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Abstract Fifty-five bacterial strains isolated from soil
were screened for efficient poly-3-hydroxybutyrate
(P3HB) biosynthesis from xylose. Three strains were
also evaluated for the utilization of bagasse hydroly-
sate after different detoxification steps. The results
showed that activated charcoal treatment is pivotal to
the production of a hydrolysate easy to assimilate.
Burkholderia cepacia IPT 048 and B. sacchari IPT
101 were selected for bioreactor studies, in which
higher polymer contents and yields from the carbon
source were observed with bagasse hydrolysate, com-
pared with the use of analytical grade carbon sources.
Polymer contents and yields, respectively, reached 62%
and 0.39 g g�1 with strain IPT 101 and 53% and
0.29 g g�1 with strain IPT 048. A higher polymer
content and yield from the carbon source was
observed under P limitation, compared with N
limitation, for strain IPT 101. IPT 048 showed
similar performances in the presence of either growth-
limiting nutrient. In high-cell-density cultures using
xylose plus glucose under P limitation, both strains
reached about 60 g l�1 dry biomass, containing 60%
P3HB. Polymer productivity and yield from this car-
bon source reached 0.47 g l�1 h�1 and 0.22 g g�1,
respectively.
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Introduction

Polyhydroxyalkanoates (PHA) are natural thermoplas-
tics occurring in a wide variety of bacteria which syn-
thesize these polyesters as carbon and energy storage
compounds [26, 28]. The homopolymer poly-3-hydrox-
ybutyrate (P3HB) and the copolymer poly-3-hydrox-
ybutyrate-co-3-hydroxyvalerate (P3HB-co-3HV) are the
most extensively studied PHA compounds. Since PHA
can be obtained from renewable resources such as sug-
arcane, commercial interest in these polyesters has
greatly increased during the past decade.

A process for the production of P3HB and P3HB-
co-3HV from sugarcane carbohydrates was developed
in Brazil and the technology was transferred to the
company PHB Industrial S/A. The project was con-
ceived by integrating the industrial unit with a sugar-
cane mill and by using local raw materials, solvents and
infrastructure to generate a competitive product [13].
Nevertheless, the carbon source still represents 50% of
the PHA production cost and any attempts to reduce
this figure, such as the use of by-products [20], would
be significant for an industrial plant. Sugarcane bagasse
is the major by-product of sugar mills, representing
30% by weight of the sugarcane processed [24]. In
Brazil, 300·106 t of sugarcane were processed in the
1999–2000 harvest (http://www.infoener.iee.usp.br/
scripts/biomassa/br_cana.asp). Despite the use of
bagasse in the mill to generate energy, there is still an
excess of this material, estimated at 8·106 t in 1999,
which could be used for other non-energetic uses, such
as PHA production. In order to utilize bagasse, acid
hydrolysis is usually performed to release sugars that
can be used by microorganisms. However, acid
hydrolysis of sugarcane bagasse generates a number of
toxic compounds, such as acetic acid, furfural and
hydroxymethylfurfural (HMF) [6]. Several procedures
have been successfully applied to eliminate these toxic
compounds and to permit the utilization of sugars by
microorganisms [14].
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In this work, a process for the production of P3HB
from a sugarcane bagasse hydrolysate was developed,
based on the following steps: (a) screening of soil bac-
teria able to grow and to accumulate P3HB from xylose
and from the hydrolysate, (b) evaluation of detoxifica-
tion procedures for the bagasse hydrolysate and �)
producing bioreactor cultures for the development of a
high-cell-density protocol.

Materials and methods

Microorganisms

Fifty-five bacterial strains were studied, consisting of
Gram-negative rods and cocci isolated from soil by
Gomez et al. [8] and listed in Table 1 (see Results and
discussion).

Media and growth conditions

Cells were cultured in a rotary shaker (150 rpm, 30�C) in
nutrient broth (NB; 3 g l�1 meat extract, 5 g l�1 pep-
tone, pH 6.8) or in mineral salt medium (MM; pH 7.2)
[19], using as carbon source xylose or sugarcane bagasse
hydrolysate. Solid media contained 15 g l�1 agar. PHA
was detected on colonies grown on agar plates, after
Sudan black B staining according to Schlegel et al. [23].

Bacterial strains IPT 048 and IPT 101 were sub-
mitted to two-step cultivations (cell growth, PHA
accumulation) in a 10-l bench scale bioreactor at 30�C
under conditions of controlled pH (7.0) and dissolved
oxygen concentration above 20% of air saturation. The
composition of the culture media used in the bioreactor
experiments is described in the footnotes to the figures
illustrating the respective assays.

