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Abstract

The moderate halophileHalomonas boliviensis, isolated from a Bolivian saline soil sample, was able to accumulate poly(�-hydroxybutyrate)
(PHB) when grown under conditions of nutrient limitation and excess carbon source. The concentration of sodium chloride in the medium
influenced the cell-growth, -size, and rate of PHB accumulation. Cultivation in shake flasks led to a PHB accumulation of about 54 wt.% with
respect to cell dry weight at 4.5% (w/v) NaCl in a medium with butyric acid and sodium acetate as carbon sources. The production of PHB
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as substantially improved to a maximum value of 88 wt.% during cultivation under controlled conditions of pH and oxygen conc
n a fermentor. The use of glucose and sucrose, respectively, as carbon source could also lead to the production of PHB at an ave
5 wt.%.
2005 Elsevier Inc. All rights reserved.
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. Introduction

Halophiles constitute a very heterogeneous group of
xtremophiles[1,2]. They have been distinguished in two
roups based on their salt requirements: extreme halophiles,
hich grow optimally in media containing 15–30% (w/v)
aCl [3] and moderate halophiles, able to grow at NaCl
oncentrations of 3–15% (w/v)[1,3]. Extremely halophilic
rganisms are mainly represented by members of the domain
rchaea, which accumulate inorganic ions (commonly K+)

ntracellularly to provide osmotic balance with the high salt
oncentration present in their environments[4]. On the other
and, moderate halophiles have most representatives in the
omain Bacteria[2,4], which preferentially use organic com-
atible solutes to provide the osmotic balance[4]. Due to their
pecial characteristics halophiles have been suggested to hold
otential for a variety of biotechnological applications such as
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production of enzymes, compatible solutes, polymers, p
ration of fermented foods, degradation of toxic compou
etc.[1].

Among the interesting products reported to be prod
by extremely halophilic archaea is poly-�-hydroxybutyrate
(PHB) [5]. PHB is a polymer synthesised intracellularly a
stored as carbon and energy reservoir by several bacteria
ally when cellular growth is restricted by the lack of nutrie
such as O, P, N, S, and in the presence of excess carbon
[6,7]. The interest in PHB has been due to its unique c
acteristic of being a biodegradable thermopolyester tha
be produced from renewable resources, and has prop
similar to those of petroleum derived plastics[8,9].

Haloferax mediterranei, which grows optimally with 25%
(w/v) salts in the medium, can accumulate PHB of ab
60–65 wt.% of its cell dry weight when supplied with gluc
or starch as sole carbon source and under phosphorou
tation conditions[10]. Another extreme halophilic archaeo
isolated from Egyptian saline soil, was reported to stor
to 53 wt.% PHB[11].

On the other hand, there have been no reports s

000 Tucuḿan, Argentina. on PHB production by moderate halophiles; the reports on
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polymer production by these bacteria being limited to bio-
surfactants and exopolysaccharides[1,2,12]. Nevertheless,
investigations on the phenotypic characteristics of some type
strains belonging to the genusHalomonas has revealed a pos-
itive PHB accumulation test for several species[13]. The
present paper reports a study on the production of PHB by
Halomonas boliviensis, isolated recently from Bolivian high-
lands[14].

2. Materials and methods

2.1. Bacterial strain and maintenance

H. boliviensis LC1T (=DSM 15516T) was maintained at
4◦C on solid HM medium[14], containing (%, w/v): NaCl,
4.45; MgSO4·7H2O, 0.025; CaCl2·2H2O, 0.009; KCl, 0.05;
NaBr, 0.006; peptone, 0.5; yeast extract, 1.0; glucose 0.1;
granulated agar, 2.0; adjusted to pH 7.5.

2.2. Medium composition for PHB production

Cultures ofH. boliviensis were grown in a modified HM
medium, HM-2 containing (%, w/v): yeast extract, 0.1; pep-
tone, 0.02; NaCl, 4.5; MgSO4·7H2O, 0.038; CaCl2·2H2O,
0.013; KCl, 0.075; NaBr, 0.02; KHPO , 0.02. The medium
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85%) was detected, the air inflow was increased to avoid oxy-
gen limitation in the cells. Samples (ca. 10 ml) were collected
at different time intervals for analysis.

