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Abstract

Burkholderia sacchari produces insoluble energy-storage compounds called poly-hydroxyalkanoates (PHAs) when culti-
vated under unbalanced growth conditions such as excess carbon source and limitation of an essential nutrient. PHAs are
biodegradable and biocompatible thermoplastics and thus a suitable alternative for petroleum-based plastics. Moreover, when
cultivated on D-xylose, this strain is able to produce D-xylitol and D-xylonic acid. Given the capability of B. sacchari to produce
different commercially interesting compounds from D-xylose, its potential was explored within the biorefinery concept.

Opposite to what has been published based on glucose, nitrogen limiting conditions allowed for higher polymer production
compared to phosphorus limited medium. By decreasing the oxygen supply and thus imposing a double limitation, P(3HB)
production was enhanced, achieving yields of 0.07 g P(3HB)/g xylose and 0.12 g P(3HB)/g xylose in P- and N-limited media,
respectively. Based on these results, improvement of P(3HB) production using a xylose-rich feed (ratio xylose-glucose of 8:1)
and simulating the conditions of an assay carried out previously in our laboratory was sought. By limiting the oxygen supply
to the bioreactor, a yield of 0.15 g P(3HB)/g total sugars, and a polymer content of 30% (g P(3HB)/g CDW) were attained in
conditions where no polymer production had been previously observed.

In short, results suggest that in B. sacchari xylose-cultivations the dissolved oxygen in the medium is a target factor to
enhance P(3HB) production. Additionally, it is shown that depending on the xylose concentration in the broth, D-xylitol and
D-xylonic acid production can be promoted.
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1. Introduction

Currently, the world population faces two major problems as
regards the energy demand and waste generation. Not only
both industrialised and developing countries require an in-
creasingly amount of energy difficult to fulfil sustainably, but
also the energy demand is projected to grow more than 50%
by 2025 [23], and, morevover, the amount of residues gener-
ated is growing. Population growth, booming economy, rapid
urbanization, and the rise in living standards have acceler-
ated the solid waste generation in the world [17, 27]. In fact,
human population is expected to increase up to 9.7 billions
by 2050 [29]. In 2011, the global solid waste volume was
estimated about 11 billion t per year, and per capita as ap-
proximately 1.74 t per year. Along with the large solid waste
generation, an enormous amount of natural resources are
depleted everyday [27].

In the past years, our society has been driven towards
sustainability as it becomes more conscious about the en-
vironment. The Zero Waste (ZW) concept has been highly
embraced once it stimulates sustainable production and con-
sumption, optimum recycling and resource recovery, while
restricting mass incineration and landfilling [35]. However,
according to Zaman [34], in today’s society, it is not possible
to conduct all the waste generated towards reuse, recycling
or composting [34].

Biomass represents an abundant carbon-neutral renew-
able resource for the production of bioenergy and bioma-
terials through biorefinery manufacturing technologies [23].
Lignocellulosic biomass (LC), the worldwide most abundant

renewable raw material, comprises different fractions such
as carbohydrates, proteins, and fats that can be converted
to value-added products, fuels, and chemicals through the
implementation of the biorefinery concept. LC is a promising
choice as raw material due to the high worldwide availability,
in consequence of the waste generated by agricultural and
forestry processes, to its renewable nature, and to being a
carbon source which is a nonedible feedstock [6].

In 2004, the US Department of Energy (DOE) identified
30 value-added chemicals, derived from the conversion of
biomass, which could be used as building block chemicals in
a bio-based economy [21]. Among these were D-xylitol and
D-xylonic acid. D-Xylitol, a five carbon sugar alcohol, occurs
widely in nature, in many fruits and vegetables, but is also
a normal intermediate in human metabolism [33]. At an in-
dustrial scale, this artificial sweetener can be produced from
the second most abundant polysaccharide, xylan rich hemi-
cellulose which upon hydrolysis produces xylose. D-Xylitol
has attracted worldwide interest due to its unique proper-
ties and potential. It has almost the same sweetness as
sucrose, but lower energy value (2.4 calg-1 vs. 4.0 calg-1),
thus it has been used as a sugar substitute in dietary foods.
It has also found applications in pharmaceutical industries
due to its properties such as anticarcinogenicity, tooth re-
hardening, preventive against otitis, ear and upper respira-
tory infections, etc. [7]. Tough most of xylitol is produced
chemically based on catalytic reduction of pure xylose un-
der high pressure and temperature using an expensive cata-
lyst (usually Ni-catalyst), biotechnological production of xyli-
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tol from xylose offers a better alternative in terms of energy
consumption and overall process cost [30].

