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a b s t r a c t
The feasibility of producing polyhydroxyalkanoates (PHAs) by feeding a pure culture of Cupriavidus necator with a pre-treated olive mill wastewater (OMW) was demonstrated at 500 mL shaken ﬂask scale. The
OMW was previously dephenolised and then fermented to produce an efﬂuent rich in volatile fatty acids
(VFAs). The latter stream (OMWAcid ) was then employed as the carbon source for PHAs production.
Firstly, pre-grown cells were fed with different dilutions of OMWAcid , namely: 25, 50, 75 and 100%
(v/v). Signiﬁcant inhibitory effects were observed when OMWAcid concentration was 75 and 100%.
Thereafter, experiments with laboratory prepared solutions, simulating the OMWAcid , allowed to demonstrate that polyphenols signiﬁcantly contributed to the observed inhibition. Furthermore, The copolymer
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (poly(HB-co-HV)), containing 11% of hydroxyvalerate,
was accumulated up to 55% of the cells dry weight when two consecutive accumulation batch processes
were carried out with 25% of OMWAcid and without adding any exogenous carbon source.
The obtained results are promising in the perspective of continuing the production study at a bench-top
bioreactor scale and thereafter analysing the possibility of developing a biotechnological PHAs production
process as a part of an integrated OMW valorization process.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Polyhydroxyalkanoates (PHAs) are well known aliphatic
polyesters naturally produced by many microorganisms [1,2]. Different materials with new properties can be obtained by combining
different PHAs monomers, including bioplastics with similar or
even better physicochemical and mechanical properties than those
exerted by their petrochemical-based homologues polyoleﬁns. As
an example, a polymer with a lower oxygen permeability, which
can be exploited to enhance the material features of food packaging, can be obtained [3–6]. Besides, PHAs can be produced from
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renewable resources, therefore representing one of the most
promising biopolymers for replacing the petrochemical-based
plastomers, elastomers, latexes or even high-performance polymers [7].
Nevertheless, nowadays, PHAs industrial production is carried
out from expensive carbon sources, resulting in a hardly economically competitive product with respect to that of petrol-based
polymers. The production costs are mainly associated to those of
carbon source procurement and downstream process (recovery
and puriﬁcation), representing both 30% (approximately) of the
ﬁnal product cost [8]. Thus, new alternatives and strategies are
being studied in order to lower PHAs production costs. To this
aim, the application of alternative inexpensive carbon sources, usually represented by agro-industrial wastes [9], was widely studied.
Fried oil [10], efﬂuents from the palm mill [11], molasses [12],
cheese whey [13], olive mill wastewater (OMW) [14] and biodiesel
waste glycerol [13,15], among others, were tested with pure or
mixed cultures. Pure cultures (wild type or genetically modiﬁed)
allow getting higher productivities and PHAs content. Conversely,
the employment of mixed cultures has the economic advantage

G. Agustín Martinez et al. / Biochemical Engineering Journal 97 (2015) 92–100

that they do not need to work under sterile conditions, since the
microbial selection of PHAs producer strains can be carried out
under selective pressure by repeated feast and famine processes
[16].
On the other hand, most of the mentioned alternative substrates
have moderate to low carbon source concentration (around 80 g L−1
and 10–40 g L−1 , respectively), this leading to a low PHAs productivity potential [17], which hence negatively affects process costs.
Pure cells allow high cell densities and PHAs contents, which conversely contribute moderating downstream costs. Furthermore, the
employment of a single bacterial strain allows the obtainment of a
well-deﬁned single type of polymer, while a mixture of polymers
would be obtained from microbial consortia.
The present work was dedicated to evaluate the possibility of
producing PHAs by employing a pure culture and an inexpensive substrate. In particular, Cupriavidus necator (formerly Ralstonia
eutropha) was chosen as the biocatalyst since it is a well-known and
robust PHAs producer strain capable of high accumulation potential. OMW was selected as the alternative carbon source because it is
an abundant biowaste mostly produced within the Mediterranean
region. Particularly, the experimental wastewater was produced
in Italy, where about 1 Mm3 of OMWs are generated per year.
OMW is a typical efﬂuent of the olive oil industry, which applies
the conventional three phases extraction procedure. Compared to
the biowaste obtained from the two phase extraction one (mainly
generated in Spain and conventionally called “alperujo”), which
includes the solid fraction from processed olives, OMW is a much
more homogeneous and liquid efﬂuent. It is considered an environmental harmful waste because of its typical acidity (pH 3–6),
high organic content (40–200 g COD L−1 ), occurrence of polyphenolic compounds (1–20 g L−1 ), and seasonality [18]. Polyphenols
are known to exert antimicrobial activity; on the other hand, they
are natural antioxidants, which could be exploited in several industrial ﬁelds [19]. All this considered, the development of integrated
OMW valorization processes would allow combining its treatment
to the obtainment of added value products (e.g., polyphenols, PHAs
and biogas).
In this work, the experimental OMW was previously dephenolised, in order to couple the recovery of added value molecules to
a detoxiﬁcation of the efﬂuent. Then, it was digested under acidogenic condition to obtain a volatile fatty acids (VFAs)-rich stream
(OMWAcid ), which was used as the carbon source for PHAs accumulation. More in details, the main aims of the present work were:
(a) to verify the possibility of producing PHAs, by using a pregrown culture of C. necator, from OMWAcid ; (b) to determine what
type of polymer can be produced from OMWAcid ; (c) to study the
occurrence of inhibitory effects due to OMWAcid concentration and
determine the potential inhibitors by employing laboratory prepared OMW simulating solutions; and (d) to verify the possibility
of increasing PHAs content by applying consecutive accumulation
batch processes, with the perspective of developing a cell-recycling
strategy for achieving a high cell density. All experiments were
carried out in 500 mL shaken ﬂasks.
To the very best of our knowledge, this work represents the ﬁrst
attempt to produce PHAs within a pure culture of C. necator by
employing digested OMW as alternative carbon source.

