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Biopolymers  as  polyhydroxyalkanoates  (PHA)  composed  by  different  co-monomers  3-hydroxybutyrate
and  3-hydroxyhexanoate  [P(3HB-co-3HHx)]  has  attracted  interest  since  its  properties  are  similar  to  low
density  polyethylene.  Burkholderia  sacchari  produces  this  copolymer  with  a very  low  3HHx  molar  fraction,
about 2 mol%.  B. sacchari  mutant  (unable  to produce  polymer)  was  engineered  to host  PHA biosynthesis
genes  (phaPCJ)  from  Aeromonas  sp.  In addition,  a two-step  bioprocess  to  increase  biopolymer  production
urkholderia sacchari
oly(3-hydroxybutyrate-co-3-
ydroxyhexanoate)
odulated PHA composition

was  developed.  The  combination  of these  techniques  resulted  in  the  production  of P(3HB-co-3HHx)  with
3HHx content  up to 20  mol%.  The  PHA  content  was  about  78%  of  dry biomass,  resulting  in  PHA  volumetric
productivities  around  0.45  g  l−1 h−1. The  P(3HB-co-3HHx)  containing  20  mol%  of  3HHx  presented  an  elon-
gation  at  brake  of 945%,  higher  than reported  before  for this  PHA  composition.  Here  we have  described  an

x  co
ha PCJ operon
eromonas sp.

approach  to  increase  3HH
fractions.

. Introduction

Polyhydroxyalkanoates (PHA) are accumulated as intracellular
ranules by several bacteria, more expressively under limitation of

n essential nutrient and excess of carbon source [1]. Huge efforts
ave been undertaken to achieve good producers of PHA able to
ynthesize polymers presenting monomer compositions covering
he market demands, to make these polyesters competitive substi-

Abbreviations: PHA, polyhydroxyalkanoates; 3HB, 3-hydroxybutyrate; 3HV, 3-
ydroxyvalerate; 3HHp, 3-hydroxyheptanoate; 3HHx, 3-hydroxyhexanoate; GC, gas
hromatography; HPLC, high pressure liquid chromatography; GPC, gel permeation
hromatography; DSC, differential scanning calorimetry; TGA, thermogravimetric
nalysis; NMR, nuclear magnetic resonance; TMS, tetramethylsilane; Mw,  weight
verage molecular weights; Mn,  number-average molecular weight; Mw/Mn, poly-
ispersity index; Tg , glass transition temperature; Tc , crystallization temperature;
m , melting temperature.
∗ Corresponding author at: Departamento de Microbiologia, Instituto de Ciên-

ias Biomédicas II, Universidade de São Paulo. Av. Prof. Lineu Prestes, 1374, Cidade
niversitária, CEP 05508-000, São Paulo, SP, Brasil.

E-mail addresses: thatianemendonca@usp.br (T.T. Mendonç a), lukneif@usp.br
L.F. Silva).

1 Present address: Biotechnology Department, PDEng Programm on Bioprocess
ngineering Designer, TU Delft, Delft, Netherlands.
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ntent  into  the copolymer,  allowing  the  precise  control  of the 3HHx  molar

© 2017  Elsevier  B.V.  All  rights  reserved.

tutes to the petrochemical polymers. PHA as a biodegradable plastic
could be an alternative to solve environmental problems inherent
to the quick disposal and accumulation of conventional plastics,
since it is completely broken into water and CO2 much faster than
the first ones [2,3].

Among PHA containing short chain-length (SCL – C3–C5)
monomers poly-3-hydroxybutyrate (P3HB) has been the most
studied. Although having characteristics similar to polypropylene,
its brittleness and stiffness limit its range of applications. To over-
come this issue, the incorporation of medium chain-length (MCL
– C6–C14) monomers has been studied for the production of co-
polymers with more flexibility [2,4].

The monomer composition of PHA determines polymer
mechanical properties and enables its use in several applications.
This diversity, among other factors, is controlled by the specificity
of the enzyme PHA synthase present in the polymer-producing
microorganism [5].

Fig. 1 depicts some pathways supplying monomers to the PHA

biosynthesis from carbohydrates and fatty acids [6]. Extensive work
has established Ralstonia eutropha as a platform for PHA produc-
tion [7] and a number of bioprocesses were developed using this
bacterium.
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ig. 1. Reactions and genes involved on PHA (3HB and 3HAMCL) biosynthesis from ca
oA  redutase/acetoacetyl-CoA reductase); PhaC: PHA synthase; PhaJ: enoyl-CoA hy

Burkholderia sacchari is a bacterium isolated from soil in Brazil
nd described as a new species after polyphasic taxonomic studies
8], and recently its genome has been sequenced [9]. This strain
roved to be able to use sucrose to grow to high cell densities
nd to produce up to 75% of cell dry weight (CDW) as poly-3-
ydroxybutyrate (P3HB), presenting specific growth rates (up to
.39 h−1) higher than Ralstonia eutropha (up to 0.30 h−1) [10–12].
ifferently from Raltonia eutropha, B. sacchari, besides the ability to
row in sucrose, is an attractive strain to industrial processes since
t can also use xylose as a sole carbon source and even hemicel-
ulosic hydrolysates [13,14]. Due its ability in metabolizing these
ubstrates, B. sacchari could be used to produce PHA, linked to the
ugar cane production mill expanding the concept of biorefiner-
es in these production units [15,16], thus B. sacchari constituting a
razilian platform for PHA production.