2.5. PHB isolation for NMR-spectroscopic analysis

H. boliviensis LC1 cells, containing the polymer, were
harvested from 500 ml of culture broth by centrifugation at
10,000× g for 10 min, washed once with sterile water, and
finally resuspended in water and lyophilized. PHB was recov-
ered from lyophilized cells by extraction for 30 h with chloro-
form in a Soxhlet apparatus, and concentrated by evaporating
the solvent under vacuum. The polymer was precipitated from
the concentrated solution with 10 vol. of ethanol[11] and
the resulting PHB granulates were filtered twice through cel-
lulose extraction thimbles (Whatman, Maidstone, England).
The 1H nuclear magnetic resonance (NMR) spectrum was
recorded at 500 MHz with a Bruker ARX500 Spectrometer
at room temperature using deuterated chloroform as internal
reference solvent. The spectrum was evaluated using standard
Bruker UXNMR software.

2.6. Quantitative analysis

Cell dry weight (CDW) was determined by centrifuging
3 ml of the culture samples at 2000× g for 15 min, the pellet
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.3. PHB production in flasks

H. boliviensis was grown at 30◦C in 60 ml of HM-2
edium supplemented with 0.8% (v/v) butyric acid and 0

w/v) sodium acetate in 250 ml flasks with rotary shakin
00 rpm. After about 13 h of growth, 15 ml of the culture br
as inoculated in 1 l Erlenmeyer flasks containing 250 m

he same medium, supplemented with different NaCl
entrations (%, w/v: 0.5, 4.5, 9.5, 14.5). In all cases, pH
djusted to 7.5 prior to cultivation. Samples were colle
t defined time intervals during cultivation and analysed
ell dry weight (CDW), PHB content and residual cell m
RCM).

.4. PHB production in a fermentor

For PHB production in a fermentor,H. boliviensis was
rst grown at 30◦C in 1 l flasks containing 200 ml of HM-
edium (pH 7.5) and a defined carbon source, with sha
t 200 rpm for 13 h. This culture was used to inoculate

ermentor vessel (Voyager, Luton, UK) containing 1.4 l of
ultivation medium. Antifoam was added before the ino
ation of the medium and pH was maintained at 8.0 by u
.5 M HCl/NaOH (unless otherwise stated). The air infl
ate and agitation speed were initially adjusted to 0.5 l m−1

nd 700 rpm, respectively, during the fermentations. Wh
ecrease from the initial dissolved oxygen concentration
ashed twice with distilled water, and dried at 75◦C until
onstant weight was obtained.

PHB quantification was based on the Law and Slep
ethod[15]. For this, dried cell pellets containing intr

ellular PHB were hydrolysed using concentrated sulph
cid for 1 h to obtain crotonic acid, which was quantified
easuring absorbance at 235 nm. Samples were analy
uplicates from shake flasks, and in triplicates for sam

rom the fermentor.
Residual cell mass (RCM) concentration was calculate

he difference between cell concentration (CDW) and P
oncentration, while PHB content (wt.%) was obtaine
he percentage of the ratio of PHB concentration to cell
entration (CDW) according to the definition by Lee et
16].

.7. Microscopic analysis

H. boliviensis cells, on attaining maximum PHB conte
ere separated by centrifugation at 4000× g for 7 min and
xed for 4 h at room temperature in a solution of 4% (v
lutaraldehyde in 0.1 M sodium cacodylate, pH 7.1, and 0
w/v) Brij 35, followed by an overnight treatment in the sa
olution without Brij 35. The cells were then rinsed w
.1 M sodium cacodylate, pH 7.1, transferred to 2% osm

etroxide for 8 h at room temperature and subsequently t
ranyl acetate in 10% ethanol for 40 min[17]. The cells wer
ehydrated through a graded series of ethanol–water

ions with a final treatment in propylene oxide, and embed
n epon/araldite resin that was then cut with a diamond k
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The fine sections of 50 nm were placed on Formvar-coated
copper grids, contrasted with a 2% aqueous solution of uranyl
acetate and examined under a JEM-123 (HC) transmission
electron microscope (JEOL, Massachusetts, USA).

3. Results

3.1. H. boliviensis as a PHB producer

Preliminary studies on the growth ofH. boliviensis in a
medium containing excess carbon (≥1.0%, w/v) and lim-
ited nutrient content provided by the low amount of yeast
extract in HM-2 medium, showed the presence of intracellu-
lar granules. The granules were processed for purification of
the components for analysis. The proton displacements and
chemical shifts observed in the1H NMR spectrum confirmed
the chemical structure of PHB (Fig. 1) [18].