2. Materials and methods
2.1. Chemicals and olive mill wastewater
The standard volatile fatty acids (VFAs) mixture (Supelco),
poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) (Poly(HBco-HV)) (12 mol% PHV; natural origin), salts (BioReagent) for the
mineral medium, single VFAs and fructose (BioReagent) were
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Table 1
OMWAcid main features.
COD (g COD L−1 )
Total VFAs (g L−1 )
Total polyphenols (g L−1 )a
pH
N-NH4 (mg L−1 )
Proteins (g L−1 )
Lipids (g L−1 )
a

31.4 ± 0.5
11.43 ± 0.6
1.20 ± 0.20
6.5 ± 0.1
60 ± 1
1.56 ± 0.12
3.24 ± 0.34

Expressed as gallic acid equivalents.

purchased from Sigma–Aldrich. The OMW was kindly supplied by
the “Sant’Agata d’Oneglia” Italian olive mill, which is located in the
Liguria northern region, and it had a COD of about 55 g L−1 , partially
due to polyphenolic compounds (about 2.55 g L−1 ). It underwent a
pre-treatment procedure, which consisted in a solid phase extraction (SPE), which was carried out by using a non-polar resin
(Amberlite XAD16, Sigma–Aldrich) as the adsorbent and ethanol
(96% grade, Sigma–Aldrich) as the desorption solvent [19]. The
SPE procedure enabled an extended removal of the polyphenolic
fraction; however, a signiﬁcant amount of total polyphenols still
occurred (Table 1). The dephenolised wastewater was processed
under anaerobic acidogenic conditions in order to obtain an efﬂuent
rich in VFAs (OMWAcid ), which was employed as the carbon source
for the biological accumulation of PHAs. The anaerobic acidogenic
digestion of the OMW was carried out in a 2.5 L packed bed bioreactor, whose conﬁguration was reported elsewhere [20]. In brief,
it was an up-ﬂow glass column, which was packed with ceramic
material and was operating under continuous mode at 35 ◦ C with a
hydraulic retention time (HRT) of 7 days. The main features of the
OMWAcid are shown in Table 1; it contained different short chain
VFAs, mainly (g L−1 ): acetic (7.22 ± 0.16), propionic (1.25 ± 0.05),
butyric (1.75 ± 0.03), valeric (0.22 ± 0.04) and caproic (0.35 ± 0.01)
acids.
2.2. Bacterial strain, inoculum and culture media
C. necator DSMZ 545 (DSMZ, Germany) was used as the PHA
producer strain. Pre-culture was started from agar plates and pregrown within 24 h in 500 mL Erlenmeyer ﬂask containing 150 mL of
Luria Bertani (LB) medium without any extra carbon source [21];
incubation conditions were 30 ◦ C and 150 rpm. The experiments
were performed according to a dual-phase strategy (as reported in
Section 2.3). Therefore, the same medium was always employed
in the ﬁrst process step dedicated to cell growth (balanced growth
phase), while different culture media were utilised in the second
process steps dedicated to PHAs production (accumulation phase),
depending on speciﬁc experimental aims. All these accumulation
media exerted a NH4 limitation, which did not allow cell growth
(essential nutrient limitation). At the same time, this limitation
triggered the biopolymer accumulation.
In particular, the growth medium consisted of a slightly modiﬁed E2 mineral medium [22] and it was employed for the cell
growth phase. It contained 1.5 instead of 1.1 g L−1 of NH4 HPO4 .
Fructose (5 g L−1 ) was added as the sole carbon source. Two types
of ammonia free-media were employed for the subsequent PHAs
accumulation phase: they included (a) the actual OMWAcid , or
(b) laboratory prepared solutions, which simulated OMWAcid by
containing target chemicals occurring in the actual acidogenic
efﬂuent (SimOMWAcid ). The former media were prepared by ﬁltering the OMWAcid with Whatman N11 (11 m) ﬁlters, adding E2
salts (except for NH4 HPO4 ) by respecting their concentration in the
E2 medium, and autoclaving the amended OMWAcid using special
Beckman ﬂasks, which allowed to perform a subsequent centrifugation (8000 RPM, 4 ◦ C and 25 min) under sterile conditions; ﬁnally,
when necessary, it was diluted with a sterilised distilled water
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solution containing the same kind and concentration of E2 salts, so
that such media contained 25, 50, 75 or 100% (v/v) of the amended
OMWAcid .
Two kinds of SimOMWAcid were employed, containing
VFAs (SimVFA OMWAcid ) or a mixture of VFAs and polyphenols
(SimPhen OMWAcid ), respectively. In agreement with the preparation of accumulation media containing OMWAcid , SimVFA OMWAcid
was prepared by combining different relative amounts of two sterilised stock solutions, namely: (a) a VFAs solution, where VFA
concentrations were the same of those occurring in the actual
OMWAcid (as reported in Section 2.1); and (b) sterile distilled
water. SimVFA OMWAcid media contained 25, 50, 75 or 100% (v/v)
of the VFA solution. Both solutions were previously amended by
adding E2 salts (except for NH4 HPO4 ), by respecting their concentration in the E2 medium. Finally, SimPhen OMWAcid media were
prepared by combining 30% (v/v) of the VFA solution described
above with a sterilised polyphenolic aqueous solution. The latter solution was prepared as follows: the alcoholic polyphenolic
solution obtained as a result of the dephenolization process was
dried under vacuum, using a rotary evaporator (25 ◦ C and 10 mbar).
Then, resulting powder was re-suspended in distilled water and,
once completely dissolved, E2 salts (except for NH4 HPO4 ) were
amended and the solution was sterilised by ﬁltration (Cellulose
acetate membrane, 0.2 m and 25 mm). Total polyphenols concentration in the polyphenolic stock was 4 g L−1 . Such a solution
was combined with the VFA solution and sterile distilled water,
so that the total polyphenols concentration in SimPhen OMWAcid
media were 10, 25, 40 or 55% of the total polyphenols concentration occurring in the actual OMWAcid (Table 1), i.e., 0.12, 0.30, 0.48
and 0.66 g L−1 , respectively.
All accumulation phases started with a pH of 7.2.