Treatment of bagasse hydrolysate to eliminate toxic
compounds

A three-step procedure based on the literature [1] was
used to eliminate toxic compounds from bagasse
hydrolysate. First, the hydrolysate was concentrated in
porcelain capsules immersed in a water bath at 80�C.
The second step consisted of CaO addition to 16 g l�1

and pH adjustment to 10.0 (25–30�C), followed by pH
reduction to 6.0, using concentrated H3PO4, and solid
separation by filtration. In the third step, activated
charcoal was added to the filtrate (20% w/v) and the
mixture was shaken at 30�C for 3 h and filtered for use
in the bioreactor.

Analytical methods

Dry cell biomass (CDW) was determined after centri-
fugation of appropriate volumes of culture at 10,600 g,

washing with distilled water, filtering through a 0.45-lm
pore membrane and drying at 100�C. Carbohydrates
were determined by liquid chromatography with a Wa-
ters 510 HPLC apparatus (Waters–Millipore, USA)
equipped with a sugar separation column (Shodex SC
1011; Waters–Millipore) as described by Gomez et al.
[8]. For PHA determination, samples of about 10 mg of
freeze-dried cells were subjected to propanolysis and the
propyl esters were detected by gas chromatography
(GC) as described by Gomez et al. [9]. Nitrogen was
measured using a specific electrode (Orion model 95-12)
after the addition of 0.05 ml of 10 M NaOH to 5 ml of
sample. Phosphorous was determined by the method of
Franson [7].

The variation between replicates was less than 5% in
all analytical determinations. Some experiments were
run in duplicate with very good reproducibility (less than
10% variation in Y3HB/Xyl).

Results and discussion

Screening of bacteria

A total of 54 strains grew on solid MM with xylose
(5 g l�1)—the main sugar contained in the hydroly-
sate—as the sole carbon source and presented a PHA+

phenotype (blue colonies) after staining with Sudan
black B. Only one strain (IPT 052) did not grow under
these conditions. Strains were then cultivated in a rotary
shaker in nitrogen-limited MM [1 g l�1 (NH4)2SO4]
containing xylose excess (20 g l�1) to promote polymer
accumulation after nitrogen exhaustion (Table 1).

Strains IPT 040, IPT 041, IPT 042, IPT 043, IPT
044 and IPT 048 reached more expressive CDW values
(‡4.0 g l�1) and were efficient in consuming xylose
(‡75%). Fifteen of the strains tested (IPT 040, IPT 041,
IPT 044, IPT 056, IPT 068, IPT 071, IPT 083, IPT
084, IPT 091, IPT 095, IPT 096, IPT 097, IPT 099,
IPT 109, IPT 110) reached a polymer content higher
than 50% of CDW and eight (IPT 040, IPT 041, IPT
042, IPT 044, IPT 048, IPT 062, IPT 064, IPT 071)
showed a P3HB yield from xylose (YP3HB/Xyl) ‡
0.10 g g�1, which is a reference value for non-
recombinant strains from the literature [12, 20, 30].

Strain IPT 052 did not consume xylose under these
conditions, confirming the preliminary results obtained
with plate assays. Eleven strains promoted a decrease in
pH value (below 5.0). Since a reduced pH value may
interfere with cell growth and P3HB accumulation and
pH can be easily controlled in a bioreactor, these low
values could lead to the rejection of good strains.
However, except for IPT 052 and IPT 106, all of them
consumed at least 50% of the xylose offered, four of
them (IPT 058, IPT 066, IPT 077, IPT 106) yielded a
relatively low CDW ( £ 2.0 g l�1) and only two (IPT
077, IPT 106) accumulated a very small amount of
P3HB (2.0% CDW). These results indicate that the de-
crease in pH did not have a strong effect on substrate
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utilization, cell growth or polymer accumulation in the
majority of strains evaluated.