D-Xylonic acid, an oxidation product of xylose is one of the
most promising potential products from this pentose, since
its five carbon structure remains intact. The main applica-
tions of D-xylonic acid are conversion to lactones and es-
ters, and it has potential as a sequestrant due to its simi-
larity to D-gluconic acid in molecular structure [3, 32]. The
conversion of xylose to xylonic acid is the first step of the
1,2,4-butanetriol biosynthesis, which is used to synthesise
1,2,4-butanetriol trinitrate, an energetic material (explosive)
superior to nitroglycerin [19].

In order to find alternative materials to oil-based plas-
tics, researchers have developed fully biodegradable plas-
tics, such as PHAs which show similar material properties
to polypropylene. Other advantages of these materials over
petrochemical plastics are that they are natural, renewable
and biocompatible [31]. Bacteria synthesise and accumu-
late PHAs as carbon and energy storage materials or as a
sink for redundant reducing power under the condition of
limiting nutrients, such as nitrogen, phosphorus or oxygen,
in the presence of generous carbon supplies [16, 28, 31].
Also, by polymerising soluble intermediates into these insol-
uble PHAs granules, the cell does not undergo alterations of
its osmotic state [31], and, once accumulated, the polymer
serves as both carbon and energy source during starvation
[28].

Burkholderia sacchari is a Gram-negative PHA-
accumulating bacterium isolated from the soil of a
sugar-cane plantation in Brazil [2]. Since this strain is
capable of metabolising different carbon sources, namely
glucose, xylose, organic acids, etc., and reach high cell
densities, there is an interest from industry in B. sacchari
for conventional petroleum-derived products replacement
[2, 5, 1].

In bacteria, the biochemical mechanisms of D-xylose
metabolism are quite different from those of D-glucose.
Whereas the latter is metabolised by the Embden-Meyerhoff-
Parnas (EMP) pathway, D-xylose metabolism proceeds by
way of the Pentose Phosphate (PPP) pathway. Following
transport into the cell, D-xylose is either isomerized or re-
duced, then reoxidised to form D-xylulose. This pentulose is
then phosphorylated, isomerized, and rearranged to form a
metabolic pool of phosphorylated 3-, 4-, 5-, 6-, and 7-carbon
sugars. These intermediates can exit the PPP to be used by
other metabolic pathways through the formation of nucleic
acids, aromatic amino acids, lipids, and other metabolic end
products [11]. Figure 1 represents the metobolic network for
xylose biological conversion by B. sacchari.

Previous work developed by Henriques [9] with this
strain in a three-stage continuous system demonstrated low
P(3HB) productivities since xylose, one of the main com-
ponents of lignocellulosic hydrolysates, was not consumed
for polymer production. Raposo and coauthors [24] carried
other studies with this bacterial strain which revealed pro-
duction of xylitol and xylonic acid as by-products of bacterial
growth on xylose. These studies motivated further research
regarding polymer, xylonic acid and xylitol production using
solely xylose as substrate, and the growth conditions that
promote each metabolite formation.

Cultivations of B. sacchari using xylose as main car-
bon source were performed to study the growth conditions

that promote P(3HB), xylonic acid, and/or xylitol production
in both shake flasks and fed-batch bioreactor cultivations,
and the corresponding metabolic pathways. In this con-
text, cultivation requirements such as the amount of carbon
source, nutrient limitations, or oxygen supply were assessed
throughout this work. Furthermore, efforts were made in or-
der to enhance polymer production in the third bioreactor of
the continuous series, by unveiling one possible target fac-
tor. The work described in this paper focuses on the xylose
metabolism in B. sacchari cultivations, aiming to find the op-
timum conditions for P(3HB), xylitol and/or xylonic acid pro-
duction using this pentose as substrate.

2. Materials and methods
2.1 Microorganisms and media

Burkholderia sacchari DSM 1765, a strain able to grow, ac-
cumulate PHAs, and produce xylitol and xylonic acid on xy-
lose, was used throughout this work.

The medium for the seed and flask cultures [14] was (per
liter): (NH4)2SO4, 1.0 g; Na2HPO4·2H2O, 4.47 g; KH2PO4,
1.5 g; 100 gL-1 MgSO4·7H2O solution, 2 mL; yeast extract,
1.0 g; and an oligo elements solution [14], 1.0 mL. The pH
was adjusted to 6.8 adding the conjugated acid of the phos-
phate buffer, KH2PO4.

The fed-batch cultivation medium composition to impose
limitation of phosphorus [14] was (per litre): (NH4)2SO4, 4.0
g; KH2PO4, 3.0 g; citric acid·H2O, 1.85 g; EDTA, 40 mg; oligo
elements solution [14], 10 mL; 100 gL-1 MgSO4·7H2O solu-
tion, 12 mL. The fed-batch cultivation medium composition to
impose limitation of nitrogen [14] was (per litre): (NH4)2SO4,
4.0 g; KH2PO4, 13.3 g; citric acid·H2O, 1.85 g; EDTA, 40 mg;
oligo elements solution [14], 10 mL; 100 gL-1 MgSO4·7H2O
solution, 12 mL. The pH of both media was adjusted to 7.1
with KOH (5 M).