2.3. Experimental approach
Being C. necator a non-growth associated producer, the whole
PHAs production process was separated in a two-stage batch cultivation procedure. They were dedicated to favor the bacterial
growth and to induce the biopolymer accumulation, respectively.
The consecutive process steps were fed with a monosaccharide
(growth phase) and the target biowaste (accumulation phase),
respectively. Beside, PHAs may represent over 80% of the whole
CDW of C. necator strain [1,23]. This would allow potentially replacing about 80% of the costly sugar required by the conventional
PHA production process. Thus, the study was focused on the PHAs
accumulation phase.
The growth phase was carried out under balanced growth conditions, using fructose as the carbon source, and it was started
by incubating 500 mL Erlenmeyer ﬂasks containing 150 mL of the
growing culture medium. To this aim, pre-grown cells were harvested by centrifugation (6000 rpm for 5 min at 4 ◦ C) and suspended
in the media to an initial absorbance (Abs600 ) of about 0.4. The incubation conditions were the same mentioned in the former Section
2.2. After 24 h, cells were harvested by centrifugation (6000 rpm
for 5 min at 4 ◦ C). Thereafter, the grown biomass was re-suspended
in the speciﬁc experimental accumulation medium (ammonia free)
and the subsequent PHAs accumulation phase was started (second
process phase).
Four experimental sets were carried out. A ﬁrst trial was dedicated to verify the possibility of using OMWAcid as an alternative
carbon source for PHAs production by using C. necator as the biocatalyst and to determine which kind of polymer could be obtained.
The employment of different OMWAcid dilutions (up to 100% of the
accumulation phase media, as reported in the former Section 2.2),
allowed to study if the concentration of the OMWAcid matter could
affect the PHAs accumulation activity of grown cells.