In order to combine different parameters for strain
selection, the P3HB content (%P3HB) was plotted
against P3HB yield from xylose (Y3HB/Xyl; Fig. 1) and
compared with the expected maximum theoretical yield
(Ymax) values, which depended on the extent of P3HB
accumulation. Ymax was estimated by considering a

maximum residual biomass yield from xylose (admitted
as 0.5 g g�1 in this case), a maximum P3HB yield from
xylose (established considering metabolic pathways of
�0.48 g g�1) and accumulated P3HB [8]. Five strains
(inside the circle in Fig. 1) accumulated a polymer con-
tent of more than 40% of CDW and reached ca. 50% of
the maximum theoretical yield (Ymax). Thus, strains
IPT 040, IPT 041, IPT 044, IPT 045 and IPT 048

Table 1 Production of P3HB
by different soil bacteria in
mineral medium (MM)
containing xylose (20 g l�1) in
shaken-flask experiments. No
PHA was detected in cells
grown on nutrient broth (NB).
The initial pH in MM was 6.9–
7.0. A 5-ml culture volume in
NB was inoculated into
45 ml of MM. P3HB
Percentage of polymer (cell dry
weight, CDW), Y3HB/Xyl P3HB
yield from xylose, %Ymax the
value of bacterial Y3HB/Xyl in
relation to the maximum
theoretical value

Strain NBCDW
(g l�1)

MM

CDW
(g l�1)

pH final Remaining
xylose (g l�1)

P3HB
(%)

Y3HB/Xyl

(g g�1)
%Ymax

IPT 039 1.04 3.70 5.80 0.21 24.5 0.04 33.0
IPT 040 0.76 4.92 5.46 1.73 52.3 0.13 50.8
IPT 041 0.93 4.60 5.70 2.23 54.0 0.12 45.4
IPT 042 0.87 5.03 5.77 0.91 47.4 0.11 47.3
IPT 043 0.51 4.28 4.87 1.43 30.6 0.06 39.7
IPT 044 0.90 4.84 5.83 2.37 51.1 0.12 48.0
IPT 045 0.82 3.47 5.58 1.58 43.6 0.07 32.7
IPT 048 0.81 4.54 5.42 0.37 44.4 0.11 50.5
IPT 049 0.83 3.56 5.58 1.99 48.9 0.09 37.6
IPT 052 0.46 0.14 7.00 22.00 0.0 0.00 –
IPT 053 0.86 3.45 3.90 6.50 38.9 0.08 41.8
IPT 055 0.87 3.60 5.95 6.50 44.0 0.09 41.7
IPT 056 0.75 3.62 5.43 1.20 50.5 0.09 36.4
IPT 058 0.65 1.84 3.85 0.15 15.0 0.01 13.4
IPT 059 0.77 1.20 5.47 4.99 15.2 0.01 13.2
IPT 060 0.97 1.93 6.02 8.19 47.0 0.06 26.0
IPT 061 0.72 3.05 6.34 2.82 0.00 0.00 –
IPT 062 0.60 3.43 6.24 6.26 36.8 0.10 55.2
IPT 064 0.66 3.25 4.64 7.90 36.7 0.10 55.3
IPT 066 0.69 1.74 4.64 0.54 39.0 0.04 20.8
IPT 067 0.67 3.24 4.71 0.55 22.6 0.04 35.7
IPT 068 0.72 3.42 6.43 0.57 51.4 0.09 35.8
IPT 071 0.85 3.49 4.77 1.01 66.4 0.12 37.1
IPT 072 0.70 3.33 4.27 2.06 17.5 0.03 34.5
IPT 073 0.55 2.90 5.64 1.98 16.0 0.03 37.8
IPT 074 0.70 2.55 4.85 0.25 19.2 0.02 21.0
IPT 076 0.37 2.50 6.52 0.00 17.2 0.02 23.4
IPT 077 0.56 1.57 3.92 0.00 1.7 0.00 –
IPT 078 0.62 3.04 6.37 0.25 39.5 0.06 30.9
IPT 079 0.70 2.38 6.42 0.36 7.2 0.01 27.9
IPT 080 0.51 1.68 6.11 0.69 22.8 0.02 17.7
IPT 081 1.53 2.16 6.18 7.93 24.5 0.06 49.5
IPT 083 1.19 1.27 6.44 4.92 52.3 0.05 19.5
IPT 084 1.25 1.56 6.38 5.48 55.4 0.05 18.5
IPT 086 0.81 0.21 6.43 6.53 47.4 0.01 4.3
IPT 088 0.78 1.29 5.96 7.54 30.6 0.04 26.5
IPT 091 1.34 2.21 6.32 0.36 51.1 0.05 20.0
IPT 092 1.06 1.06 6.46 0.00 0.0 0.00 –
IPT 093 1.78 1.78 6.38 0.00 22.3 0.02 18.1
IPT 095 0.51 2.21 6.13 0.00 53.5 0.06 22.9
IPT 096 0.56 1.86 6.34 0.00 58.2 0.05 17.6
IPT 097 0.50 0.86 6.45 0.57 56.7 0.02 7.2
IPT 098 0.22 1.65 6.36 0.00 47.1 0.04 17.3
IPT 099 0.42 1.68 6.32 0.00 51.9 0.04 15.7
IPT 100 0.79 0.79 6.45 0.00 41.1 0.02 9.9
IPT 101 0.54 3.55 6.61 0.00 29.6 0.05 34.2
IPT 102 0.47 1.63 6.00 3.30 3.3 0.00 0.0
IPT 103 0.60 1.63 6.45 0.00 1.6 0.00 0.0
IPT 104 0.69 3.63 6.50 0.00 37.8 0.07 37.6
IPT 105 0.60 3.04 5.50 0.00 12.3 0.02 32.7
IPT 106 0.59 0.85 4.32 17.44 1.8 0.01 66.7
IPT 108 0.48 3.05 6.50 0.00 14.6 0.02 27.6
IPT 109 0.53 3.33 6.50 0.0 54.2 0.08 30.2
IPT 110 0.53 1.71 6.52 0.00 70.8 0.05 14.5
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were selected for further study. A new experiment with
shaken flasks was performed using MM containing
10 g l�1 xylose to compare these strains, B. sacchari
IPT 101 and its prp mutant, IPT 189 (Table 2). Strains
IPT 101 and IPT 189 were selected since they have
been studied extensively and are very efficient in utilizing
other sugars and propionate to accumulate PHA [3, 4, 8,
9, 25]. Two strains (IPT 045, IPT 101) did not com-
pletely consume the xylose available, with CDW values
of around 3.0 g l�1; and IPT 048 had a value of
4.0 g l�1. All strains accumulated P3HB (35–50%
CDW) with YP3HB/Xyl ranging over 0.10–0.20 g g�1. The
YP3HB/Xyl values reached by strains IPT 045 and IPT
048 represented 75% of the maximum theoretical value