The media, the MgSO4·7H2O solution and the concen-
traded sugar solutions were autoclaved separately at 121°C
for 20 minutes, and added to the medium aseptically.

2.2 Carbon sources

All the shake flask and bioreactor assays were carried
out using monohydrate dextrose (or D-glucose) (Dextropam,
Portugal), D-sucrose (Fischer Scientific, UK), and D-xylose
(Danisco GmbH, Austria). The sugar solutions were pre-
pared with deionized water and then sterilised by autoclav-
ing at 121°C for 20 minutes. Concerning dextrose (glucose),
yield and productivity calculations were performed in terms
of anhydrous glucose.

2.3 Strain storage and inoculum preparation

Cultures of B. sacchari were stored at -80°C in 2 mL cry-
ovials. The stock cultures were prepared transferring 1500
µL of a previously grown liquid culture in seeding medium
[14] supplemented with 20 gL-1 of xylose, collected in the
late exponential growth phase, to sterile cryovials containing
300 µL of pure sterilized glycerol.

Inocula for the shake flasks assays were prepared trans-
ferring the content of one cryovial to 500 mL shake flasks
containing 94 mL of seeding medium supplemented with 20
gL-1 of glucose (unless stated otherwise), and incubated at
30°C in an orbital incubator (Infors AG, Switzerland) at 170
rpm for 12 hours (or more, in case of using a different sugar),
i.e. until the end of the exponential growth phase.
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Figure 1: Xylose metabolism for B. sacchari, based on literature review [11, 15, 18, 8, 28, 22, 12, 20, 24]. The enzimatic activites are abbreviated
as follows: xylose isomerase (XI); xylulokinase (XK); xylose reductase (XR); xylitol dehydrogenase (XOHDH); xylose dehydrogenase (XDH); xylonolac-
tonase (XL); ribulose-phosphate 3-epimerase (RPE); transketolase (TKL); transaldolase (TAL); phosphoketolase (PKL); ribulose-phosphate isomerase
(RPI); glyceraldehyde-3-phosphate dehydrogenase (GlyPDH); 3-phosphoglycerate kinase (PGK); enolase (EL); pyruvate kinase (PK); pyruvate dehy-
drogenase complex (PDH); acetate kinase (AK); pyrophosphate-acetate phosphotransferase (PAP); acetyl-CoA synthase (ACS); β-kethiolase (PhaA);
acetoacetyl-CoA reductase (PhaB); PHA synthase (PhaC); KDPG aldolase (KDPGA); glucose-6-phosphate dehydrogenase (GluPDH); phosphogluconate
dehydrogenase (GNDH); phosphogluconate dehydratase (GNDY); hexokinase (HK).

2.4 Culture conditions

Shake flask cultivations
Shake flask assays were performed to determine the

growth, substrate consumption and by-products formation by
B. sacchari on xylose. These assays were carried out in 500
mL baffled conical flasks containing 100 mL of liquid phase.
The inoculum fraction varied between 5-10% (v/v) in order
to obtain identical initial optical densities (ODinitial ca. 0.3).
Different initial sugar concentrations were used, as well as
different carbon sources. These assays were performed in
duplicate and the average value was considered.

Fed-batch bioreactor cultivations
Fed-batch cultivations were carried out in 2 L stirred-tank

reactors (STRs) (New Brunswick Bioflo 115) operated us-

ing the BioCommand Batch Control software, which enabled
control, monitoring and data acquisition. The pH was con-
trolled at 6.8 with 30% NH4OH or 5 M KOH, depending on
the type of limitation used as trigger for P(3HB) production,
namely phosphorus or nitrogen limitation, respectively. The
aeration rate used was 2.6 Lmin-1, unless stated otherwise,
and the temperature was set to 30°C. The dissolved oxygen
set point was 20% saturation, unless stated otherwise, and
the maximum agitation speed was 1200 rpm. The inoculum
was prepared as described for the shake flask assays, with a
volume of 65 mL (5% v/v of the bioreactor initial working vol-
ume). The initial volume of the fed-batch cultivations was 1.3
L, including all medium components and inoculum. Feeding
was triggered by the increase of the dissolved oxygen (with a
correspondent decrease in the stirring speed), resulting from
carbon source exhaustion in the medium.
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2.5 Analytical methods

Culture samples were periodically harvested in both shake
flask and bioreactor assays in order to analyse biomass,
sugar, polymer and other by-products concentrations.