A second identical experiment was launched, by replacing
OMWAcid with the SimVFA OMWAcid , so that VFAs concentrations
were the same of those tested with the different OMWAcid solutions.
This allowed determining if inhibitory effects on PHAs accumulation were due to VFAs content, by excluding the role of other
chemicals occurring in OMWacid .
Furthermore, the inhibition of PHAs production due to polyphenols naturally occurring in the OMWAcid was studied by means of
a third experiment, which was carried out with accumulation culture media containing 30% (v/v) of SimVFA OMWAcid together with
different amounts of total phenols, as indicated above (Section 2.2).
Finally, the possibility of increasing the polymer content in cells
fed with OMWAcid and SimVFA OMWAcid at 25% (v/v) was tested by
applying a second consecutive accumulation batch process. To this
aim, once the accumulation processes was concluded, cells were
harvested and resuspended in fresh accumulation media. A consecutive batch processes was then carried out.
All experiments were carried out in 500 mL Erlenmeyer ﬂasks
(150 mL of working volume) and the culture conditions were the
same as previously described (Section 2.2). Each experimental condition was tested in triplicate.
2.4. Analytical procedures
Cell concentration in the growth phase was followed by turbidimetry, according to absorbance measurements at 600 nm
(Abs600 ), by using a Cary-100 UV–vis spectrophotometer. Dilutions
were performed when needed, so that absorbing units (AU) values were always in the range 0–1. Two linear correlations were
obtained when performing the Abs600 vs. cell dry weight (CDW)
calibration curve: one for the growth phase and another for the
accumulation phase (data not shown). Therefore, absorbance measurements were also used to detect PHA production during the
accumulation phase in agreement with [24–26]. PHAs were qualitatively and quantitatively determined by GC analyses, as described
below. When accumulation media were high colored solutions, due
to the employment of OMWAcid or polyphenols, the turbidimetrically analysed sample was centrifuged and supernatant absorbance
was measured, in order to get a ﬁnal absorbance measurement
only related to suspended cells. The rest of the aqueous sample was centrifuged, and supernatant and pellet (after washing
with NaCl 0.9%) were separated and stocked for analyses. For the
accumulation phase samples, the pellet was dried and weighed
for determining the biomass concentration (expressed in cell dry
weight, g CDW L−1 ) and PHAs content (g PHAs/g CDW × 100%).
PHAs concentration and composition were determined according
to a gas-chromatographic procedure, as described below. To this
aim, the pellet samples were digested with methanol and chloroform according to the conventional method described in [27].
Aqueous samples were collected every two or three hours, but not
overnight.
Fructose was determined by HPLC-IR analysis, using a Varian
Hi-Plex H column (300 × 7.7 mm); the mobile phase was sulphuric
acid 5 mM at an elution rate of 0.6 ml/min and the operating temperature was 65 ◦ C.
VFAs and PHAs were determined by GC-FID analysis (Agilent 7890 A). For VFAs determination, a HP-INNOWAX column (ID
0.25 mm, length 30 m and ﬁlm thickness 0.25 m) was employed
according to the method described in [20]. The amount and composition of produced PHAs were determined using a CP-Sil 5CB
column (ID 0.25 mm, length 30 m and ﬁlm thickness 0.25 m) with
the temperature program described in [28]. The employed standard
was poly(HB-co-HV) (12 mol% PHV; natural origin).
Organic matter consumption during the accumulation phase
was followed by measuring the samples supernatant chemical oxygen demand (COD) with a commercial kit (AQUALYTIC Vario MR).
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Table 2
Main performances of accumulation processes fed with 25 or 50% (v/v) of OMWacid ,
which led to PHAs accumulation: PHAs content (PHAsCont ) and yield (YPHAs/VFAs );
speciﬁc HV content in the produced co-polymer (HV%); speciﬁc accumulation rate
(Accum ); acetic, propionic and butyric acids consumption rates (Ac/t, Pro/t
and But/t, respectively); total VFAs consumptions (VFAsTot ); ﬁnal pH values.
OMWAcid

25%

PHAsCont (%)
HV %(mol HV mol PHAs−1 )
YPHAs/VFAs (g PHAs g VFAs−1 )
Accum (h−1 )
Ac/t (g L−1 h−1 )
Pro/t (g L−1 h−1 )
But/t (g L−1 h−1 )
VFAsTot;22 h (g L−1 )
pHf

46
14
0.31
0.023
0.035
0.011
0.022
1.60
8.0

a
b

50%
±
±
±
±
±
±
±
±
±

4
3
0.05
0.001
0.007
0.002
0.0005
0.25
0.1

43 ± 2
8±2
0.22 ± 0.03
0.012 ± 0.003a
0.031 ± 0.005a
0.006 ± 0.001a
0.012 ± 0.001a
2.44 ± 0.27b
7.9 ± 0.2

(0.019 ± 0.003)b
(0.058 ± 0.006)b
(0.010 ± 0.002)b
(0.018 ± 0.002)b

Calculated considering the whole accumulation phase;
Calculated without considering the accumulation delay.

A theoretical COD variation was calculated by only taking into
account the VFAs consumptions. To this aim, VFAs concentrations
were expressed as COD equivalents according to stoichiometric
calculations and variation on these were calculated.
Total polyphenols contents, ﬁrst in the OMWAcid and then in the
extracted and concentrated solution (Section 2.3.3), were measured
by the conventional Folin-Chocalteu colorimetric method [29], by
using gallic acid as the analytical standard.
3. Results
Since the present work was focused on the utilization of a pretreated biowaste (OMWAcid ) as the feeding for a PHAs production
process mediated by a pure culture of a C. necator strain, data
related to the cell growth phase (when fructose represented the
carbon source) are brieﬂy presented. In all experiments, the ﬁrst
batch process lasted from 23 to 26 h with a ﬁnal cell concentration of 1.5 ± 0.2 g L−1 . Fructose consumption was 2.9 ± 0.3 g L−1 .
Thereafter, cells were harvested and re-suspended in a speciﬁc
accumulation medium.
3.1. PHAs production from OMWAcid
A linear increase of Abs600 , ascribed to PHAs production and
storage, was observed during the accumulation phase when
OMWAcid represented 25% and 50% of the ﬂasks working volume
(Fig. 1a). Determinations of the PHAs content (calculated by GC
analyses) conﬁrmed that PHA accumulation was responsible for
that evidence (Fig. 1b). The other tested conditions (75% and 100%)
did not allow any PHA accumulation: accordingly, absorbance, total
VFAs concentrations and pH remained almost constant all along the
accumulation phase (Fig. 1a,c). Main results for both accumulating
conditions are shown in Table 2. The 25% condition was stopped
after 22 h of accumulation (when CDW was 1.74 g L−1 ), even if some
acetic acid still occurred, since PHA production and storage was
already veriﬁed and propionic acid was completely consumed. This
allowed avoiding the relative decrease of the HV content. For this
condition, the main single VFAs concentration proﬁle as a function of the experimental time is shown in Fig. 1d: propionic acid
remained almost constant until butyric acid was depleted, then it
started to be consumed at a higher rate (Table 2).
Regarding the 50% condition, Abs600 , PHAs content and total
VFAs concentration remained constant for about 24 h before the
beginning of PHA accumulation. Related ﬁnal cell concentration
was 1.65 g CDW L−1 . Few propionic acid consumption and HV production were detected.
To identify whether PHAs were produced from VFAs or other
compounds occurring in the complex OMWAcid matrix, initials and