(Ymax) and IPT 101 reached 60% of Ymax. None of
these strains reached the maximum theoretical yield of
P3HB from xylose. Thus, these strains still show a po-
tential for improved efficiency in accumulating P3HB
from xylose. Strains IPT 045, IPT 048 and IPT 101
were selected for experiments using shaken flasks and
the hydrolysate as carbon source since they showed
higher efficiency in synthesizing P3HB in MM contain-
ing 10 g l�1 xylose (Table 3).

Eliminating toxic compounds from sugarcane bagasse
hydrolysate

Acid hydrolysis of sugarcane bagasse generates a
number of toxic compounds, such as acetic acid, fur-
fural and HMF [6], which must be removed from the
hydrolysate to allow microbial growth. Table 4 shows
the hydrolysate composition after each treatment for
detoxification. The procedures applied led to a ten-fold
increase in xylose concentration, while furfural and
HMF concentrations were greatly reduced. Although
the concentrations of acetic acid increased, the total
treatment led to a seven-fold reduction in the acid,
considering that the solution was concentrated about
ten-fold (based on the xylose concentrations). In any
case, the final values were still low.

P3HB accumulation from detoxified hydrolysate

Strains IPT 045, IPT 048 and IPT 101, which best
approximated the maximum theoretical efficiency of

Table 2 Production of P3HB
by selected bacteria using
mineral medium with xylose
(10 g l�1) in shaken flasks.
No PHA production was
detected in NB. Initial pH in
MM was 6.9–7.0

Strains NBCDW (g l�1) MM

Final pH Remaining
xylose (g l�1)

CDW
(g l�1)

P3HB
(%)

Y3HB/Xyl

(g g�1)
%Ymax

IPT 040 0.97 6.10 0.00 2.89 41.2 0.10 53.55
IPT 041 0.42 5.05 0.00 2.62 50.5 0.12 48.75
IPT 044 0.88 6.28 0.00 2.94 52.5 0.14 54.76
IPT 045 1.25 6.46 3.00 2.84 49.9 0.18 72.64
IPT 048 0.89 6.21 0.00 4.07 53.5 0.20 75.84
IPT 101 0.82 6.27 2.00 2.93 35.0 0.11 66.17
IPT 189 0.59 6.27 0.00 2.96 58.2 0.16 55.27

Table 3 Production of P3HB by selected bacteria in shaken flasks
using sugarcane bagasse hydrolysate after different treatments for
the elimination of toxic compounds. C1 Hydrolysate after the
concentration step, C2 hydrolysate after CaO/NaOH/H3PO4

addition, C3 hydrolysate after adsorption with 20% active char-
coal. A 5-ml culture volume in NB was inoculated into 45 ml of
MM containing C1, C2 or C3 as the carbon source