Cellular growth was monitored offline by measuring the
OD of samples at 600 nm in a double beam spectrophotome-
ter (Hitachi U-2000), using 3 mL glass cuvettes with an opti-
cal path length of 1 cm. For the OD determination, an aliquot
of the culture sample was diluted with deionized water in or-
der to obtain an absorbance value lower than the threshold
(ca. 0.5-0.6). Deionized water was used as reference.

The cell dry weight (CDW) was determined by centrifuging
at 12000 rpm for 3 minutes (in a Sigma 1-15 P microcen-
trifuge) 1.2 mL aliquots of culture samples collected in dried
and weighted microtubes. The supernatant was rejected and
the pellet washed with deionized water, and then dried at
60°C in a Memmert oven (Model 400) until constant weight.
The CDW was determined dividing the weight difference af-
ter drying the pellets by the collected aliquots volume.

Glucose, sucrose, xylose, xylonic acid, xylitol and phos-
phate concentrations were determined offline in a High Per-
formance Liquid Chromatography (HPLC) apparatus (Hitachi
LaChrom Elite) equipped with a Rezex ROA-Organic acid
H+ 8% (300 mm×7.8 mm) column, an autosampler (Hitachi
LaChrome Elite L-2200), an HPLC pump (Hitachi LaChrome
Elite L-2130), a Hitachi L-2490 refraction index (RI) detector
for sugars and phosphate and a Hitachi L-2420 UV-Vis de-
tector for organic acids. A column heater for larger columns
(Croco-CIL 100-040-220P, 40 cm×8 cm×8 cm, 30-99°C)
was connected externally to the HPLC system. The injec-
tion volume was 20 µL and elution was achieved using a 5
mM solution of H2SO4 as mobile phase. The column was
kept at 65°C under a pressure of 26 bar, and the pump oper-
ated at a flow rate of 0.5 mLmin-1.Samples for HPLC analysis
were prepared by mixing 300 µL of supernatant aliquots with
300 µL of a 50 mM solution of H2SO4 in a microtube. After
vortexing, these solutions were centrifuged (in a Sigma 1-
15 P microcentrifuge) at 12000 rpm for 3 minutes. Samples
for injection consisted of 100 µL of the previous dilution plus
900 µL of the 50 mM H2SO4 solution, giving a final dilution
of 1:20.

P(3HB) determination was carried out by Gas Chromatog-
raphy (GC). In order to prepare samples for GC analysis, 1.2
mL aliquots of culture medium were withdrawn from the cul-
ture medium and centrifuged at 12000 rpm for 3 minutes.
The pellets were washed with deionized water and frozen for
storage prior to acidic methanolysis [4]. Samples were anal-
ysed in a GC (Agilent Technologies 5890 series II) equipped
with a FID detector and a 7683B injector. The capillary col-
umn was a HP-5 from Agilent J&W Scientific 30 m in length
and 0.32 mm of internal diameter. The oven, injector, and
detector were kept at constant temperatures of 60°C, 120°C,
and 150°C, respectively. Data acquisition and integration
were performed by a Shimadzu CBM-102 communication
Bus Module and Shimadzu GC solution software (version
2.3), respectively. Peak identification was achieved using as
standard 3-methyl hydroxybutyrate (Sigma). The calibration
curve for P(3HB) was determined for a working range of 0 to
10 gL-1, using samples of P(3HB) previously produced which
were subjected to the same methanolysis process.

Ammonium concentration was determined offline with an
ion-selective electrode (Mettler Toledo In-Lab 152233000),

with a Ag/AgCl reference system in order to confirm the nitro-
gen limitation in the culture medium when required. Calibra-
tion curves with NH4Cl known concentration solutions were
performed every time the electrode was used.

3. Results & discussion
3.1 Shake flask cultivations
Fed-batch bioreactor assays based solely on xylose [24]
have shown a negligible P(3HB) production compared to the
production on the same carbon source but in shake flasks.
With the aim of understanding the reasons for that fact, sev-
eral shake flask experiments have thus been designed to ex-
plore the culture behaviour according to: i) the composition
of cultivation medium, ii) the oxygen availability, and iii) pH
control. In addition, the influence of using inocula grown on
different carbon sources on the P(3HB) production based on
xylose has also been tested.

Influence of the C-source used for inocula growth
Identical XylAC yields in xylose cultivations were obtained

using inocula grown on glucose or xylose, and higher yield
for the inoculum grown on sucrose. The same results are
again obtained for P(3HB) yields and %P(3HB). Also, the
polymer content, around 40% of the CDW, is consistent with
the report of [5]. The results obtained suggest that in B. sac-
chari xylose-cultivations there are no significant differences
in terms of residual biomass and product overall yields using
inocula grown on glucose or xylose. Moreover, B. sacchari
cell growth on glucose, xylose and sucrose was monitored
during inocula preparation. It was interesting to notice that
B. sacchari cultures on xylose achieve the stationary phase
only after ca. 24h, i.e. two times than those on glucose and
sucrose. This is in fact supported by the lower µmax deter-
mined experimentally for cultivations on xylose (µmax of 0.14
h-1), and also by literature [5]).