Fig. 1. Time course proﬁles of main experimental parameters during the accumulation phase when OMWAcid represented 25 (), 50 (), 75 () or 100% (×) (v:v) of
)
the accumulation medium: (A) Absorbance (Abs600 ) values related to growth (
and accumulation phases; (B) PHAs content (PHAscont ) related to accumulating con−1
ditions (%, g g ); (C) Total VFA concentrations; (D) concentration of Acetic (
), propionic (
) and butyric acids (
) when OMWAcid represented 25% of the
ﬂask working volume.

ﬁnals COD values were measured and COD depletions were compared with theoretical COD decays, which were calculated on the
basis of VFAs consumption (by expressing single VFAs concentrations in grams of equivalent COD per liter, gCOD L−1 , according to
stoichiometric calculations). The measured decreases of COD were
2.44 ± 0.50 gCOD L−1 and 3.54 ± 0.46 gCOD L−1 for 25% and 50% conditions, respectively. The calculated theoretical COD decays were:
2.25 ± 0.28 gCOD L−1 and 3.23 ± 0.35 gCOD L−1 , respectively.
3.2. PHAs production from SimVFA OMWAcid
In order to verify if VFAs could have contributed to the
previously observed inhibition of the PHA accumulation, a second experiment was carried out by replacing OMWacid with
SimVFA OMWAcid solutions (from 25 to 100%, v/v). In this way, the
same VFAs concentrations of those occurring in OMWacid accumulation media were tested. PHAs production was observed for all
tested VFAs concentrations (Table 3). Accordingly, the increase of
Abs600 and pH values, along with total VFAs consumptions, were
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Table 3
Main performances of accumulation processes fed with 25, 50, 75 or 100% (v/v) of SimVFA OMWAcid : PHAs content (PHAsCont ) and yield (YPHAs/VFAs ); speciﬁc HV content in
the produced co-polymer (HV%); speciﬁc accumulation rate (Accum ); acetic, propionic and butyric acids consumption rates (Ac/t, Pro/t and But/t, respectively);
total VFAs consumptions (VFAsTot ); ﬁnal pH values.
SimVFA OMWAcid

25%

50%

75%

100%

PHAsCont (%)
HV % (mol HV mol PHAs−1 )
YPHAs/VFAs (g PHAs g VFAs−1 )
Accum (h−1 )
Ac/t (g L−1 h−1 )
Pro/t (g L−1 h−1 )
But/t (g L−1 h−1 )
VFAsTot;21 h (g L−1 )
pHf

42 ± 3
10 ± 2
0.30 ± 0.02
0.040 ± 0.004
0.079 ± 0.006
0.014 ± 0.001
0.030 ± 0.005
2.67 ± 0.10
8.5 ± 0.1

53 ± 2
16 ± 2
0.30 ± 0.02
0.029 ± 0.003
0.034 ± 0.007
0.017 ± 0.003
0.029 ± 0.0001
1.70 ± 0.40
8.9 ± 0.1

60 ± 2
20 ± 2
0.26 ± 0.04
0.009 ± 0.0002
0.029 ± 0.001
0.009 ± 0.001
0.036 ± 0.003
1.05 ± 0.85
8.9 ± 0.2

38 ± 4
22 ± 2
0.19 ± 0.05
0.007 ± 0.001
0.007 ± 0.003
0.008 ± 0.004
0.033 ± 0.006
0.94 ± 0.60
8.8 ± 0.3

proportional to the SimVFA OMWAcid content. Furthermore, the single VFAs consumption proﬁles related to the 50% condition are
shown in Fig. 2c, representing a typical observed behavior: again,
propionic acid consumption rate increased once butyric acid was
depleted. The consumption rates of single VFAs varied with the
SimVFA OMWAcid content: in particular, that of acetic acid started to
slow down from 50% condition, the consumption rate of propionic
acid decreased from 75% condition, while that of butyric acid was
almost the same under all tested conditions.
3.3. PHAs production from SimPhen OMWAcid

Fig. 2. Time course proﬁles of main experimental parameters during the accumulation phase when SimVFA OMWAcid represented 25 (), 50 (), 75 () or 100% (×)
(v:v) of the accumulation medium: (A) Absorbance (Abs600 ) values related to growth
) and accumulation phases; (B) Total VFA concentrations; (C) concentration
(
), propionic ( ) and butyric acids (
) when SimVFA OMWAcid
of Acetic (
represented 50% of the ﬂask working volume.