3.2. Effect of varying salt concentrations during
cultivation

Fig. 2A and B depicts the production of PHB and cell
growth ofH. boliviensis at different salt concentrations in a
medium containing 0.8% (v/v) butyric acid and 0.8% (w/v)
s .5%
( HB
a was
i
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D

Fig. 2. Effect of sodium chloride concentration on: (A) PHB accumulation
and (B) cell concentration byH. boliviensis LC1 when cultivated in shake
flasks containing HM-2 medium supplemented with 0.8% (v/v) butyric acid
and 0.8% (w/v) sodium acetate at 30◦C and 200 rpm. Symbols refer to NaCl
concentrations of: (�) 0.5% (w/v); (�) 4.5% (w/v); (�) 9.5% (w/v); (�)
14.5% (w/v).

of high amounts of the polymer in most cells; in some cases
almost all the cytoplasmic space was filled (Fig. 3A and B).
With increase in NaCl concentration in the medium, a con-
siderable decrease in the growth rate of the organism was
observed, and accumulation of PHB was only evident after
42 h of cultivation although the final yield of the polymer
was about the same as that at lower salt concentrations (ca.
50 wt.%). Increase in the medium pH to 8.3± 0.05 was noted.
The cells were found to be reduced in size and tended to keep
a more coccoid shape but short rods could also be observed
under the microscope (Fig. 3C and D). In live cultures, elon-
gated rods were occasionally seen, although a reduction in
the thickness of the cells was evident with respect to those
grown at low salt concentrations. Irrespective of the salt
concentration in the medium,H. boliviensis cells contained
intracellularly one or two PHB inclusions, with sizes varying
between 0.20 and 0.64�m.

Fig. 4 shows an enhanced micrograph ofH. boliviensis
containing PHB granules. This augmentation reveals that a
homogeneous and ordered membrane surrounds the PHB
inclusions. This membrane was observed in the cells cultured
at all salt concentrations (Fig. 3A and D).

3.3. PHB production from different carbon sources by
H. boliviensis

ing
d ence
o

odium acetate. Sodium chloride concentration of 0.5–4
w/v) provided the highest cell densities and also the P
ccumulation of about 54 wt.%. The pH of the medium

ncreased during cultivation from 7.5 to about 9.7± 0.2. Elec-
ron microscopic observation of the cells showed the pres

ig. 1. 1H NMR spectrum showing the carbon composition of the mono
elonging to the polymer extracted and purified fromH. boliviensis cells.
euterated chloroform was used as internal reference solvent.
In order to test cell growth and PHB accumulation us
ifferent carbon sources and to avoid the potential influ
f oxygen limitation and changes in pH,H. boliviensis was
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Fig. 3. Transmission electron microscope pictures ofH. boliviensis grown in HM-2 medium supplemented with 0.8% (v/v) butyric acid, 0.8% (w/w) sodium
acetate (w/v), and with NaCl concentration of: (A) 0.5% (w/v), (B) 4.5% (w/v), (C) 9.5% (w/v), and (D) 14.5% (w/v), respectively, in shake flasks at 30◦C and
200 rpm. Cells were harvested on reaching maximum PHB accumulation.

grown in a fermentor under a controlled environment. In all
experiments, NaCl concentration was 4.5% (w/v) and the
pH of the culture medium was maintained at 8 by adding
NaOH/HCl. Under these conditions, the PHB accumulation
attained from the combination of butyric acid and sodium
acetate was drastically improved, reaching a maximum value
of 88 wt.%, however, the cell mass was increased slightly to
2 g l−1 as compared to the shake flask cultivations (1.4 g l−1)
(Fig. 5). For all cultivations in the fermentor, the resid-

ual cell mass ofH. boliviensis was noted to be approxi-
mately constant during the PHB accumulation phase (e.g.
Fig. 5).