Strain NBCDW (g l�1) MM

C1 C2 C3

Final CDW % P3HB Final CDW % P3HB Final CDW % P3HB

IPT 045 1.06 0.54 0.00 1.07 0.00 5.08 18.20
IPT 048 0.56 0.83 0.00 3.84 4.04 3.42 15.39
IPT 101 0.88 0.54 0.00 0.64 15.4 6.13 23.22

Fig. 1 Relationship between Y3HB/Xyl and P3HB content observed
for the various strains analyzed. The continuous line represents the
maximum theoretical value (Ymax) based on metabolic pathways
and the dotted line represents 50% of this value
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polymer production from xylose (higher percentage of
Ymax, Table 2), were selected for assays with the ba-
gasse hydrolysate. The strains were cultivated in MM
containing bagasse hydrolysate (after different treat-
ments) as the sole carbon source to evaluate the
detoxification procedure (Table 3). Cells cultivated in
the C1 hydrolysate (after the first step of hydrolysate
treatment, when the hydrolysate was concentrated in
porcelain capsules immersed in a water bath at 80�C)
were unable to accumulate the polymer and low bio-
mass values were attained, demonstrating the toxic
nature of the hydrolysate. The C2 hydrolysate (after
precipitation by pH adjustment) allowed an important
increase in the CDW of IPT 048, although the P3HB
content remained low. Strain IPT 101 reached a low
CDW, but accumulated P3HB corresponded to 15% of
CDW. Adsorption with activated charcoal was the
most important procedure for the detoxification of the
bagasse hydrolysate since, after this treatment, the C3
hydrolysate supported the formation of high biomass
values with a P3HB content corresponding to 15–25%
of CDW. On the basis of the results obtained, bacterial
strains IPT 048 and IPT 101 were selected for further
study in the bioreactor.

Bioreactor experiments

Carbon source evaluation

Although the use of hemicellulose materials as a cheap
carbon source has been recommended to decrease P3HB
production costs, only poor results have been described
in the literature [2, 10, 12, 20, 30], with maximum CDW
values of 7.5 g l�1 and with a low polymer content (a
maximum of about 49%) when wild strains were stud-
ied. The use of recombinant bacterial strains and the
combination of xylose with hydrolysates permitted a
greater polymer accumulation, although CDW contin-
ued to be lower than 6 g l�1 (Table 5). With the aim of
evaluating bagasse hydrolysate as a carbon source,
strains IPT 048 and IPT 101 were cultivated in a bio-
reactor, using glucose plus xylose (analytical grade) or
C3 hydrolysate (Fig. 2). P3HB production was stimu-
lated by nitrogen limitation. When xylose and glucose
were the carbon sources, the parameters calculated for
strain IPT 101 were: a maximum specific growth
rate (lXrmax) of 0.24 h�1, a residual biomass (Xr, i.e.
CDW minus polymer content) yield from sugar (YXr/S)
of 0.46 g g�1 and a P3HB yield from sugar (YP3HB/S) of
0.11 g g�1. A preferential consumption of glucose was
observed and, after NH4

+ exhaustion (8 h), P3HB
accumulation occurred up to 27% of CDW with partial
consumption of xylose (Fig. 2a–c). Using bagasse
hydrolysate as the carbon source, a similar lXrmax value
was obtained, but a significant improvement was ob-
served for other parameters: YXr/S=1.31 g g�1,
P3HB=62% CDW and YP3HB/S=0.39 g g�1. More
than 15 ions, plus arabinose and acetic acid have been
reported in the literature as components of sugarcane
bagasse hydrolysates in addition to xylose and glucose;
and some of these were detected in the hydrolysate used
in our studies [22]. The toxic phenolic components, if
present at low levels, can be utilized by bacteria in

Table 4 Compounds measured in sugarcane bagasse hydrolysate
after different treatments. C1 Evaporation, C2 CaO/NaOH/H3PO4

addition, C3 adsorption with 20% active charcoal, HMF hydrox-
ymethyl furfural, ND not determined

Compound Initial C1 C2 C3

Xylose (g l�1) 16.9 259.8 183.1 179.1
Glucose (g l�1) 9.7 184.0 140.6 129.5
Arabinose (g l�1) 1.4 3.8 4.2 3.6
Furfural (mg l�1) 244.7 86.7 ND 12.6
HMF (mg l�1) 103.3 116.0 ND 59.0
Acetic acid (mg l�1) 144.8 286.0 ND 205.0