Since no significant influence of the sugar used to grow
the inoculum was detected, it was chosen to proceed the
experimental work with glucose grown inocula.

Influence of yeast extract presence in seeding medium
The rate of growth and the activity of metabolic processes

may be strongly affected by the type and ratio of nutrients
provided to the culture, hence affecting cell mass and spe-
cific product yields. These nutrients are often supplied from
raw materials that are complex, ill-defined mixtures of natural
origin and subject to significant variation, such as YE. [13].
The shake flask cultivations carried to assess the effect of the
YE in the seeding medium, revealed that this source of nu-
trients promotes cell growth, as expected. Also, higher poly-
mer production on xylose is attained using complete seeding
medium.

In cultivations carried out on 20 gL-1 of xylose, the by-
products yields lie within the range 0.54-0.83 g of xylonic
acid per g of xylose consumed and 0.8-0.9 g of P(3HB) per
g of xylose consumed, with a polymer content of 40%, on
average.

Influence of inhibitory xylose concentrations
Previous studies [24] revealed xylitol (Xylt) production,

both in shake flask and bioreactor B. sacchari cultivations,
when high concentrations of xylose were present, i.e. above
30-40 gL-1. Assays were performed in order to confirm the
results reported and are represented in figure 2.
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Figure 2: Glucose grown inoculum cultivated in seeding medium, supple-
mented with high concentrations of substrate (50 gL-1 of xylose).

Similar values for residual biomass were obtained for both
cultivations with 20 gL-1 and 50 gL-1 (ca. 2.5 gL-1). How-
ever, in the assay with high substrate concentration, only
half of the xylose initially present in the culture medium was
consumed, probably due to cell growth having ceased as
a consequence of the medium becoming too acidic. Also
lower polymer and XylAc yields were obtained, as well as the
P(3HB) cell content (lower than 30%). The results demon-
strate that less substrate was directed towards the formation
of these two products, suggesting the presence of a third
metabolite.

3.2 Bioreactor assays
Influence of the limiting nutrient medium used to promote
P(3HB) production

P(3HB) synthesis occurs under limitation of an essential
nutrient and in the presence of excess carbon source [28].
To impose nutrient limitation, two types of bioreactor media
were used throughout this work: phosphorus and nitrogen
limiting media. Recent research on P(3HB) production us-
ing B. sacchari in bioreactor cultivations has been carried
out in media with P-limitation [26, 5] since [25] first reported
that higher polymer accumulation was attained on Ralstonia
eutropha cultivations based on glucose. In order to evalu-
ate the influence of the limiting nutrient in the medium used
for B. sacchari cultivations in xylose, fed-batch assays were
performed with different media compositions and the results
obtained (see 3a and 3b).

Figure 3a shows that, despite the limitation by phospho-
rus, no significant polymer formation occurred, suggesting
that all the xylose (Xyl) provided was consumed and used
mainly for cell growth (ca. 35 gL-1 of Xr) and xylonic acid
production (reaching a maximum value of 72 gL-1). On the
contrary, figure 3b exhibits higher P(3HB) and xylonic acid

productivities attained under nitrogen limitation, as well as
polymer content, despite the lower cell growth compared to
cultivation C (around 7.5 gL-1 of residual biomass). A de-
crease in the ammonium concentration is also observed in
cultivation D, suggesting a tendency towards nitrogen limita-
tion. With regard to the nutrient limitation, it is important to
keep in mind that the limiting factor could not be simply the ni-
trogen availability, but instead the ratio carbon-nitrogen. For
instance, if the amount of nitrogen present is too small for the
quantity of carbon source available for cell growth, we should
consider that the culture is facing limiting conditions.

In short, the results discussed above allow to conclude
that cultivations in media limited by nitrogen lead to higher
P(3HB) accumulation when using xylose as main carbon
source, unlike what happens in glucose-cultivations. In fact,
[5] reported that the %P(3HB) content on xylose was 44.4%
compared to glucose, which was determined as 60.3%. On
the other hand, cultivations carried out in phosphorus limited
medium led to higher cell growth when compared to their N
limited counterparts.

Given the results obtained so far, a strategy that could be
worth testing would be carrying a first cultivation stage us-
ing phosphorus limited medium in order to reach high values
of cell growth, despite the no (significant) polymer formation.
Once CDW values above 30 gL-1 had been reached, a sec-
ond stage of the culture would take place, where the addition
of a P-source (through a feed solution or by changing the
base to KOH) would switch the limiting nutrient into nitrogen,
thus promoting P(3HB) production.