Use of sugars such as glucose and sucrose, respectively,
as carbon source, could also induce the formation of PHB in
H. boliviensis. The maximum PHB accumulation of about
55 wt.% was reached between 23 and 33 h of cultivation
(Fig. 6A). Supplementing the medium with sodium acetate
slightly increased the rate of PHB formation in the cells but
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Fig. 4. Enhancement ofFig. 3B showing PHB granules inH. boliviensis
surrounded by a homogeneous membrane. Magnification 40,000×.

the final PHB accumulation and CDW were about the same as
that attained with individual sugars (Fig. 6B). Only restricted
growth and polymer production byH. bolivensis was detected
when starch was added to HM-2 medium (results not
shown).

Fig. 5. Profiles of PHB accumulation and cell growth during cultivation ofH.
boliviensis in a fermentor. The HM-2 medium was supplemented with 0.8%
(v/v) butyric acid, 0.8% (w/v) sodium acetate, and 4.5% (w/v) NaCl. The
pH of the medium was controlled at a constant value of 8.0 by using 1.5 M
NaOH/HCl. Agitation speed was kept constant at 700 rpm and air inflow
was increased from 1 l min−1 when a decrease in the dissolved oxygen of
the medium was detected during the cultivation. Symbols: (�) CDW; (�)
PHB content wt.%; (�) RCM.

Fig. 6. (A) PHB accumulation expressed as percentage of cell dry weight and
(B) CDW, under the same culture conditions indicated forFig. 5 but with
different carbon sources: (�) 1% (w/w) glucose; ( ) 1% (w/w) sucrose;
( ) 0.4% (w/w) sucrose and 0.6% (w/w) sodium acetate; and (�) 0.8%
(v/v) butyric acid and sodium acetate 0.8% (w/v).

4. Discussion

The results shown above demonstrate that the moderate
halophile,H. boliviensis is able to produce high amounts
of PHB in the presence of excess carbon source and lim-
ited amount of yeast extract in the medium. In contrast to
the extremely halophilic archaea, low salts concentrations
provide the best environment for PHB production byH.
boliviensis. This is mainly due to the reduced cell growth
at high NaCl concentrations (Fig. 2B). However, like the
halophilic archaea[11], the final PHB content inH. bolivien-
sis does not seem to be influenced by the NaCl concentration
(Fig. 2A).

Physiologically, moderate halophiles differ from
extremely halophilic archaea in that they synthesize and
accumulate compatible solutes, a process known to be
energetically expensive for the cells[2]. It is estimated
that the amount of ATP required for the generation of
compatible solutes by halophilic heterotrophs is comparable
to that needed for biosynthesis of the cell components[4].
Hence, a decrease in cell concentration (CDW) of moderate
halophiles with increasing salt concentrations as seen in
Fig. 2B, should be expected[4]. Moreover, the reduction
in size of H. boliviensis cells at high salt concentrations
(Fig. 3C and D) could also indicate a restriction in the
development of the cell structure. A similar tendency to form
m ness
w usly
n
[ HB
ore coccoid shapes with reduced-sizes and -cell thick
ith increase in NaCl concentration was also previo
oted in Halomonas elongata and Holomonas variabilis

19,20]. Under the culture conditions used for inducing P
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accumulation byH. boliviensis, it seems evident that the
biological energy generated by the cells is directed to growth
and to adjust their metabolism to the osmotic stress before
starting the synthesis of PHB (Fig. 2A and B).

On the other hand, the number and size of PHB gran-
ules found in cells is dependent upon the bacterial species;
Wautersia eutropha (formerly called Ralstonia eutropha)
cells store between 8 and 12 PHB granules with varying diam-
eters in the range of 0.24–0.50�m [6] whereasAzotobacter
vinelandii can accumulate >40 granules per cell, with sizes
of 0.5–1.4�m [21]. Yet a large distribution in the number
and sizes of PHB granules can be noted inHalomonas spp.
when supplied with excess carbon source for the production
of exopolysaccharides[22–24]. In contrast,H. boliviensis
commonly synthesizes one or two granules (0.20–0.64�m)
per cell (Fig. 3A and D), albeit occasionally formation of up
to 5 granules in elongated cells can be seen, irrespective of
the C-source utilized. The formation of large and uniform
PHB granules, as seen in the case ofH. boliviensis, is sug-
gested to be advantageous for the purification and quality of
the polymer[25].

The membrane covering the PHB granules is known to
be composed of enzymes, non-enzymatic proteins (called
‘phasins’), and/or phospholipids, with arrangement depend-
ing on the bacterial species[25,26]. The ordered struc-
ture of the membrane sequestering the PHB inclusions
r
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