Table 5 Comparison of the present data with data reported in the
literature about P3HB production from cellulose hydrolysates or
sugars obtained from the hydrolysis of these materials. CS Cotton
seed hydrolysate, SH soybean hydrolysate, lXrrmax maximum

specific growth rate of residual cells (non-polymer material), lPmax

maximum specific polymer accumulation rate, PP3HB polymer
productivity, YP3HB/S polymer yield from the carbon source

Strain Carbon source CDW
(g l �1)

P3HB
(%)

lXrrmax

(h�1)
lPmax

(h�1)
YP3HB/S

(g g �1)
PP3HB

(g l �1 h �1)
Reference

Pseudomonas pseudoflava
ATCC 33668

Glucose 3.5 22.8 0.58 0.11 0.04 0.080 [2]

P. pseudoflava ATCC 33668 Xylose 4.0 27.5 0.13 0.03 0.04 0.031 [2]
B. cepacia ATCC 17759 Xylose 7.5 45 0.22 0.07 0.11 0.10 [20]
B. cepacia Xylose 48.8 – – 0.11 – [30]
Escherichia coli TG1 (pSYL107)a Xylose 4.75 35.8 – – 0.097 0.028 [12]
E. coli r TG1 (pSYL107)a Xylose + CSH 3.76 64.0 – – 0.188 0.040 [12]
E. coli TG1 (pSYL107)a Xylose + SH 5.95 73.9 – – 0.226 0.070 [12]
B. sacchari IPT 101 Sugarcane bagasse

hydrolysate
4.4 62 0.24 0.16 0.39 0.11 Present paper

B. cepacia IPT 048 Sugarcane bagasse
hydrolysate

4.4 53 0.36 0.08 0.29 0.09 Present paper

B. sacchari IPT 101 Xylose + glucose 60 58 0.25 0.03 0.22 0.47 Present paper
B. cepacia IPT 048 Xylose + glucose 57 57 0.28 0.06 0.19 0.46 Present paper

aRecombinant strain
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addition to acetic acid. The literature indicates that weak
acids at low concentrations seem to have a stimulating
effect on ethanol production by yeasts [15]. It was also
observed that the addition of hemicellulose hydrolysates
resulted in increased P3HB production [12].

For strain IPT 048, the parameters observed in the
medium with xylose and glucose were: lXrmax=0.34 h�1,
YXr/S=0.20 g g�1 and YP3HB/S=0.15 g g�1. Glucose
was also preferentially consumed and polymer accumu-
lation started after 6 h of cultivation when the N source
was exhausted (Fig. 2d–f). At the end of the experiment,
37% of CDWhad accumulated as P3HB. As was the case
for IPT 101, an improvement in process parameters was
also observed using the bagasse hydrolysate. YXr/S in-
creased to 0.43 g g�1 and, after exhaustion of the N
source at 7 h of cultivation, an improvement in P3HB
accumulation was observed, reaching 53% CDW; and
YP3HB/S reached a value of 0.29 g g�1.

On the basis of the present results, we may suggest
that another carbon source, not detected during our
experiments, was present in the hydrolysate, since higher
YXr/S values were observed compared with experiments

using xylose plus glucose. The increase in YP3HB/S and
P3HB accumulation could be attributed to nutrients, not
identified but probably present in the hydrolysate, such
as acetic acid or phenol compounds at low concentra-
tions. Improvement of the process by adding nutrients to
the culture medium was described by Lee [12], who
observed a significant improvement in polymer content
when supplementing synthetic medium with a soybean
hydrolysate and a cotton seed hydrolysate (from 35% to
74% and 62%, respectively). Arabinose detected in the
medium (ca. 2 g l�1) was not consumed during the
experiment. The present results are similar to values
reported in the literature [2, 20, 30] using xylose and
glucose, i.e., within a CDW range of 3.5–7.5 g l�1 the
polymer (PP3HB) productivity was about 0.10 g l�1 h�1

(Table 5).