This strain has been successfully improved to produce P(3HB-
o-3HV) with a high efficiency in the conversion of propionate into
HV units [17–19]. Different organic acids were also evaluated as
o-substrates to generate monomers different of 3HB [20]. Besides
HV monomers produced from odd-chain fatty acids (propionic,
aleric, heptanoic, nonanoic and undecanoic acids), 4HB and 3HHx
ere detected, respectively, from 4-hydroxybutyric and hexanoic

cids, though representing 9.1 and 1.6 mol%, respectively in the
HA [20]. Micro-reactor experiments were performed using glu-
ose and hexanoic acid as carbon sources and the maximum 3HHx
ontent reached was 2.4 mol% [21]. Results suggest a high capabil-
ty to oxidize hexanoic acid through �-oxidation combined with a
ow specificity of PHA synthase to medium-chain-length (C6–C14)

onomers in B. sacchari.
PHA synthases presenting higher specificity to 3HHx monomer

ave been describing in Aeromonas spp. in reports of PHA produc-

ion by these bacteria from plant oils and fatty acids and also by
ecombinant strains expressing Aeromonas phaC genes [22–26].

With the propose of improving the efficiency of B. sacchari
o produce P(3HB-co-3HHx), in the present work, a recombinant
train, harboring Aeromonas sp. PHA biosynthesis genes, was devel-
drates and organic acids. Enzymes: PhaA and BktB: �-ketotiolase; PhaB: 3-ketoacyl-
e (R)-specific.

oped. A bioprocess was  also established allowing the precise control
in a wide range of 3HHx molar fraction in the PHA.

2. Material and methods

2.1. Bacterial strains and plasmid

Burkholderia sacchari LFM 101 (LMG 19450T, CCT 6971T) and
its PHA negative UV mutant (LFM344), obtained in our labora-
tory, belonging to our bacteria collection, were used in this study.
Engineering construction in LFM 344 was  done amplifying PHA
biosynthesis genes from Aeromonas sp. (LFM897), isolated by our
group and characterized by ARDRA (Amplified Ribosomal DNA
Restriction Analysis) [27]. The plasmid pBBR1MCS-2 [28] was  used
as a cloning and expressing vector.

2.2. Recombinant strain construction

B. sacchari LFM344 was  used in this study as a host
for phaPCJ from Aeromonas sp. genes involved on PHA
accumulation. To amplify the PHA biosynthesis operon
from Aeromonas sp. (LFM897), primers from Lu et al. [24]
were used: 5′ TTTGGTACCTGGAGACCGATGATGAATATGG
3′ (underlined sequence shows KpnI restriction site)
5′ACGAAGCTTTTAAGGCAGCTTGACCACGG 3′ (underlined sequence
shows HindIII restriction site. Restriction sites for appropriate
cloning in the plasmid were designed into the 5′ ends. PCR reaction
was set up using Phusion High Fidelity DNA polymerase (Thermo
Scientific, Waltham, Massachusetts, USA), following the manu-
facturer’s instructions, running the reaction in a thermal cycler
(Eppendorf) and using an appropriate program. The amplicon

(2.7-kb DNA fragment) obtained was  inserted into pBBR1MCS-2,
under control of the lac promoter, by ligation reaction using DNA
T4 ligase (Fermentas Inc./Thermo-Fisher, Waltham, Massachusetts,
USA), according to the protocol suggested by manufacturer. The
plasmid thus obtained pBBR1MCS-2:phaPCJAsp was introduced
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ig. 2. Relation between hexanoic acid: glucose molar ratio supplied to the bacteria
nd 3HHx molar fraction in the copolymer synthesized by B. sacchari pBBR2phaPCJAsp

sing the two-step bioprocess.

nto E. coli XL1- Blue (Stratagene, Agilent, Santa Clara, California,
SA) using chemical transformation. Transformants were selected
y antibiotic resistance, blue/white colonies detection using

PTG/XGal and PCR screening were employed. Positive clones
ere confirmed by plasmid extraction (kit Qiagen) followed by
igestion (Fermentas Fast Digestion Restriction Enzymes) and
equencing the DNA inserted. Plasmid pBBR2phaPCJAsp (Fig. 2) was
ntroduced in E. coli S17-1 [29] using chemical transformation,
nd then transferred to B. sacchari by conjugation. Positive clones
ere recovered on solid mineral medium containing glucose

1 g l−1) and kanamycin. All procedures for DNA manipulation
ere performed according to the literature [30]. As a control

ondition to the accumulation experiments, a strain harboring
nly pBBR1MCS-2 was constructed.

.3. PHA accumulation assays

Bacterial recombinant strains were cultivated during 24 h
30 ◦C, 150 rpm) in Luria Bertani broth (LBK: 10 g l−1 tryptone,

 g l−1 yeast extract, 5 g l−1 NaCl, and 50 �g l−1 kanamycin. This
revious culture was used as inoculum (10% v/v) to mineral salts
edium (MM)  [18] under nitrogen limitation to PHA accumulation:

.5 g l−1 Na2HPO4; 1.5 g l−1 KH2PO4; 1.0 g l−1 (NH4)2SO4; 0.2 g l−1

gSO4·7H2O; 0.01 g l−1 CaCl2·2H2O; 0.06 g l−1C6H8O7.
*
xFe.*

xNH3;
 l−1C6H8O7·*xFe·*

xNH3; 1.0 ml  l−1 Trace elements solution.
race elements solution composition: 0.30 g l−1 H3BO3; 0.20 g l−1

oCl2·6H2O; 0.10 g l−1 ZnSO4·7H2O; 0.03 g l−1 MnCl2·4H2O;
.03 g l−1 NaMoO4·2H2O; 0.02 g l−1 NiCl2·6H2O; 0.01 g l−1

uSO4.5H2O. Glucose (10 g l−1) was added at the beginning of
he experiment, and fatty acids (0–1.5 g l−1) after 24 h of cultiva-
ion, as carbon sources, to promote the synthesis of copolymers.
he cultures were incubated at 150 rpm under 30 ◦C for 72 h.
anamycin (50 �g ml−1) was added to the medium. Cell dry
eight, cellular PHA content and composition were determined at

4 and 72 h of cultivation.

