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Abstract Low-cost raw materials can be used to reduce
significantly the production cost of polyhydroxyalk-
anoates (PHA). In this study, extruded rice bran (ERB)
and extruded cornstarch (ECS) were used as carbon
sources to produce PHA by an archaea, Haloferax
mediterranei, which cannot use native rice bran or
cornstarch as a carbon source. By employing pH-stat
control strategy to maintain pH at 6.9-7.1 in a 5-liter jar
fermentor using ERB:ECS (1:8 g/g) as the major carbon
source, we obtained a cell concentration of 140 g/L,
PHA concentration of 77.8 g/l and PHA content of
55.6 wt.% in a repeated fed-batch fermentation. In
contrast, when ECS was used as the major carbon
source, we obtained 62.6 g/L cell concentration, 24.2 g/
L PHA concentration and 38.7 wt.% PHA content.
Under a hyper-saline condition and with no nitrogen-
limitation restriction, the repeated fed-batch process can
be sustained a long time for the mass production of
PHA.
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Introduction

Among the several biodegradable polymers under
development, PHA has attracted much attention
because of similarity of its properties to those of the
conventional petrochemical-derived plastics, and its
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complete biodegradability in various environments. The
film-type PHA shows gas-barrier properties comparable
to those of poly(vinyl chloride) and poly(ethylene tere-
phthalate); therefore, it can compete with non-degrad-
able polymer used in the packaging industry [9]. PHA
can be applied to paper, cardboard, or food trays to
form a water-resistant layer as an alternative to poly-
ethylene or aluminum films [2, 16]. PHA of different
chemical structures is under investigation for its poten-
tial applications in controlled drug release, sutures, bone
plates, wound dressing, paramedical disposables, and
therapeutic devices [2, 5, 13, 17].

One of the major drawbacks of employing PHA in a
wide range of applications is its high production cost.
Consequently, much effort has been devoted to reduce
the production cost of PHA by improving bacterial
strain, efficient fermentation and recovery processes [8].
There are several reasons for using haloarchaea to pro-
duce low-cost PHA. In this study, Haloferax mediter-
ranei was used to produce PHA under a hyper-saline
condition in which very few organisms can survive. The
extreme condition of salinity in which this organism
grows almost overrides the contamination problem. This
greatly reduces the sterility requirements of a production
facility and, thus, decreases the investment cost [11, 12].
To study the possibility of long-term culture, H. medi-
terranei was maintained in a chemostat for three
months, before confirming that the PHA production
yield of final strain was no less than those of the original
strain [12]. It is relatively easy to harvest PHA pellet
from H. mediterranei, compared to other PHA accu-
mulating organisms. As the haloarchaea can be easily
lysed in the distilled water and release the PHA pellet to
be recovered by low speed centrifugation, the cost of
PHA recovery process is greatly reduced [11]. Mean-
while, the authors have developed a high cell density
culture system of H. mediterranei capable of using cheap
starch, rice bran or wheat bran as the major carbon
source to produce PHA in a semi-continuous culture
process. It had been studied that the cost of carbon
source is critical for reducing the production cost of
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PHA [1, 7, 8]. Furthermore, in this study an efficient
fermentation system was accomplished based on the
signal of pH as well as the conductivity of culture broth,
and a pH-stat control strategy set up for medium feed-
ing. The concentration of starch, organic nitrogen,
phosphate and salts can be maintained within a proper
range that promotes the growth of cell mass and
the accumulation of PHA during a repeated fed-batch
culture.

Materials and methods
Bacterial strain

H. mediterranei (ATCC 33500) was used throughout this
study.

Extrusion process

The extruder used for the starch, rice bran and wheat
bran processing was a single-screw extruder (YJ-PS25,
Yea Jing Machinery, Taiwan), with a 25 mm inside
diameter barrel and four temperature controllers con-
nected to heating/cooling elements on the extruder
barrel. The controller maintained the temperature of
the extruder within = 1°C. The set point of temper-
ature in the barrel zones are 55°C for zone 1, 65°C for
zone 2, 85°C for zone 3, and 90°C for the extruder
die, which has a hole 5 mm in diameter. The die
pressure was monitored with a pressure transducer
(ISI 0172, Industrial Sensors) to ensure the stability of
extrusion process. The extruder is fitted with a screw
with length to diameter ratio of 32 and a compression
ratio of 2.8. The rotational speed of screw was set at
78 rpm.