Evaluation of limiting nutrients

Induction of P3HB biosynthesis has been claimed to be
achieved using nitrogen, phosphorous, magnesium or
oxygen limitation [10]. Ralstonia eutropha DSM 518

Fig. 2a–f Bioreactor
experiments comparing strains
IPT 101 and IPT 048 cultured
in xylose and glucose (HX01,
HX02) or in a detoxified
sugarcane bagasse hydrolysate
(HX04, HX05) under nitrogen
limitation. a, d Polymer content
(P3HB) and CDW. b, e N and P
remaining in the medium.
c, f Glucose (G) and xylose
(Xyl) remaining in the medium.
All experiments consisted of
one batch with about 16 g l�1

carbon source. The medium
used contained 0.132 g l�1

KH2PO4, 1 g l�1 (NH4)2SO4,
0.109 g l�1 MgSO4Æ7H2O,
0.06 g l�1 CaCl2Æ2H2O,
0.02 g l�1 ferric ammonium
citrate and 2 ml l�1 trace
element solution. The trace
element solution contained
0.3 g l�1 H3BO3, 0.2 g/l
CoCl2Æ6H2O, 0.1 g l�1

ZnSO4Æ7H2O, 30.0 mg l�1

MnCl2Æ4H2O, 30.0 mg l�1

NaMoO4Æ2H2O, 20.0 mg l�1

NiCl2Æ6H2O and 10.0 mg l�1

CuSO4Æ5H2O. The pH was
automatically controlled at 7.0
by adding 4 N H2SO4 or 4 N
NaOH
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accumulated P3HB at a higher rate with SO4
�2 and

NH4
+ limitation, at equivalent biosynthesis rates with

Mg, P and Fe limitation and at a lower rate with O2

limitation [27]. In contrast, polyphosphate accumulation
in R. eutropha H16 was observed to be closely related to
P3HB accumulation in nitrogen-limited cultures, reduc-
ing the P3HB yield from the substrate [5].

Nitrogen-limiting experiments with xylose plus
glucose (for a total of 16 g l�1) with both strains were
performed using a ratio between these carbohydrates
similar to that found in the hydrolysate (ca. 12 g l�1

glucose, 4 g l�1 xylose). Both strains showed a pref-
erential consumption of glucose, which was exhausted
in less than 10 h, with about 7–8 g l�1 xylose
remaining (Fig 3c,f) and nitrogen was exhausted
within the same time (Fig. 3b,e). At the end of this
phase, about 3 g l�1 CDW and 18% of polymer were
achieved (Fig. 3a,d). Nitrogen exhaustion resulted in
27% polymer accumulation by strain IPT 101
(Fig. 3a) and 37% by strain IPT 048 (Fig. 3d). Both
strains consumed the remaining xylose at a very low

rate, particularly IPT 101. The phosphorous concen-
tration was practically unaltered during this phase and
no polyphosphate accumulation simultaneous to P3HB
production was demonstrated, as previously described
[5].

In the P-limiting experiments, the N source was kept
non-limiting and the pH was kept constant by the
addition of ammonia (Fig. 3b,e). The initial batch of
carbohydrates was completely consumed (Fig 3c,f) and
8 g l�1 CDW with 20% polymer were achieved after
20 h (Fig. 3a,d), coinciding with P exhaustion
(Fig. 3b,e). An additional carbon source was supplied
and was completely consumed, resulting in 40% poly-
mer accumulation (Fig. 3a,d, experiments HX06,
HX07).

In the P-limiting experiments, the maximum specific
P3HB production rate (lP3HB) reached by strain IPT 101
was approximately 0.12 h�1 and the rate reached by
IPT 048 was 0.08 h�1. During N limitation, lP3HB was
lower for both strains, reaching values around 0.05 h�1.
The polymer yield from carbohydrates was maintained

Fig. 3a–f Bioreactor
experiments comparing strains
IPT 101 and IPT 048 under
nitrogen (experiments HX01,
HX02) or phosphorus (HX06,
HX07) limitation. a, d Polymer
content (P3HB) and CDW.
b, e N and P remaining in the
medium. c, f Glucose (G) and
xylose (Xyl) remaining in the
medium. Experiments HX01
and HX02 consisted of an
initial batch of xylose
(10.8 g l�1) plus glucose
(4.8 g l�1), for a total of
15.6 g l�1 carbon source.
In experiments HX06 and
HX07, the same initial batch
was used, followed by a second
addition of the carbon source.
The medium used contained the
same mineral salts
concentration as in the
experiment described in Fig. 2.
pH was automatically
controlled at 7.0 by adding 4 N
H2SO4 or 1.5 N NH4OH (or
4 N NaOH during N-limiting
accumulation tests)
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by strain IPT 048 (0.15 g g�1) and was increased two-
fold in the case of strain IPT 101 (0.20 g g�1).

The higher values of lP3HB, polymer content and
YP3HB/S reached by strain IPT 101 under P limitation
can be attributed to glucose availability during the
accumulation phase, as opposed to the N-limiting
experiments, in which only xylose was present. Bertrand
et al. [2] also found a less efficient P3HB synthesis from
xylose compared with glucose by P. pseudoflava. In
strain IPT 048, only a lP3HB increase was observed,
which could be attributed to the same reason.