detected from the time the accumulation phase started and for the
whole time course of the experiment (Fig. 2a,b). The last sampling
for the 25 and 50% conditions showed that VFAs were completely
consumed, and PHAs production was ﬁnished. In particular, no
VFAs were further available after 44 h for the 25% condition (Fig. 2b).
This induced a consumption of the stored biopolymers, which were
used as a carbon and energy source. Main results, including total
VFAs consumptions related to the ﬁrsts 21 h of the accumulation
phase (when all VFAs in the 25% condition were depleted), are
shown in Table 3. Speciﬁc accumulation rates resulted inversely

The inhibition of PHAs production due to the occurrence of
polyphenolic compounds was studied by employing accumulation media containing an amount of total VFAs equal to 30% of
that occurring in OMWacid (previously demonstrated not to represent an inhibitory concentration) and different contents of the
polyphenols mixture (SimPhen OMWAcid solutions). PHAs production was observed in all tested conditions. When polyphenols
content represented 10% and 25% of total polyphenols contained in
the actual OMWAcid (0.12 and 0.30 g L−1 , respectively), the accumulation started immediately. Related last sampling showed that VFAs
were completely consumed and PHAs did not accumulated further. Moreover, for the 10% condition even PHAs consumption was
observed. This evidence was ascribed to the previous depletion of
the carbon source, in agreement with what mentioned above for the
SimVFA OMWAcid 25% condition. Higher polyphenols content negatively affected PHAs production: accumulation started at a lower
rate for the 40% condition (0.48 g L−1 of total polyphenols), while
no accumulation was observed for the 55% condition (0.66 g L−1 of
total polyphenols) (Fig. 3a). Total VFAs concentrations and PHAs
content proﬁles were in agreement with such evidences (Fig. 3b,c).
Main results of the experiment carried out with SimPhen OMWAcid
solutions are reported in Table 4. The speciﬁc accumulation rates
related to the 40% and 55% conditions were about 58% and 19%,
respectively, of that obtained when the lower polyphenols content
was tested (10% condition).
3.4. PHAs production by the application of consecutive batch
processes
The possibility of increasing the ﬁnal PHAs content by performing two consecutive accumulation batch processes was tested
with the OMWAcid and SimVFA OMWAcid solutions, both employed
at the 25% condition. Results were also compared to those of a
repeated single accumulation batch, which was carried with the
50% OMWacid and SimVFA OMWAcid solutions conditions, since they
were fed with the same overall amount of carbon source.
PHA production and storage continued during the second accumulation batch process. In particular, a PHA content of 55 and 60%
(w/w) was obtained when OMWAcid and SimVFA OMWAcid were fed,
respectively (Table 5). Results belonging to the OMWAcid 50% con-
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Table 4
Main performances of accumulation processes fed with SimPhen OMWAcid containing 10, 25, 40 or 55% (w/w) of total polyphenols occurring in OMWacid : PHAs content
(PHAsCont ) and yield (YPHAs/VFAs ); speciﬁc accumulation rate (Accum ); acetic, propionic and butyric acids consumption rates (Ac/t, Pro/t and But/t, respectively);
total VFA consumptions (VFAsTot ); initial (i) and ﬁnal (f) cell concentrations (X); ﬁnal pH values.
Total polyphenol content

10%

25%

40%

55%

PHAsCont (%)
YPHAs/VFAs (g PHAs g VFAs−1 )
Accum (h−1 )
Ac/t (g L−1 h−1 )
Pro/t (g L−1 h−1 )
But/t (g L−1 h−1 )
VFAsTot (g L−1 )
Xi (gCDW L−1 )
Xf (gCDW L−1 )
pHf

49 ± 2
0.28 ± 0.01
0.032 ± 0.0012
0.068 ± 0.006
0.016 ± 0.0004
0.031 ± 0.001
3.56 ± 0.08
1.7 ± 0.3
2.5 ± 0.2
8.6 ± 0.1

48 ± 2
0.26 ± 0.01
0.032 ± 0.002
0.065 ± 0.004
0.016 ± 0.0001
0.033 ± 0.0002
3.74 ± 0.03
1.7 ± 0.3
2.5 ± 0.2
8.6 ± 0.1

43 ± 2
0.23 ± 0.02
0.018 ± 0.003
0.049 ± 0.007
0.008 ± 0.0002
0.019 ± 0.0005
3.49 ± 0.10
1.7 ± 0.3
2.3 ± 0.2
8.2 ± 0.1

22 ± 2
0.10 ± 0.02
0.006 ± 0.002
0.015 ± 0.0023
0.003 ± 0.0004
0.009 ± 0.0015
1.20 ± 0.28
1.7 ± 0.3
1.7 ± 0.2
7.7 ± 0.1