.4. Bioreactor experiments

A set of fed-batch experiments was performed in a Biostat
®

 (BBraun − Biotech, Hamburg, Germany) bioreactor 2-liters
orking volume at 30 ◦C. The pH was controlled at 7.0 by

dding NaOH (1 mol  l−1) or H2SO4 (1 mol  l−1). Dissolved oxy-
en (DO) was monitored with a polarographic electrode (Ingold,
ettler-Toledo, Greifensee, Switzerland) and maintained above
0% of saturation by varying stirring. Cultures were performed
nder nitrogen limitation in the accumulation phase. Recom-
inant strain was pre-cultured in 200-ml MM [18], containing

 g l−1 nitrogen and 6 g l−1 glucose (incubation conditions 24 h,
0 ◦C, 150 rpm). This culture was inoculated in a bioreactor with
ogical Macromolecules 98 (2017) 654–663

a reformulated mineral salts medium, presenting the follow-
ing composition (in g l−1): KH2PO4 (0.388); (NH4)2SO4 (2.907);
MgSO4. 7H2O (0.310); CaCl2·2H2O (0.010); C6H8O7.

*
xFe.*

xNH3
(0.060); NaCl (1.000); Glucose (15.000); trace elements solution
(2 ml  l−1), which was prepared with H3BO3 (0.30 g l−1); CoCl2·6H2O
(0.20 g l−1); ZnSO4·7H2O (0.10 g l−1); MnCl2·4H2O (0.03 g l−1);
NaMoO4·2H2O (0.03 g l−1); NiCl2·6H2O (0.02 g l−1); CuSO4·5H2O
(0.01 g l−1). Immediately after the end of growth phase, indicated
by decreasing of O2 consumption and CO2 production, a solution
containing glucose and hexanoic acid with a glucose:hexanoic acid
ratio equal to 140:0–45 g l−1 was  added as carbon sources. Two
feeding rates were tested: 4.95 and 9.90 ml  l−1 h−1. The following
parameters were periodically determined: CDW, carbohydrates,
hexanoic acid and ammonium concentrations, PHA content and
composition, partial pressures of CO2 and O2 in the outlet gas.

2.5. Analytical methods

2.5.1. Cell dry weight (CDW)
Gravimetric method was  used to determined CDW.10 ml of cul-

ture were harvested by centrifugation at 10,600g  and lyophilized
in microtubes. Dry biomass was weighed using analytical balance
(Ohaus, Adventurer, Parsippany, New Jersey, USA).

2.5.2. Carbohydrate and organic acid determination
Glucose and hexanoic acid concentrations were determined

by liquid chromatography (HPLC) and gas chromatography (GC),
respectively, using methods described previously [10,20].

2.5.3. Ammonium concentration
Ammonium was determined as described before [20]. Briefly,

after alkalinization of the sample, an ion-selective electrode (Orion
9512HPBNWP) in a potenciometer (Thermo Scientific, Orion 4 Star,
pH-ISE Benchtop, Singapore) was  used to measure the ammonium
gas formed. From a standard curve of a (NH4)2SO4 solution, the
amount of nitrogen was calculated.

2.5.4. PHA extraction
PHA was extracted by chloroform from freeze-dried cells in

shaken flasks incubated at 30 ◦C, 150 rpm for 24 h. The PHA-
chloroform solution was  concentrated in a Rotavapor (Büchi,
Rotavapor R-114, Water Bath B-480, Switzerland) and precipitated
in ethanol. The polymer extracted was  purified after at least three
successive chloroform solubilizations and ethanol precipitations.

2.5.5. PHA amount and composition
Freeze-dried cells or purified PHA were subjected to propanoly-

sis [31]. PHA content and composition were determined using a GC
method as described previously [10,20]. Briefly, the polyesters were
analyzed in an Agilent 7890A GC System (Agilent Technology, Santa
Clara, California, USA) equipped with a HP5 capillary column after
sample split (1:25). Helium (0.6 ml  min−1) was used as carrier gas.
Injector and FID temperature were 250 ◦C and 300 ◦C, respectively.
The oven was  programmed to keep temperature at 100 ◦C for 3 min,
increasing temperature at a rate of 6 ◦C min−1 up to 240 ◦C, which
was then maintained for 6 min. Benzoic acid was used as the inter-
nal standard. External standards were P3HB (Sigma-Aldrich, Saint
Louis, Missouri, USA), P3HB-co-3HV (Sigma-Aldrich, Saint Louis,
Missouri, USA) and, PHAMCL produced by P. putida ATCC29347 from
different fatty acids or by Pseudomonas sp LFM046 from glucose.
2.6. Molecular weight

PHA samples were analyzed by gel permeation chromatogra-
phy (GPC). A Waters 1515 pump (Waters Corporation, Nilford,
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assachusetts, USA), a degasser (Viscotek VE7510, Malvern Instru-
ents, Malvern, Worcestershire, UK), an auto-sampler injector 717,

 refractive index detector (2414, Waters, USA), associated to a
uo detector (Viscotek TDA302, Malvern Instruments, Malvern,
orcestershire, UK) were employed. GPC columns (Phenomenex,

orrance, California, USA) with diameters ranging from 500 a 104 Å
ere used. A calibration curve was prepared with low dispersity
olystyrene solubilized in chloroform.