1,000 g materials of different weight ratio of rice
bran, cornstarch or wheat bran were adjusted to 20%
moisture (dry basis) and mixed with a-amylase (BAN
240L, Novo Nordisk Ferment Ltd, Switzerland) at
concentration of 5 g enzyme per 100 g of starch. The
batch was then fed into the hopper of extruder. The
extrudate was collected and dried in an oven at 50°C for
8 h. The dried extrudate was reduced to powders by
passing it through a 45-mesh sieve.

Flask culture

Shaking flasks culture for cell growth was under the
medium compositions (g/L) as: NaCl 234, NaHCO; 0.2,
NaBr 0.5, MgS0O, 30, MgCl, 19.5, CaCl, 1, KCI 5,
carbon materials 2, yeast extract (YE) 7.5. Carbon
materials include glucose, extruded or native agricultural
materials. The cell concentration was estimated by the
measurement of optical density ODs5g nm. One unit of
ODs50 nm 18 equivalent to 0.42 g/L dried cell weight. The
cell growth parameters were estimated by the non-linear

regression of the modified Gompertz model [6] as fol-
lows:

X:A-exp{—exp [‘u“;'g(i—t)—kl}}

where X is the cell concentration (g/L) at culture time ¢
(h), A4 is the maximum cell concentration (g/L), p, is the
maximum cell growth rate (g/L h), 4 is the lag time of
cell growth (h), and e is the natural logarithm base.

Repeated fed-batch culture

The repeated fed-batch culture has the same initial
medium composition and seed culture as those in the
flask culture. The computer control of fermentation
system is similar to that described in a previous publi-
cation [6]. The measured signals were pH, dissolved
oxygen (DO), oxidation-reduction potential (ORP), and
weight of fermentor. The culture conditions were set at
37°C with a rotational speed of 800 rpm. Although
Rodriguez-Valera and Lillo [14] reported that the best
growth temperature for H. mediterranei was 45°C, we
suggest that a lower temperature 37°C offers two addi-
tional advantages: (1) it saves energy cost during long-
term continuous culture, and (2) it saves oxygen cost in
the high cell density culture since lower temperature
promotes a higher saturated oxygen concentration in the
broth. Besides, data reported by Lillo and Rodriguez-
Valera [12] showed that higher temperature promoted
cell growth but decreased PHA content in the cell. The
seed culture of 250 mL was transferred to a 5-liter jar
fermentor (CMF-5, Firstek, Taiwan) containing 2.5 L of
medium. The pH-stat control algorithm was designed to
activate medium feeding pump when the pH was in-
creased because of the metabolic activity of cell, and was
in the range of 6.9-7.1. If pH was lower than 6.8, 10 N
NaOH was added to adjust the pH above 6.8. The stock
concentrations of extruded material and YE in the
feeding medium were 50 g/L and 85 g/L, respectively.
The feeding rate of the pump was set at 0.7 mL/sec.
When the volume of broth reached 4.5 L, 2 L of broth
would be removed. DO was controlled above 20% sat-
uration. We use conductivity to estimate the total con-
centration of salt mixture in the fermentation broth.
Conductivity was measured by a conductivity meter
(SC-12A, Suntex, Taiwan) and was maintained within
the range of 3—4 S/m, which represents approximately
the total salt mixture concentration of 173-230 g/L.
Conductivity was maintained by adding salt mixture
with a weight ratio composition of NaCl 234, NaHCO;
0.2, NaBr 0.5, MgS0, 30, MgCl, 19.5, CaCl, 1 and KCl
5.

Analytical procedures

Starch concentration was quantified by adding 0.4 mL
iodine solution (0.2% iodine and 2% potassium iodide)



to a 2 mL diluted supernatant of broth whose OD7¢9 nm
was then measured (modified from Lillo and Rodriguez-
Valera [12]). Total Kjeldahl Nitrogen (TKN) refers to
the combination of ammonium and organic nitrogen
that was converted into ammonium salts by first incu-
bating, for 1.5 h at 300°C, 1 mL supernatant of broth
with 4 mL distilled water and 3 mL H,SO,, then, fol-
lowed by incubation with 10 mL 50% H>O, for 15 min
at 300°C. The ammonium salts were then analyzed by a
modified Nessler method (Method 8075, Hach Co.,
USA). Phosphate was measured as described by Bae
et al. [4]. PHA content was quantified by the chloroform
extraction of 2 g lyophilized cell (dried from the lysed
cell in the distilled water) in a Soxhlet extractor at 85°C
for 6 h.