On the basis of this set of assays results, we decided to
use phosphorus limitation as an inducer of polymer
accumulation.

High-cell-density experiments

The production of P3HB from xylose, glucose and cel-
lullose hydrolysates has usually been performed under
low-cell-density cultivation (below 10 g l�1), reaching
productivities up to 0.1 g l�1 h�1 (Table 5). High-cell-
density cultures are indispensable in a PHA production
process since they allow high productivity [21].

In the present study,MMwith the main sugars present
in bagasse hydrolysate (xylose, glucose) was used to ob-
tain a high cell density of strains IPT 048 and IPT 101.
Phosphorus limitation was applied, based on previous
results. High-cell-density protocols were adapted from
previous studies on the production of PHA and other
bioproducts [16–18, 29]. Using six times the salt concen-
tration used in low-density cell growth, no harmful effect
was observed on strain IPT 101, with amaximum specific
growth rate (lXrmax) of 0.25 h�1 and a residual biomass
yield from sugar similar to that obtained with a low cell
density under N or P limitation (YXr/S=0.4 g g�1). Cell
growth proceeded until total glucose consumption (ca.
18 h), when more carbon source was added (Fig. 4a).
Another growth phase took place until 30 h, when P was
completely consumed. At that point, Xr reached 27 g l�1,
with a polymer content of 40%. After P exhaustion in the
medium, polymer accumulation occurred until 70 h,
reaching a total biomass (Xt) of 60 g l�1, containing 58%
P3HB and YP3HB/S=0.22 g g�1. In the high-cell-density
experiment using strain IPT 048, lXrmax decreased,
comparedwith the experimentwith P limitation and a low

Fig. 4a–d Bioreactor experiments comparing strains IPT 101
(experiment HX13) and IPT 048 (experiment HX14) at a high
cell density with phosphorus limitation. a, c Polymer content
(P3HB) and CDW. b, d Glucose (G), xylose (Xyl) and P remaining
in the medium. The experiments consisted of two successive batches
of carbon source, each containing 15.7 g l�1 glucose plus 17.6 g l�1

xylose, followed by xylose (360 g l�1) plus glucose (330 g l�1)
feeding at a controlled rate in order to keep the concentration of
the carbon source below 10 g l�1. The medium used contained
0.792 g l�1 KH2PO4, 1 g l�1 (NH4)2SO4, 0.654 g l�1

MgSO4Æ7H2O, 0.036 g l�1 CaCl2Æ2H2O, 0.012 g l�1 ferric ammo-
nium citrate and 12 ml l�1 trace element solution. The trace
element solution contained 0.3 g l�1 H3BO3, 0.2 g l�1 CoCl2Æ6H2O,
0.1 g l�1 ZnSO4Æ7H2O, 30.0 mg l�1 MnCl2Æ4H2O, 30.0 mg l�1

NaMoO4Æ2H2O, 20.0 mg l�1 NiCl2Æ6H2O and 10.0 mg l�1

CuSO4Æ5H2O. pH was automatically controlled at 7.0 by adding
4 N H2SO4 or 1.5 N NH4OH
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cell density (0.36–0.28 h�1). The residual biomass yield
from carbohydrates was not constant during growth, al-
though an average value of 0.18 g g�1 was calculated
between 0 h and 30 h. This value is very low, compared
with the YXr/S=0.42 g g�1 observed under low-cell-den-
sity cultivation. This result could be attributed to the
elevated initial salt concentration used in experiment
HX14, which was needed to obtain a high cell density.
Therefore, salts should be supplied in smaller fractions
during the cell growth of this strain.

Strain IPT 048 showed a preferential consumption of
glucose during the experiment (Fig. 4d). At the end of
the experiment (72 h), CDW reached 57 g l�1, contain-
ing 57% P3HB (Fig. 4c). The procedure used led to very
interesting efficiencies of both strains. After 72 h of as-
say, about 60 g l�1 cells were obtained, containing 58%
P3HB. Polymer productivity was 0.5 g l�1 h�1 and
polymer yield (YP3HB/S) was 0.46 g g�1. The results
presented here are the best described in the literature
until now for P3HB production from xylose plus glucose
or cellulose hydrolysates. The potential use of strains
IPT 048 and IPT 101 using such a cheap substrate has
been clearly demonstrated here; and the two strains are
currently being processed in order to obtain high cell
density in a bioreactor using sugarcane hydrolysate as
the carbon source.
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