.7. Thermal properties analysis

.7.1. Differential scanning calorimetry (DSC)
DSC data of copolymers were recorded on a TA Instruments Q-

SC 2000 instrument calibrated with indium. Samples weighing
etween 4 and 8 mg  were encapsulated in hermetic aluminum pans
nd heated from −120 to 190 ◦C at a heating rate of 10 ◦C min−1, for
he first run. After, the samples were cooled to −120 ◦C and a second
eating was carried out at the same heating rate to 190 ◦C. From this
nalysis Tg,  Tc,  Tm and �H  were calculated.

.7.2. Thermogravimetric analysis (TGA)
TGA was performed on a TA Instruments TGA 5000. About

0 mg  of sample were applied to analyses into platinum pans with
ynamic nitrogen atmosphere (25 ml  min−1) and 10 ◦C min−1 heat-

ng rate from room temperature to 700 ◦C.

.8. Nuclear magnetic resonance (NMR) analysis

Samples of copolymers were dissolved in deuterated chloro-
orm and the NMR  spectra were recorded on a JEOL ECLIPSE+
00 (Jeol LTD, Akishima, Tokyo, Japan) spectrometer operating at
00 MHz  for 1H. Chemical shifts are given in ppm relative to the sig-
al of tetramethylsilane (TMS), used as an internal chemical shift
tandard.

. Results and discussion

In previous studies wild type B. sacchari has been shown to
ccumulate different copolymers when supplied with various car-
on sources [20]. From hexanoic acid as co-substrate wt  B. sacchari
ccumulated P(3HB-co-3HHx) containing up to 1.6 mol% of 3HHx.

 cultivation strategy in micro-bioreactor, supplying combinations
f glucose/hexanoic acid as feeding solutions, was  applied in order
o raise the amount of 3HHx in the copolymer produced by wt B.
acchari. Applying this cultivation method the strain had reached
he accumulation of a PHA containing the maximum molar fraction
f 3HHx of 2.4% [21].

From the results obtained with wt B. sacchari using those strate-
ies, we concluded that B. sacchari PHA synthase specificity to the
CL  monomers was the bottleneck to produce P(3HB-co-3HHx)

ontaining higher molar fractions of 3HHx. Then, we  engineered a
ha negative mutant of B. sacchari inserting the Aeromonas sp. PHA
iosynthesis genes, which has a higher specificity to 3HHx [22].

The PHA biosynthesis operon phaPCJ from Aeromonas sp.
LFM897) was  selected to construct the recombinant. The DNA
ragment of 2716-pb corresponding to phaPCJAsp was ampli-
ed by PCR and successfully cloned into the vector, resulting

n pBBR2phaPCJAsp. After that, recombinant B. sacchari harboring
BBRphaPCJAsp was constructed and its ability to produce PHA
ested under some conditions.
.1. PHA production by recombinant B. sacchari

Two sets of experiments were performed in shaken flasks to
valuate polymer accumulation by recombinant B. sacchari harbor-
ng pBBR2phaPCJAsp. In the first set of experiments, 10 g l−1 glucose
ogical Macromolecules 98 (2017) 654–663 657

and 0–1.5 g l−1 hexanoic acid were supplied. This condition should
promote the accumulation of P(3HB-co-3HHx) containing differ-
ent molar fraction of 3HHx [20]. Previous experiments indicated
that hexanoic acid does not inhibit the growth of B. sacchari up to
1.5 gl−1 (data not shown). In these experiments, the glucose sup-
plied would promote the cellular growth and 3HB accumulation,
while hexanoic acid would result on 3HHx monomers formation.

Results obtained are shown on Table 1. The recombinant strain
was able to accumulate copolymers with 3HHx molar fraction rang-
ing from 4 to 18 mol%. The molar fraction of 3HHx in the PHA
produced by the wt  strain was  below 0.5 mol%.

Copolymer modulation was  obtained by modification of the
co-substrates concentration offered. From the results obtained, it
was possible to establish a correlation between the concentration
of hexanoic acid supplied and 3HHx content accumulated by the
recombinant strain (Fig. S1, Supplementary material). In general,
the PHA contents calculated to the control (2.6 g l−1) and engi-
neered (2.5 g l−1) strains were quite similar, indicating that the
recombinant B. sacchari constructed maintained the ability to accu-
mulate polymer, with the advantage of accumulating a PHA with
a highly modified composition, as expected. Clearly the results
showed a better performance in the recombinant strain when com-
pared to the wild type regarding the conversion of hexanoic acid
into 3HHx.

In the second set of shaken flasks experiments, PHA accumu-
lation cultures were performed supplying glucose plus butyric,
valeric, heptanoic, octanoic, lauric, oleic or linoleic acids as co-
substrates (Table 2). From butyric, octanoic, lauric and oleic acids
6C-monomers were expected. Butyril-CoA would condense with
acetyl-CoA from glucose catabolism or octanoic or oleic acids
would also give rise to 6C-monomers when metabolized through �-
oxidation (Fig. 1). However, when butyric, octanoic, and oleic acids
were supplied only the production of 3HB monomers was  detected
(Table S1 Supplementary material).

When valeric acid was  supplied, 3HV monomers were inserted
in the PHA (Table 2) The fatty acids �-oxidation could simply lead
to the formation 3-hydroxyvaleryl-CoA or give rise to three-carbon
intermediates, which would condense with acetyl-CoA to form 3HV
[17].