Influence of the dissolved oxygen in the medium
To assess the influence of oxygen availability in B. sacchari

cultivations, assays were performed with a lower value for the
DO set-point. Typically, cultivations were carried with an aer-
ation of 2 vvm, and 20% of DO saturation maintained by the
agitation speed. In order to decrease the amount of oxygen
available, the DO set-point was set to 1% saturation. To at-
tain this value, the air flow was reduced to ca. 1.0 Lmin-1,
corresponding to 0.8 vvm. It is important to keep in mind
that lowering the amount of dissolved oxygen in the medium
does not necessarily mean that the culture is limited by oxy-
gen itself, but again by high values for the ratio C/O2. With
the objective of assessing the effects of reducing the oxygen
supply during cultivation, fed-batch cultivations were carried
out in duplicate using media limited by phosphorous and ni-
trogen. The results obtained are represented in figures 4a
and 4b.

As figure 4a shows, in the P-limited cultivation there is
polymer formation for DO concentrations around 1%, reach-
ing up to 0.07 g of P(3HB) per g of xylose consumed in cul-
tivation E. This suggests that a possible double limitation by
phosphorus and oxygen took place and led to P(3HB) pro-
duction. To avoid a possible limitation by carbon source,
manual pulses were added to the culture E which caused
an increase in the xylose concentration levels (up to 40 gL-1)
and, as demonstrated previously throughout this work, high
xylose concentrations triggered xylitol production.

As discussed previously, culture media limited by nitro-
gen favoured P(3HB) formation, with a yield of ca. 0.04 g
of P(3HB) per g of xylose consumed for cultivation D. Ad-
ditionally, with the results represented in figure 4b, by de-
creasing the DO concentration to 1-3% saturation, the poly-
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(a) Cultivation C. (b) Cultivation D.
Figure 3: Time course of growth and metabolite production, as well as data obtained in the B. sacchari fed-batch cultivations C (3a) and D (3b), using P
and N-limited medium, respectively, supplemented with 30 gL-1 of xylose as main carbon source, at pH 6.8 and 20% of DO. A 600 gL-1 solution of xylose
was used as feed.

mer production attained increased up to 0.12 g of P(3HB)
per g of xylose consumed, for cultivation G. Therefore, the
P(3HB) yield apparently increases under double limitation,
despite the lower cellular growth. As figure 4b shows, feed-
ing through the usual strategy was difficult once the air sup-
plied was enough to satisfy the cellular metabolism, and in-
creasing agitation was not necessary. In consequence, a
very small amount of feed was added to the culture manually,
to avoid depletion of the carbon source. It is worthy of notice
that the ammonia concentration appears to be constant dur-
ing the time course of the cultivation G. Since this assay was
carried under oxygen limitation, cell growth is much slower
and hence more time is needed to achieve the N-limiting con-
ditions.

Among all growth conditions studied, the best approach
towards P(3HB) production by B. sacchari, so far, seems to
be a combination of N-limited medium and 1% of oxygen
saturation. Therefore, aiming at an improvement of polymer
production based on xylose, a two stage system should take

place: a first stage using P-limiting conditions to achieve high
cellular growth, followed by a second cultivation stage using
N-limitation and low values of DO (less than 5%).

Three-stage continuous bioreactor series: third bioreactor
optimisation approach

As mentioned previously, a three-stage stirred-tank reac-
tor system operating in continuous and aiming at P(3HB)
production was run by [9] based on a mixture glucose and
xylose mimicking a hemicellulosic hydrolysate. However,
significant polymer production was not attained in the third
bioreactor of the series. To find a possible solution for this
set back, P(3HB) production was assessed in a fed-batch
cultivation using similar feed composition and cultivation con-
ditions (P-limiting medium and 20% of oxygen saturation).
The feed solution was composed by a mixture of xylose and
glucose with a ratio of 10:1.25. In this context, the assay L,
simulating the third bioreactor of the continuous series, was
performed at 1% DO, aiming to attain higher P(3HB) yield
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(a) Cultivation E. (b) Cultivation G.
Figure 4: Time course of growth and metabolite production, as well as data obtained in the B. sacchari fed-batch cultivations E (4a) and G (4b), using P
and N-limited medium supplemented with 30 gL-1 of xylose as main carbon source, at pH 6.8 and 1% of DO. A 600 gL-1 solution of xylose was used as
feed. Manual pulses of feed were added during cultivation G to avoid limitation of carbon source.

and productivites. The results of this cultivation are shown in
figure 5.