Results and discussion
Shaking flasks

Lillo and Rodriguez-Valera [12] reported that soluble
starch was the best carbon source for H. mediterranei
growth to produce PHA. But soluble starch is too
expensive to be used in a commercial process. Although
H. mediterranei cannot use native starch, H. mediterra-
nei can be used with extruded starch as well as glucose to
produce PHA. In this experiment, rice bran and wheat
bran were chosen to replace part of starch for economic
reason and also for improved PHA productivity.

The comparison of ERB and native rice bran (NRB)
was investigated. Without mixing with starch, it is very
difficult to extrude the sole rice bran in the single-screw
extruder, as we don’t have the sole ERB carbon source.
The comparison of ERB and NRB was made based on
samples mixed with starch (ECS). The tested ERB to
ECS weight ratio was 1:8, 1:12 and 1:16. The control
groups contained the same ratio of NRB and ECS in
medium. Table 1 shows that samples with sole NRB as
the carbon source led to very low growth rate, small
quantity of cell concentration, and long lag time. The
ERB to ECS ratio of 1:8 resulted in the highest growth
rate, largest cell concentration, and shortest lag time.

Table 1 Cell growth rate (i), lag time (1) and the maximum cell
concentration (A4) on different weight ratio of ERB (extruded rice
bran), NRB (native rice bran) and ECS (extruded cornstarch) in the
flask culture

Carbon materials U (g/L h)* A (h)* A (g/L)*
ECS 0.110 A 55.1 B¢ 5.14 B¢
ERB and ECS (1:8) 0.098 A 478 P 5.20 ABC
ERB and ECS (1:12) 0.091 A 51.6 €P 5614
ERB and ECS (1:16) 0.086 * 50.4 <P 5.56 AP
NRB 0.006 B 7204 0.15°
NRB and ECS (1:8) 0.098 A 58.558 5.12 B¢
NRB and ECS (1:12) 0.109 A 6128 492 €
NRB and ECS (1:16) 0.103 4 59.58 5.05 €

*Values followed by the same letter are not significantly different at
P-value of 0.05 according to the Duncan multiple range test
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Therefore, carbon materials with ERB to ECS ratio of
1:8 were chosen in the repeated fed-batch fermentation.

Table 2 shows the comparison of the cell growth data
for EWB (extruded wheat bran) and native wheat bran
(NWB). Since we could not obtain sole EWB without
mixing with starch during extrusion, the comparison of
EWB and NWB was made based on samples mixed with
starch (ECS) as shown in Table 2. The tested EWB to
ECS ratio was 1:2, 1:3 and 1:4. In contrast to the
impropriety of NRB as carbon material (Table 1), Ta-
ble 2 shows that sole NWB can well be used as a carbon
material by H. mediterranei, but the use of sole NWB as
the carbon source resulted in a longest lag time among
all carbon sources in Table 2. The mixture of ECS and
NWB or EWB gave rise to similar growth rate and lag
time, but EWB enhanced the maximum cell concentra-
tion (Table 2). For the economic reason we chose the
weight ratio 1:2 of EWB (or NWB) :ECS in the repeated
fed-batch fermentation.

Repeated fed-batch fermentation

In this study, the productivity of PHA by H. mediter-
ranei was greatly increased by supplying the medium
continuously under a pH-stat control strategy to main-
tain proper concentrations of starch, organic nitrogen
and phosphate during fermentation.