From glucose and butyric acid, a PHA containing only 3HB
monomers was  produced. From glucose and valeric acid, only 3HB
and 3HV monomers were detected. Therefore, there is no evidence
of Claisen condensation occurring to synthesize 3HHx or 3HHp.

The use of heptanoic acid as a co-substrate by recombinant B.
sacchari resulted in the accumulation of a terpolymer containing
61.84 mol% of 3HB, 34.17 mol% of 3HV and 3.99 mol% of 3HHp
(Table 2), demonstrating the ability of the PHA synthase from
Aeromonas sp. to incorporate 3HHp monomers. Similar results were
reported when other bacteria hosting PHA biosynthesis genes from
Aeromonas were tested. Recombinant R. eutropha, harboring phaPCJ
from Aeromonas caviae produced a copolymer containing 95 mol%
of 3HV from valeric acid and also a terpolymer with 33 mol% of
3HB, 61 mol% of 3HV and 6 mol% of 3HHp from heptanoic acid
[32]. Burkholderia sp. JCM15050 containing phaCAc accumulated a
copolymer composed of 91 mol% 3HV when 0.5% (w/v) sodium
valerate was offered [33].

Lauric and linoleic acids are present in plant oils being cheaper
carbon sources to promote the insertion of 3HAMCL into the PHA.
Using lauric and linoleic acids as co-substrates, copolymers P(3HB-
co-3HHx) were obtained, containing 4.82 and 3.11 mol% 3HHx,
respectively. Here, the total amount of PHA accumulated was

around 46–50% of cell dry weight (Table 2).

There are many studies reporting the use of these carbon sources
to produce PHA. Recombinant Burkholderia sp. USM (JCM15050)
containing phaCAc when grown on 0.5% lauric acid (w/v) yielded a



658 T.T. Mendonç a et al. / International Journal of Biological Macromolecules 98 (2017) 654–663

Table 1
P(3HB-co-3HHx) production from glucose (10 g l−1) and hexanoic acid (0–1.5 g l−1) by wild type and recombinant strain of B. sacchari harboring the phaPCJ operon from
Aeromonas sp.

Recombinant strain Hexanoic acid CDW PHA (mol%) PHA

(g l−1) (g l−1) 3HB 3HHx (%CDW)

B. sacchari
pBBR1MCS-2 (LFM936)

0 5.76 ± 0.8 100.00 ± 0.0 0 53.59 ± 1.0
0.25  5.70 ± 0.0 99.91 ± 0.1 0.14 ± 0.0 48.54 ± 1.8
0.50  5.70 ± 0.0 99.70 ± 0.1 0.30 ± 0.1 37.25 ± 6.0
1.00  5.43 ± 0.0 99.66 ± 0.0 0.34 ± 0.0 43.07 ± 4.0
1.50  5.11 ± 0.2 99.54 ± 0.0 0.46 ± 0.0 42.39 ± 3.4

B.  sacchari
pBBR2phaPCJAsp(LFM1034)

0 5.43 ± 0.7 100.00 ± 0.0 0 49.25 ± 1.0
0.25  5.99 ± 0.7 95.62 ± 0.3 4.38 ± 0.3 44.58 ± 3.9
0.50  6.49 ± 0.3 88.58 ± 1.2 11.42 ± 1.2 32.46 ± 1.9
1.00  6.78 ± 0.3 84.84 ± 0.3 15.16 ± 0.3 36.69 ± 4.4
1.50  6.85 ± 0.4 81.73 ± 4.7 18.27 ± 4.7 38.74 ± 6.8

The cells were inoculated in mineral medium containing glucose (10 g/L) as carbon source and kanamycin (50 �g ml−1). Different concentration of hexanoic acid were added
after  24 h of culture, when the limiting nutrient (nitrogen) was exhausted: CDW: Cell dry weight; 3HB: 3-hydroxybutyrate (4C); 3HHx: 3- hydroxyhexanoate (6C).
Average and standard deviation of triplicate cultivation.

Table 2
PHA production from glucose and different fatty acids by B. sacchari recombinant harboring phaPCJAsp.(LFM1034).

Carbon source CDW PHA (mol%) PHA

(g l−1) (g l−1) 3HB 3HV 3HHx 3HHp (CDW%)

Glucose 5.59 ± 0.7 100.00 ± 0.0 0 0 0 38.34 ± 1.5
Valeric acida 5.39 ± 0.2 80.39 ± 1.9 19.61 ± 1.9 0 0 35.31 ± 6.7
Heptanoic acida 5.35 ± 0.5 61.84 ± 3.9 34.17 ± 3.9 0 3.99 ± 0.3 50.53 ± 1.4
Lauric acida 5.29 ± 1.6 95.18 ± 0.4 0 4.82 ± 0.4 0 46.00 ± 1.1
Linoleic  acida 5.35 ± 0.4 96.89 ± 0.1 0 3.11 ± 0.1 0 50.05 ± 4.0
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DW: Cell dry weight; 3HB: 3-hydroxybutyrate (4C); 3HV: 3-hydroxyvalerate (5C)
verage and standard deviation of triplicate cultivation.
a The cells were inoculated in mineral medium containing glucose (10 g l−1) as c

ulture, when the limiting nutrient (nitrogen) was exhausted.

opolymer P(3HB-co-3HHx) containing 1 mol% 3HHx [33]. E. coli
S5218 harboring phaJ4 gene from P. putida KT2440, phaC1 from
seudomonas sp 61-3 and phaAB from R. eutropha cultivated in
lucose and lauric acid as carbon sources produced a copolymer
ontaining up to 8 mol% 3HHx and another 3HAMCL monomer [34].
. eutropha H16-PHB−4 hosting phaCAc when grown for 96 h in soy-
ean oil accumulated a P(3HB-co-3HHx) containing 5 mol% 3HHx
35].