Likewise to the third stage of the continuous series, there
was no P(3HB) formation under the simulated cultivation
conditions (P limiting medium with 20% of DO). This sug-
gests that the presence of glucose in the culture does not
necessarily promote polymer formation by itself, or limit xy-
lose consumption.

Just as previous assays showed (see figure 3a), cellular
growth attained in the presence of 20% of oxygen satura-
tion was higher than when the oxygen supply was lower (see
figures 4a, for 1% of DO). In the cultivation limited both by
phosphorus and oxygen no xylonic acid production was ob-
served.

Previous assays showed xylonic acid production for P lim-
ited media when using 20% saturation of DO in the medium.
The amount, and therefore the yield, of xylonic acid de-
creased substantially when the oxygen supply was reduced.
This was to be expected since xylonic acid is produced along

an oxidative pathway.
Finally, as shown in figure 5 and described in table 1, low

oxygen supply did promote polymer production in the cul-
ture simulating the third bioreactor of the continuous setup.
In fact, this assay resulted in the highest yield attained for
P(3HB) production throughout this work. This suggests that
the oxygen availability in culture medium is the target factor
for enhancing P(3HB) production in xylose-cultivations of B.
sacchari.

B. sacchari cultivation strategies towards xylonic acid, xylitol
and P(3HB) production

Table 1 lists the maximum yields attained in B. sacchari
fed-batch cultivations within all the operation conditions stud-
ied throughout this work, allowing for an overview of what ap-
pears to be the best cultivation conditions to promote each
of the three products formation.

From the assays listed in the table below, higher cellular
growth is achieved in cultivation G when phosphorus is the
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Figure 5: Time course of growth and metabolite production, as well as data
obtained in the B. sacchari fed-batch cultivation L, using P-limited medium
supplemented with 30 gL-1 of xylose, at pH 6.8 and 1% of DO. A total volume
of 26 mL of a mixed solution of 600 gL-1 of xylose and 75 gL-1 of glucose
was used as feed.

limiting nutrient (ca. 47 gL-1 of residual biomass). Thus, if
a cultivation is carried out with the aim of producing a dense
cell culture, P-limited medium and with 20% saturation of DO
should be used.

Xylonic acid seems to attain higher concentration values,
and higher yield, in seeding medium cultivations A and B,
where the limiting nutrient is nitrogen. However, a yield of
0.65 g of xylonic acid per g of xylose consumed was attained
in cultivation C, medium being limited by phosphorus and
with 20% of oxygen saturation.

Within this experimental work, it was not possible to con-
clude about the culture conditions that promote higher xylitol
production. However, xylitol formation was indeed confirmed
when a high xylose concentration (above 40 gL-1) was mea-
sured in the broth.

Despite the inconclusive results regarding xylonic acid and
xylitol, it was possible to conclude that the target factor to-
wards enhancing P(3HB) production is the oxygen availabil-
ity during B. sacchari cultivations. The results obtained sug-

gest that if a double limitation takes place, polymer produc-
tion is induced.

4. Conclusions

The work developed in this paper aimed at finding the culti-
vation conditions that promote the metabolic pathways in B.
sacchari towards P(3HB), D-xylitol or D-xylonic acid produc-
tion, using D-xylose as sole carbon source.

The first shake flask assays showed that the sugar used
to grow B. sacchari inocula do not greatly influence further
xylose-cultivations in terms or residual biomass and overall
product yields and productivities. This means that the xy-
lose catabolic pathways aren’t supressed by the sugar used
to grow the inoculum. With sucrose grown inocula, xylose-
cultivations attained a yield of 0.09 g of polymer per g of
xylose consumed, as well as 44% of polymer content.

With regard to the nutrient used to impose limitation and
thus promote P(3HB) formation when xylose is used as car-
bon source, the findings allowed to conclude that a culti-
vation medium limited by nitrogen leads to higher polymer
accumulation, 0.04 g of P(3HB) per g of xylose consumed
(ca. 35% of polymer content in bacterial cells), whereas
phosphorus limiting conditions conduct the substrate almost
exclusively towards cell growth, reaching 32 gL-1 of resid-
ual biomass, as compared to 7.5 gL-1 under the N-limited
conditions. Additionally to limitation of an essential nutri-
ent supplied by the liquid phase, the findings revealed that
restricting the amount of oxygen available in the cultivation
medium, creating conditions for a double limitation, enhance
polymer production when the medium is limited by nitrogen,
and also promote polymer accumulation when phosphorus
is the nutrient used to impose limitation. In these assays, the
highest polymer yield was 0.12 g of P(3HB) per g of xylose
consumed, for a xylose cultivation carried out in N-limited
medium with low supply of O2 (DO set-point of 1% satura-
tion). Under phosphorus and O2 limitation, polymer produc-
tion showed a yield of 0.07 g of P(3HB) per g of xylose con-
sumed (corresponding to a polymer content of ca. 26%). It
was observed that the production of xylonic acid decreased
by lowering the supply of oxygen to the medium. Moreover,
an overview of all the bioreactor assays allow to note that xy-
lonic acid is very often produced when xylose concentrations
in the medium are limiting, i.e. close to zero. To confirm this
assumption, further fed-batch cultivations must be performed
in order to verify if a double limitation by both the essential
nutrient and the carbon source leads to this by-product for-
mation. In fact, the highest yield attained for this by-product
was 1.07 g of xylonic acid per g of xylose consumed in a fed-
batch cultivation carried under nitrogen limitation and con-
centrations of xylose in the medium close to zero.