ditions strictly conﬁrmed those reported in Table 2. As for the
SimOMWAcid 50%, new cultures were launched also in order to
get the maximum PHAs content, which was not detected in the
experiment described within Section 3.2 because of the sampling
frequency. Time course proﬁles of main process parameters related
to this experiment and to the above mentioned 50% conditions are
reported in Fig. 4.
4. Discussion
Low cost carbon sources and high polymer contents are required
in order to achieve an economically feasible biotechnological PHAs
production process. In this work, a pure culture of C. necator, which
is a PHAs producer with a rapid growth and a high accumulation
potential (over 80% of PHAs content on CDW bases [1,23]), was fed
with a pre-treated OMW in order to verify its capability of producing PHAs from such a biowaste. As a matter of fact, C. necator was
found to grow and produce the biopolymer from diverse carbon
sources [10,30–34]. C. necator is a non-growth associated PHAs producer. In fact, it accumulates the biopolymer by converting feasible
PHAs precursors, such as VFAs, in the absence of other nutrients
required for growth. Thus, the production process can be carried
out according to a two sequential steps approach (dual-phase process), respectively dedicated to obtain a high cell concentration and
to induce the grown biomass to produce and store PHAs [35]. The
former process phase needs optimal cultivation conditions, including the employment of a simple sugar (such as fructose) as a readily
bioavailable carbon source. VFAs do not represent a feasible carbon
source for the bacterial growth, which is rather low especially when

VFAs are odd-numbered, such as propionic and valeric acids are.
Conversely, the latter PHAs accumulation phase, which requires
nutrient limiting conditions, can be fed with different organic PHAs
precursors. This evidence is of a high interest in the perspective
of signiﬁcantly lowering the employment of costly substrates by
using an alternative carbon source for the accumulation phase. In
fact, PHAs can represent the large majority of C. necator cell dry
weight (CDW) and so the amount of sugar potentially substituted.
Grown cells already contained low PHAs amounts (up to 15%
w/w on CDW bases). This evidence is in agreement with previous
observations [36] and did not prejudiced the proposed study, since
signiﬁcant PHAs productions from OMWAcid were detected during
the accumulation phase.
Accumulation of PHAs was not detected when OMWAcid represented 75 and 100% (v/v) of the accumulation phase media. It
started immediately in the presence of the lowest OMWAcid content
condition (25%), while an accumulation lag phase (about 24 h) was
observed with 50% of OMWAcid . Taken together, those evidences
demonstrated an inhibitory effect due to the complex matrix of the
employed substrate. Among others, two groups of chemicals could
have exerted inhibitory effects, namely: polyphenols, which can
modify the membrane ﬂuidity [37,38], and VFAs, since they can
interfere with the proton gradient mechanism [39]. Importantly,
the experiment carried out with VFA solutions allowed to exclude
VFAs as the main responsible of the former observed phenomenon:
indeed, PHAs accumulation was observed under all conditions,
including when SimVFA OMWAcid represented 75% and 100% of the
accumulation medium, while corresponding OMWAcid amounts
did not allowed signiﬁcant PHA productions. Lower performances

Table 5
Main performances of accumulation processes fed with: (a) 25% of OMWacid and SimVFA OMWAcid when two sequential steps were applied, and (b) 50% of SimVFA OMWAcid
(repeated experiment) when a single batch process was applied: PHAs content (PHAsCont ) and yield (YPHAs/VFAs ); speciﬁc accumulation rate (Accum ); acetic, propionic and
butyric acids consumption rates (Ac/t, Pro/t and But/t, respectively); total VFAs consumptions (VFAsTot ); initial (i) and ﬁnal (f) cell concentrations (X); ﬁnal pH
values.
Two sequential processes

PHAsCont (%)
HV % (mol HV mol PHAs−1 )
YPHAs/VFAs (g PHAs g VFAs−1 )
Accum (h−1 )
Ac/t
(g L−1 h−1 )
Pro/t
(g L−1 h−1 )
But/t
(g L−1 h−1 )
VFAsTot (g L−1 )
Xi (gCDW L−1 )
Xf (gCDW L−1 )
a

Related to the 2nd accumulation batch.

OMWAcid 25%
55 ± 4
11 ± 2
0.25 ± 0.04
0.022 ± 0.001
(0.008 ±0.001)a
0.035 ± 0.007
(0.036 ± 0.0002)a
0.014 ± 0.002
(0.006 ± 0.0003)a
0.022 ± 0.0005
(0.014 ± 0.001)a
2.98 ± 0.59
1.3 ± 0.2
2.0 ± 0.2

Single process

SimVFA OMWAcid 25%
60 ± 2
18 ± 1
0.26 ± 0.02
0.022 ± 0.001
(0.011 ± 0.001)a
0.064 ± 0.003
(0.034 ± 0.0002)a
0.022 ± 0.0001
(0.009 ± 0.0002)a
0.028 ± 0.0002
(0.015 ± 0.0005)a
3.92 ± 0.27
1.3 ± 0.2
2.2 ± 0.1

SimVFA OMWAcid 50%
59 ± 4
20 ± 4
0.30 ± 0.05
0.019 ± 0.001
0.047 ± 0.007
0.016 ± 0.002
0.013 ± 0.002
3.34 ± 0.50
1.3 ± 0.2
2.2 ± 0.2
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Fig. 3. Time course proﬁles of main experimental parameters during the accumulation phase when SimPhen OMWAcid represented 10% (), 25% (), 40% () and 55%
(×) (v:v) of the accumulation medium: (A) Absorbance (Abs600 ) values related to
) and accumulation phases; (B) Total VFA concentrations; (C) PHAs
growth (
content (PHAscont ) related to accumulating conditions (%, g g−1 ).