Performing this set of shaken flasks experiments, we  have
hown the ability of recombinant B. sacchari to produce P(3HB-co-
HHx) from hexanoic, lauric or linoleic acid as co-substrates. The
easibility of modulating the content of 3HHx into the copolymer
as demonstrated. Valeric and heptanoic acids as co-substrates
ere metabolized by the recombinant to produce co-monomers

HV and/or 3HHp, respectively.
From a metabolic point of view, we showed that the PHA syn-

hase (PhaC) from Aeromonas sp. (LFM897) has specificity to short
nd medium chain-length monomers (3HB, 3HV, 3HHx and 3HHp),
s described before in the literature [22,32,33]. However, the PhaC
pecificity observed to 3HHp in this study was lower than to the
ther monomers inserted into the PHA produced by recombinant
. sacchari.

Aiming at developing a bioprocess allowing the synthesis of
(3HB-co-3HHx) and controlling the 3HHx molar fraction, biore-
ctor experiments were designed and performed.

.2. Bioprocess strategy to control 3HHx content
The previous experiments performed in shaken flasks using
ild type B. sacchari [20] or recombinant B. sacchari (see experi-
ents above) showed that the supply of increasing concentrations

f hexanoic acid results on a PHA containing increasing 3HHx molar
ractions.
: 3- hydroxyhexanoate (6C); 3HHp: 3- hydroxyheptanoate.

 source and kanamycin (50 �g ml−1). Fatty acids (1 g l−1) were added after 24 h of

A two-step bioreactor cultivations for the production of P(3HB-
co-3HHx) that allows to modulate the monomer composition of
the PHA was established. During the first step, all nutrients were
supplied to promote the exponential cell multiplication. In the sec-
ond step, the cellular multiplication was prevented by nutrient
limitation (nitrogen) and the PHA was  produced from the carbon
sources supplied. During the second step, hexanoic acid and glucose
were supplied at different ratios in the feeding solution promoting
the production of P(3HB-co-3HHx) with variable 3HHx molar frac-
tion. The fed-batch experiment approach was designed to maintain
the feeding solution rate lower than the consumption rate, which
means there was no hexanoic acid detected during the cultivation,
because the total amount of hexanoic acid supplied was  promptly
consumed by the culture. This strategy was  made to avoid the influ-
ence of the toxicity of this acid to the cells.

Each bioreactor culture started with 15 g l−1 of glucose. In the
accumulation phase (second step), a feeding solution was  supplied,
containing glucose 140 (±2.6) g l−1 and hexanoic acid at the follow-
ing concentrations: 44.5 g l−1 (B1), 28.0 g l−1 (B2), 23.7 g l−1 (B3),
12.1 g l−1 (B4) and 0 g l−1 (B5) (Fig. S2 and S3, Supplementary mate-
rial). The growth phase in all experiments lasted 13–18 h and the
specific growth rates were around 0.22 h−1.

Table 3 summarizes data from B1 to B5 bioreactor experiments.
PHA production by engineered B. sacchari was  around 70–78% of
CDW, which means that the efficiency in accumulating is quite
similar to the wild type strain [20]. 3HHx yields from hexanoic
acid were between 0.36 and 0.50 gg−1, these values correspond,
respectively, to 36.76 and 51% of the maximum theoretical yield
(0.98 gg−1). Wild type B. sacchari converted only 2% of the hex-

anoic acid effectively in 3HHx [20]. Therefore, the expression of
PHA biosynthesis genes from Aeromonas sp. increased by 25 times
the capability of B. sacchari to insert 3HHx monomers into the PHA.
On the other hand, even in the recombinant strain the achieved
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Fig. 3. 1H NMR  spectrum (400 MHz) of copolymer P(3HB-co-20mol%3HHx) produced by recombinant B. sacchari from glucose and hexanoic acid as a co-substrate. 3HB:
3-hydroxybutyrate; 3HHx: 3-hydroxyhexanoate. *m and n represent 76% of 3HB and 24% of 3HHx, respectively, in the PHA molecule.

Fig. 4. Films of copolymers P(3HB-co-3HHx) with composition ranging from 5 to 20 mol% of 3HHx produced by recombinant B. sacchari. A – P(3HB-co-20mol%3HHx); B –
P(3HB-co-15mol%3HHx); C – P(3HB-co-10mol%3HHx); D – P(3HB-co-5mol%3HHx); E – P(3HB).

Table 3
Summary of bioreactor experiments to modulate the composition of P(3HB-co-3HHx) produced by B. sacchari pBBR2phaPCJAsp . supplied with feeding solutions containing
different concetrations of hexanoic acid.

Bioreactor cultivation Time Xt %PHA PHA 3HHx �Xr �PHA YXr/Gli Y3HB/Gli Y3HHx/AHex P

(h) (g l−1) (CDW) (g l−1) (mol%) (h−1) (mg  g−1 h−1) (g g−1) (g g−1) (g g−1) (g l−1 h−1)

B1 27 17.84 71.76 12.80 19.69 0.23 161.3 0.156 0.320 0.503 0.47
B2  32 17.63 69.55 12.26 13.57 0.20 118.6 0.138 0.267 0.408 0.38
B3  34 20.13 75.85 15.27 10.25 0.21 173.6 0.113 0.311 0.366 0.45
B4  32 18.17 73.46 13.35 5.85 0.22 131.0 0.128 0.323 0.493 0.42
B5  32 16.24 76.92 12.49 – 0.20 117.9 0.097 0.313 – 0.39

