sp. PR-1 grown in a shaking mineral medium at 30°C,
200 rpm for 44 h with NaCl concentration of 10, 20, 30, 60, 90, 120 and 150 g L.

First Fed-Batch Culture for High-Density Cell and PHBV
Production

Based on above experimental results, first-step culture was per-
formed high-density cell and PHBV production. Halomonas sp. PR-1
was grown in 2.2 L of mineral medium with 15 of C/N ratio and 30
g L™ of NaCl concentration at 5 L bioreactor. 18 h fermentation later,
cell culture was performed as fed-batch fermentation with feeding
medium 1 at the feeding rate of 30 mL h™ for 10h. Two-step culture
strategy can be considered to be beneficial to PHA/ectoine co-pro-
duction. In previous study first-step culture was often performed with
the aiming of obtaining high cell mass [10]. Here, H. boliviensis LC1T
was grown in a medium with 4.5% (w/v) NaCl and sufficient levels
of monosodium glutamate, NH,*, and PO,*~ and produced biomass of
10.7 g L%, As shown Figure 3, Halomonas sp. PR-1 cell mass showed
rapid increase at 6~20h culture, followed by slow increase, perhaps
due to limitation in nutritive source. During batch culture C/N ratio
was maintained at approximately 15, and gradually increased from
15 to 25 with feeding of nutritive deficient medium, which resulted
in promoting PHBV accumulation. Finally, cell dry weight and PHBV
contentreached 35.3 gL, 20.8 g L™}, respectively, in first-step culture.

Second Fed-Batch Culture for Ectoine Production

Aiming at ectoine production, in second-step culture Halomonas
sp. PR-1 was subjected to a salinity raise. The cells obtained in first-
step culture were transferred to a fresh batch medium containing 120
g Lt of NaCl, followed by being set at further growth in a second fed-
batch culture with feeding medium 2 at the feeding rate of 35 mL h.
After 4h, ectoine level was began to increase and reached maximum
value of 4.2 g L' untill 10 h. PHBV content tended to slightly decrease
during fermentation. Finally, Halomonas sp. PR-1 produced 21.5 g L™!
PHBV and 4.2 g L ! ectoine in two-step fermentation process. The pri-
or reports have indicated that high NaCl concentration was beneficial
for ectoine synthesis, but suppressive for PHB synthesis. During the
PHB/Ect co-production with H. boliviensis, the ectoine concentration,
maximum cell dry weight and PHB concentration were 0.4, 10 and
5.8 g L respectively at 50 g L™! NaCl (Figure 4). However the cor-
responding concentrations became 0.74, 6 and 1.7 g L™! respectively
when concentration of NaCl was 150 g L™! [10]. To avoid the inhibi-
tions of cell growth and PHB synthesis at high NaCl concentration, the
present method comprised two fed-batch cultures at different NaCl
concentrations.
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Figure 3: Halomonas sp. PR-1 cell growth and PHBV production in first-step culture at 2.2 L of mineral medium with 15 of C/N ratio and 30 g L™
of NaCl concentration at 5 L bioreactor.
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Figure 4: Ectoine and PHBV production by Halomonas sp. PR-1 in second-step culture at 2.2 L of mineral medium with 120 g L™ of NaCl
concentration at 5 L bioreactor.
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Conclusion

Co-production of poly (hydroxybutyrate-co-hydroxyvalerate)
(PHBV) and ectoine by Halomonas sp. PR-1 was investigated in two
step fed-batch culture. In first-step culture the cell mass and PHBV
level reached 35.3 g L™, 20.8 g L}, respectively. Subsequently, Halo-
monas sp. PR-1 cells were subjected to a salinity raising and domi-
nantly produced ectoine in second-step culture. Finally, Halomonas
sp- PR-1 produced 21.5 g L' PHBV and 4.2 g L! ectoine in two-step
fermentation process.
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