Figure la—c shows the cell growth, PHA accumula-
tion, controller action and change of broth compositions
during the repeated fed-batch culture with the medium
composition of ERB and ECS (1:8 w/w) and YE in the
feeding stream. The weight ratio of carbon material and
YE (C/Y ratio) was kept at 1:1.7 within 118 h of culture.
Figure 1a shows that the starch and phosphate con-
centration were maintained within the range of 10-20 g/
L and 0.04-0.08 g/L, respectively. Figure 1b shows that
the concentration of organic nitrogen and ammonium
were maintained within 0.5-1 g/L and 0.5-1 g/L,
respectively. The pH-stat control strategy and the 1:1.7
C/Y ratio prevented the unlimited accumulation or
depletion of extruded cornstarch, organic nitrogen and
phosphate during fed-batch culture. The pH-stat control

Table 2 Cell growth rate (i), lag time (1) and the maximum cell
concentration (4) on different weight ratio of EWB (extruded
wheat bran), NWB (native wheat bran) and ECS (extruded corn-
starch) in the flask culture

Carbon materials Um (g/L h)* A(h)* A (g/L)*
EWB and ECS (1:2) 0.094 A 57.6 B¢ 532 AB
EWB and ECS (1:3) 0.102 4 59358 5.12 BC
EWB and ECS (1:4) 0.089 4 54.5 BC 5.58 A
NWB 0.087 * 67.7 % 5474
NWB and ECS (1:2) 0.093 A 53.2 € 483 €
NWB and ECS (1:3) 0.095 4 53.0 € 486 €
NWB and ECS (1:4) 0.101 4 53.5 € 490 ¢

*Values followed by the same letter are not significantly different at
P-value of 0.05 according to the Duncan multiple range test
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strategy also resulted in a very stable pH curve as shown
in Fig. lc. Figure la and b show that the nitrogen
source concentrations did not affect the PHA accumu-
lation. In view of the fact that many microorganisms

need the nitrogen limitation for the maximum PHA
production [17], this will be an advantage for H. medi-
terranei in the repeated fed-batch or continuous culture
for the PHA production.



Figure 1a shows that the maximum cell concentra-
tion was 140 g/l with 77.8 g/L PHA produced. The
synthesis of PHA is triggered by different stimuli
including limitation of oxygen, nitrogen, phosphate,
sulphur, magnesium or potassium; all these stimuli
probably act through the accumulation of NAD(P)H or
acetyl coenzyme A, which is necessary for the accumu-
lation of PHA [12, 15, 16]. The limitation of oxygen or
nitrogen will hurt the growth of H. mediterranei [12].
The limitation of sulphur, magnesium or potassium is
not practical for medium containing large quantities of
marine salts. In this study, phosphate limitation is con-
sidered a probable stimulus. There is no phosphate salt
added in the fermentation medium except for phosphate
content (6.51 ppm of phosphate) in the YE. Phosphate
accumulation in the fermentation broth was determined
by the phosphate supply from YE and the microbial
consumption rate. Lillo and Rodriguez-Valera [12] re-
ported that 0.00375% wt./vol. (or 0.0375 g/L) of initial
KH,PO,4 concentration stimulated both PHA produc-
tion and the yield with respect to the carbon source in a
low cell density culture (about 10 g/L cell concentra-
tion). In this study, during the high cell density culture,
phosphate concentration was maintained within 0.04—
0.08 g/L as shown in Fig. la. We are investigating the
phosphate effect on the PHA production by using dif-
ferent agricultural materials except YE.

D’Souza et al. [10] reported that the Haloarchaea
requires 200-250 g/L NaCl for optimal growth and lyses
when the salt concentration falls below 100 g/L. In this
study, for a better automatic control of salts concen-
tration during the fed-batch culture, we use the con-
ductivity signal of growth medium to represent the salts
concentration. Therefore, we are investigating the un-
ique role of conductivity in the growth of H. mediter-
ranei and PHA production. The conductivity curve is
not a stable curve (Fig. 1¢) because of the discontinuous
addition of salts mixture. The conductivities in Fig. lc
range from 2.8 to 4 S/m which represent the salts mix-
ture (with weight ratio: NaCl 234, NaHCO; 0.2, NaBr
0.5, MgSO, 30, MgCl, 19.5, CaCl, 1 and KCI 5) of 161
to 230 g/L in the growth medium. A much stable con-
ductivity could be obtained by mixing a proper amount
of salts mixture in the feeding materials. The effect of
conductivity on the PHA content will be reported in the
near future. In Fig. 1a, the decrease of cell concentration
from 90 to 110 h is due to the harvest of 2 L broth at
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90 h when the broth of culture reached 4.5 L and left the
residual broth for the next cycle of fed-batch process.
Moreover, we added proper salts mixture after 90 h to
increase the conductivity of the broth (Fig. 1¢). Similar
phenomenon also occurred at 53 h. We could observe
the decrease of cell concentration between 53 and 70 h.
The removal of 2 L of broth and the addition of salts
mixture caused the drastic change of medium composi-
tion that affect the cell growth condition. But our past
experience indicated that the cell would adapt to the
environmental change and re-grow again. We are
studying a more stable process, which results in lower
cell concentration, by continuously removing broth and
adding salts mixture. The results will be reported in our
next paper.