B1–bioreactor cultivation fed by glucose (140 g l−1) and hexanoic acid (45 g l−1).
B2–bioreactor cultivation fed by glucose (140 g l−1) and hexanoic acid (33 g l−1).
B3–bioreactor cultivation fed by glucose (140 g l−1) and hexanoic acid (22 g l−1).
B4–bioreactor cultivation fed by glucose (140 g l−1) and hexanoic acid (11 g l−1).
B5–bioreactor cultivation fed by glucose (140 g l−1).
Xt-cell dry biomass.
CDW – cell dry weight.
�Xr – maximum growth rate in the exponential phase.
Y
Y
Y
P

i
�
i
e
b
E

Xr/Gli – Xr yield from glucose (residual biomass).
3HB/Gli – 3HB yield from glucose.
3HHx/AHex – 3HHx yield from hexanoic acid.

 = Volumetric productivity.

s still only a half of the maximum theoretical value. A partial
-oxidation of hexanoic acid should be important to reach the max-
mum theoretical yield. The interruption of �-oxidation pathway
nhances the supply of medium-chain-length 2-enoyl-CoA and has
een reported to increase and to control the PHA composition in
. coli, P. putida and R. eutropha [36–38].
The specific rate of P(3HB-co-3HHx) production varied
between 118 and 173 mgg−1 h−1, the average value being

140 ± 26 mgg−1 h−1 (Table 3). The PHA volumetric productivities
were around 0.4 g l−1 h−1, which is a good value since these exper-
iments were not performed to reach high cell densities. Comparing
to the literature, yields reported using high cell density cultures
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Fig. 5. DSC thermograms of second heating run

f R. eutropha, Alcaligenes latus, Methylobacterium organophilum
r recombinant E. coli reached volumetric productivities between
.9–2.5 g l−1 h−1 [39]. R. eutropha cultivation reached 1.1 g l−1 h−1

f PHA from urea as nitrogen source and vegetable oils as carbon
ource [40]. B. sacchari in an airlift bioreactor cultivation supplied
ith sucrose as the carbon source has reached a productivity of

.7 g l−1 h−1 P(3HB) [12]. The same strain has reached a PHA pro-
uctivity of 0.7 g l−1 h−1 when grown in a batch, fed with glucose
nd gamma-butyrolactone [14]. Considering a two-step bioprocess
tarting with 0.1 g l−1 of residual biomass growing exponentially at

 specific growth rate of 0.22 h−1, a residual biomass of 30.5 g l−1

ould be reached after 26 h of culture. If, in the second step,
(3HB-co-3HHx) is accumulated at a specific production rate of
40 mgg−1 h−1, after more 19 h of culture (accumulation phase),

 total biomass of 111.6 g l−1 would be reached, containing about
2.7% of PHA and corresponding to a volumetric productivity of
.8 g l−1 h−1. Thus, the volumetric productivities achieved by B. sac-
hari pBBR2phaPCJAsp in the experiments presented here suggests
hat it is possible to develop an industrially interesting process to
ttain high cell density cultures.

Data from the set of bioreactor experiments allowed to draw
n equation that correlates the ratio of hexanoic acid/glucose sup-
lied (mol.mol−1) in the feeding solution and the 3HHx content

n the copolymer produced by B. sacchari pBBR2phaPCJAsp (Fig. 2).
sing this equation, it is possible to calculate the composition of the

eeding solution to be supplied to biosynthesize tailored polymers,
nd therefore, to modulate the 3HB and 3HHx contents.

Production of copolymers with flexible contents of 3HHx was
escribed in Aeromonas hydrophila overexpressing acyl-CoA dehy-
rogenase (yafH) from E. coli �-oxidation pathway, when supplied
ith lauric acid and glucose. According to this report, the product

f the yafH gene enhances the production of 3HHx, promoting the
ncrease of enoyl-CoA intermediates. Furthermore, acetyl-CoA from
lucose metabolism would inactivate 3-ketocyl-CoA thiolase from

-oxidation pathway (Fig. 1) and thus 3HHx accumulation could
ontrol by offering different glucose concentrations [24]. Here we
escribed a more precise method to modulate the 3HHx content,
ince it is based only the supply of different concentrations of
exanoic acid as precursor. Moreover, a direct relation between
3HB-co-x%3HHx) with different 3HHx contents.

co-substrate supply and monomer production allow us to quantify
and modulate de 3HHx content in the PHA (Fig. 2).

3.3. Nuclear magnetic resonance (NMR) analysis

The 1H NMR  spectrum (Fig. 3) of P(3HB-co-20mol%3HHx)
allowed the exact calculation of the percentage of 3HHx in the
copolymer through the integration of specific signals. The multi-
plet at 5.25 ppm is associated with H-3 of 3HB and 3HHx, while the
multiplets between 2.4 and 2.7 ppm are associated with the H-2
hydrogens in both. The triplet at 0.91 ppm is associated with the
hydrogens of the terminal methyl group of the side chains of 3HHx
[41,42,20]. The relative integral of this latter signal, referred to the
first mentioned signals provides the 24.2% 3HHx molar contents in
the copolymer.

3.4. Molecular weight and thermal properties analysis of
P(3HB-co-3HHx) with different 3HHx contents

Polymers produced by recombinant B. sacchari, containing dif-
ferent compositions from bioreactor experiments, were extracted
and purified. Films of P(3HB-co-3HHx) with different amounts of
3HHx were prepared (Fig. 4), from A (higher amount of 3HHx) to
E (only 3HB monomers) and their thermal properties and molecu-
lar weights were analyzed (Table 4). The picture E shows clearly a
brittle material when compared with that more flexible in A (Fig. 4).