Xylitol production was indeed confirmed for a xylose con-
centration in the medium of 50 gL-1, as [24] recently re-
ported, in both shake flask and bioreactor cultivation modes.
The results obtained for this study showed lower yields at-
tained for P(3HB) and xylonic acid when xylitol production
occurred. This is consistent with the fact that when xylose is
being converted into xylitol less substrate is used by the cell
to produce polymer and xylonic acid. Even though, accord-
ing to [10], at high xylose concentrations, growth and product
formation are inhibited due to osmotic stress, in B. sacchari
metabolism a high sugar concentration seems to channel xy-
lose conversion towards xylitol formation. The reasons for
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Table 1: Summary of the results obtained for B. sacchari bioreactor cultivations strategies towards xylonic acid (XylAc), xylitol (Xylt)
and/or P(3HB) production throughout this work. Residual biomass (Xr) and maximum yield obtained for each metabolite under the various
operation conditions studied are shown.

Cult. Feed Limitation %DO Xr YXylAc/Xyl YXylt/Xyl YP(3HB)/Xyl %P(3HB) Fig.
Xyl Xyl+Gluc P N 1 20 (gL-1) (g/g Xyl) (g/g Xyl) (g/g Xyl) (g P(3HB)/g CDW)

Ai − − − − 3.6 0.95 0.06 0.04 39 iii

C + + + 32 0.65 − 0.00 0 fig:11 1
D + + + 7.5 1.07 − 0.04 35 fig:10 2
E + + + 24 0.17 0.01 0.07 26 fig:12 1
G + + + 8.0 − − 0.12 36 fig:13 2
K + + + 27 0.01ii − 0.00ii 0 iii

L + + + 18 − − 0.15ii 30 fig:17
i Batch cultivation
ii g/g total sugars consumed
iii Assay not represented in this paper
+ states for presence
− states for absence

this are yet unknown. However, observing the metabolic net-
work proposed (see figure 1), a possible explanation could
be that the xylitol formation pathway is the quickest route for
the cell to convert xylose and thus counteract the osmotic
pressure of the extracellular medium. Despite the confirma-
tion of xylitol production, it was not possible to achieve the
cultivation conditions that promote this by-product formation
and withdraw relevant conclusions. Further studies must be
performed in order to enhance xylitol production and yield.
Moreover, the oxygen supply should also be assessed in
these cultivations. In their review, [10] mention that oxygen
limitation may increase xylitol production since xylitol dehy-
drogenase (XOHDH) is inhibited due to NADH regeneration
impairment which results in a high NADH/NAD+ ratio. There-
fore, a double limitation may enhance both xylitol and poly-
mer production.

Another approach proposed by [10] to enhance xylitol for-
mation is the study of the presence of glucose in the medium
as co-substrate: by supplementing this hexose in the feed, it
will be uptaken for cell growth, whereas only a small amount
of xylose will be used for cell growth and maintenance, and
therefore the major fraction of this pentose will be channeled
into xylitol formation, thus enhancing the yield attained.

Finally, the assay simulating the third bioreactor of the con-
tinuous cultivation system run by [9], showed that limiting the
oxygen supply in the third bioreactor would implicate a dou-
ble limitation in the broth, thus promoting polymer formation
by B. sacchari on xylose. These findings allow to confirm
that the target factor for P(3HB) production by B. sacchari
on xylose is indeed the amount of oxygen available during
the time course of cultivations. In this assay, a yield of 0.15
g of P(3HB) per g of total sugars consumed was attained,
corresponding to a polymer content of 30%.

In short, with the work performed it is possible to conclude
that, in B. sacchari cultivations, the oxygen supply is one
possible target factor to enhance P(3HB) production, and
also that the xylose concentration present in the broth is very
likely the target factor for both xylitol and xylonic acid pro-
duction improvement. Further research exploring how these
target factors can be used to achieve high productivities will
allow a more efficient pentose consumption. The latter is a
topic of upmost importance in the upgrade of lignocellulosic
biomass and may have a large impact on the progress of
LCF-biorefineries, which might be a contribution to a more
sustainable society.
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