Different carbon materials have been used to replace
ERB or ECS in the repeated fed-batch culture. Table 3
shows that, compared to ECS, although glucose may
promote the growth of cell, it did not promote PHA
content. Replacing 1/3 part of ECS by EWB will pro-
mote cell concentration significantly compared to non-
extruded NWB. Replacing 1/9 part of ECS by ERB will
significantly promote cell concentration as well as PHA
content. The relevant substrates for the production of
PHA include carbon dioxide, fossil resources, renewable
resources, waste materials and specialty chemicals [16].
In this study, we use renewable resources (starch) and
by-product materials (rice bran and wheat bran) that
have economic advantage in the industrial process. In
addition, continuous or semi-continuous culture offers
many advantages for large-scale production, provided
that contamination is avoided and the genetic stability
of the strain is guaranteed [12].

Anton et al. [3] mentioned that H. mediterranei
produced an exocellular polysaccharide (EPS), which
was released into the medium, causing an increase in
broth viscosity. In the present medium composition, we
think it is unlikely that the produced EPS would lead
to high viscosity in the culture, which will become an
inherent disadvantage in using H. mediterranei for
PHA production. In that case, we would have a serious
cell growth limitation due to the oxygen limitation. We
are preparing a paper related to the sulfate-containing
EPS and the intracellular polysaccharide (IPS) pro-
duced in our system. We have obtained 2.1-5.6 g/L
(0.21-0.56% wt./vol.) EPS concentration in our culture
broth. According to Anton et al’s report [3], the

Table 3 Comparison of maximum cell concentration, PHA concentration and PHA content in the repeated fed-batch fermentation on
different carbon materials and different weight ratio of ERB (extruded rice bran), EWB (extruded wheat bran), NWB (native wheat bran)

and ECS (extruded cornstarch)

Carbon materials

Maximum cell concentration (g/L)

PHA conc. (g/L) PHA content (wt. %)

ECS 62.6
ERB and ECS (1:8) 140.0
EWB and ECS (1:2) 131.0
NWB and ECS (1:2) 68.4
Glucose 85.8

24.2 38.7
77.8 55.6
52.7 40.2
28.0 40.9
23 27
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apparent viscosity of 0.2-0.5% wt./vol. EPS solution
was about 6-12 cp, which, from our viewpoint, is not
considered highly viscous.

The chemical structure of PHA synthesized by using
ECS and yeast extract in the feeding medium was con-
firmed to be poly(3-hydroxybutyrate-co-3- hydroxyval-
erate) (PHBV) copolymer (data have been prepared for
publication). We are now investigating the effect of
different monomer composition on PHA accumulated in
H. mediterranei by feeding rice bran, wheat bran or
other specialty chemicals. It was reported that PHBV
copolymer of a 3-hydroxyvalerate content of about
11 wt.% may have the combined advantage of strength
and toughness for wide applications [13].

Conclusion

In this study, inexpensive agriculture materials were
extruded and used as a carbon source to produce PHA.
A part of ECS was replaced by ERB or EWB. It was
found that ERB and EWB not only reduced the cost of
material, but also increased the cell concentration and
PHA accumulation. In the shaking flask experiment, the
authors found that H. mediterranei could not be used
with NRB for growth, and the cell will grow at a longer
lag time when NWB is used. The authors obtained cell
concentration of 140 g/L, PHA concentration of 77.8 g/
L , and PHA content of 55.6 wt.% by using ERB:ECS
(1:8) as the carbon materials in a repeated fed-batch
culture. These data represent more than two times that
of cell concentration and three times that of PHA con-
centration produced by using ECS alone. Thus the
developed process is potentially viable for commercial,
large-scale production of PHA at a continuous mode.
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