The weight average molecular weights (Mw) obtained from
these copolymers were at the same order (105 Da), regardless to
the 3HHx content, although P(3HB-co-20mol%3HHx) presented a
Mw (2.3 × 105 Da) slightly lower than the others (Table 4). These
biopolymers with relative low Mw have a potential and practi-
cal application as arrays in controlled drugs release, due to their
higher degradation rate, and consequently easier bio-absorption

of the polymeric material [43]. It is known that molecular weight
depends on the PHA synthase and the cultivation time [44].
P(3HB-co-3HHx) molecular weights reported by other strains were
around 9.8 × 105 Da from E. coli LS5218 containing phaCAc [32], and
6.5 × 105 Da from recombinant R. eutropha, harboring phaCAc [45].
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Fig. 6. Thermogravimetric measurements of P(3HB-co-x%3HHx) with different 3HHx contents.

Table 4
Composition, molecular weight and thermal properties of P(3HB-co-3HHx) films with different amounts of 3HHx produced by recombinant B. sacchari.

Films composition Molecular Weight Thermal properties

(mol%) Mw (Da) Mw/Mn Tg (◦C) Tc (◦C) �Hc Tm (◦C) �Hm

P(3HB-co-19.69mol%3HHx) 232833 1.96 −3.22 NO NO NO NO
P(3HB-co-13.57mol%3HHx 302592 1.42 −1.21 65.9 19.7 171.4 19.9
P(3HB-co-10.25mol%3HHx 285562 1.49 0.71 64.3 24.0 167.9 24.2
P(3HB-co-5.85mol%3HHx 303685 1.43 2.87 53.6 39.0 166.3 41.6
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HB: 3-hydroxybutyrate (4C); 3HHx: 3-hydroxyhexanoate (6C); Mw:  weight avera
c: crystallization temperature; Tm: melting temperature; NO: not observed at exp

Fig. 5 shows the DSC second heating thermograms and cristal-
zation (Tc), melting (Tm) and glass transition (Tg) temperatures.
lass transition observed in these analysis indicates that increas-

ng 3HHx contents (0–20 mol%) decrease the Tg between 4.2 to
3,2 ◦C (Table 4). This behavior obtained without a significant

nfluence of molecular weight or molecular distribution (Mw/Mn)
s due to the inclusion of 3HHx co-monomer in polymer back-
one, which introduce side chains, decreasing the conformational
nergies and increasing the segment mobility of molecules, and
onsequently the Tg is lower in the relation to P(3HB). Similar Tg

esults were observed by other authors [22,46], which reported Tg

alues between 0 to − 4 ◦C for copolymers P(3HB-co-3HHx) with
HHx ranging from 5 to 25 mol%.

Temperatures associated to crystalline phase were also affected
y 3HHx contents. The Tc varied between 54 ◦C to 66 ◦C as much as
he 3HHx fraction (5–15 mol%) in the copolymers, however, a mild
mpact was detected in the Tm, in which the transition tempera-
ure was 10 ◦C lower to P3(HB-co-5%HHx) than to P(3HB) (Table 4).
he same behavior was reported to copolymers containing 3HHx
anging from 1.5–25 mol% [22,34,47]. These changes here observed
ere because of the 3HHx amount in the copolymers, which could
ntroduce disturbance in the crystalline lattice of P(3HB). The non-
egular change observed to the Tc and Tm could be associated to the
HHx distribution in copolymer backbones.

The �Hc associated to crystalline phase formation (Table 4) and
Hm due to melting process of the crystalline phase decreased as
0 102 72.1 177.3 73.5

olecular weights; Mw/Mn: polydispersity index; Tg : glass transition temperature;
tal conditions.

much as the 3HHx contents increased, and these measures were
lower than that observed to P(3HB). The side chains associated to
the 3HHx fractions (0–20 mol%) allowed a regular impact on the
crystalline degree of these copolymers.

P(3HB-co-3HHx) copolymers analyzed showed a similar ther-
modegradation temperature to the P(3HB) (Fig. 6). These results
were associated to the lower melting points of these copolymers,
which are around 171–166 ◦C, similarly to P(3HB) (177 ◦C). The
ideal situation would be to obtain a larger difference between
degradation and melting temperatures. For example, decreasing
the Tm, by adding 3HHx co-monomers to the P(3HB) chain, would
enhance the industrial processability of these copolymers [42,48].

Mechanical properties analysis showed that the content of 3HHx
in the copolymers tested have improved the mechanical properties,
as expected. Copolymer films were softer and more flexible. The
elongation to break presented by P(3HB-co-20%3HHx) was 945%,
which is associated to high segment mobility and low or no crys-
tallinity degree (Fig. S4, Supplementary material). Other reports
registered elongation to break of 400 and 850% to the copolymers
containing 12 or 17 mol% of 3HHx, respectively [22,49].
4. Conclusions

We successfully established the P(3HB-co-3HHx) production
controlling 3HHx fraction up to 20 mol% by the combination
of recombinant B. sacchari pBBR2phaPCJAsp construction and the
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evelopment of a two-step bioprocess. The 3HHx yield reached up
o 50% of the maximum theoretical value (0.50 gg−1), increasing
5-fold the ability to accumulate this monomer compared to the
ild type. Recombinant B. sacchari is also able to produce 3HHx,

HV and 3HHp from lauric/linoleic or valeric or heptanoic acids
espectively. Tg and Tm of copolymers analyzed varied according to
he 3HHx content, showing that the copolymers obtained here can
over specific requirements of applications.
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