in terms of speciﬁc accumulation rates and yields obtained
under those latter conditions (Accum and YPHAs/VFAs , Table 3) are
coherent with previous studies, reporting VFAs inhibitory effects
when their concentration values were between those of 50 and 75%
conditions [40,41]. Furthermore, consumption rates of single VFAs
and speciﬁc accumulation rates related to SimVFA OMWAcid content
(Table 3) demonstrated that acetic acid exerted a higher toxicity,
followed by propionic acid, while butyric acid seemed not to induce
toxic effects. Higher HV contents were observed for the 75% and
the 100% conditions. This evidence was assigned to the fact that
the consumption ratio of propionic to acetic acid increased while
increasing the SimVFA OMWAcid content. In fact, the consumption
rate of the acetic acid decreased up to 11.3 times if comparing the
25% and 100% conditions, while that of the propionic acid was only
1.5 times slower.
Concentration of polyphenols occurring in the accumulation
medium containing 25% of OMWAcid (i.e., about 0.3 g L−1 of total
polyphenolic compounds) was comparable to the upper concentration limit, over which such chemicals were expected to exert toxic
effects to the employed C. necator strain [38,42]: thus, polyphenols probably contributed to the mentioned PHA accumulation
delay (50% condition) or absence (75 and 100% condition). This
hypothesis was conﬁrmed by a dedicated experiment (Section

Fig. 4. Time course proﬁles of main experimental parameters during the accumulation phase when OMWacid () and SimVFA OMWAcid () represented 50% (v:v) of
the accumulation media; and when the same solutions represented 25% (v:v) of the
accumulation media and two sequential accumulation batch processes were applied
)
( and × respectively): (A) Absorbance (Abs600 ) values related to growth (
and accumulation phases; (B) Total VFA concentrations; (C) PHAs content (PHAscont )
−1
related to accumulating conditions (%, g g ).

3.3) conﬁrmed the role of polyphenols in the PHA accumulation
inhibition.
The application of two consecutive accumulation batch processes with accumulation media containing 25% of OMWacid and
SimVFA OMWAcid allowed signiﬁcantly increasing the PHA content,
which was obtained as the result of a single accumulation run.
Notably, a comparison with the single batch tests fed with the same
overall amount of substrate (50% condition) demonstrated that the
sequential batch process strategy can lead to the same ﬁnal PHA
content (Fig. 4c). Such a result was more remarkable when the
actual biowaste (OMWacid ) was used. In that case, the PHAs content shifted from 43 to 55% (Tables 2 and 5, respectively). This
evidence was in agreement with the substrate inhibition, which
was observed when OMWAcid solutions represented the accumulation media. Furthermore, such PHAs content value was closed to
that obtained by using the SimVFA OMWAcid solution (60%, Table 5)
and slightly higher than what obtained with the same laboratory prepared medium by the application of a single accumulation
batch process fed with the same overall amount of substrate (53%,
Table 3). All this considered, and since VFAs concentration in the
OMWAcid would not allow performing a fed-batch culture system
without decreasing the cell concentration. Those evidences are of
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interest in the perspective of developing cell recycling processes
in which feeding grown-cells until the obtainment of satisfactory
PHAs accumulation yield, by avoiding at the same time inhibitory
effects due to substrate concentration.
The polymer production yield (grams of PHAs produced per
grams of depleted VFAs), related to the 25% OMWAcid condition (single batch process) was lower than values previously
published when pure acids were tested as the carbon source
[43,44] (YPHB/Acetic = 0.47 g g−1 and YPHB/Butyric = 0.65 g g−1 , respectively). However, it was comparable to that obtained when a
fermented OMW and a mixed microbial culture were employed
[45]. Moreover, it was higher than yields reported when palm oil
mill efﬂuent and a pure culture of Rhodobacter sphaeroides (0.22 g
PHAs g VFAs−1 ) [11] or fermented organic waste and a pure culture of R. eutropha TF93 (0.16 g PHAs g VFAs−1 ) were used [46].
The production of a copolymer, which contained 11–14% (on molar
bases) of HV, was very interesting in terms of biopolymer postproduction processability. As a matter of fact, pure PHB has limited
applicability, since its melting and degradation temperatures are
closed each other [6]. The HV yield (YHV/Prop , expressed as g of HV
per g of consumed propionic acid) was similar to that obtained by
using a laboratory prepared solution containing acetic, propionic
and butyric acids so that relative concentrations were 60, 20 and
20% (on molar bases), respectively: thus, in that case, the expected
HV relative content (20%) was not achieved [36]. This was assigned
to the facts that (a) cells already contained a low amount of PHB
at the end of the growth phase, and (b) part of the propionic acid
could be used for HB formation. In this respect, HV content was
lower than that reported in [46] (30% on molar bases) but higher
than that reported in [47] when fermented OMWs represented the
substrate for PHA storage, which is the case of the present work.
The HV content could be increased even more by inducing the
anaerobic acidogenic digestion of the target biowaste to produce
more VFAs with an odd number of carbons [48,49]. As recently
referred, PHAs productions from OMWs and pure cultures of Azotobacter sp. were previously reported [50], even if an efﬂuent with
a very low VFAs content was employed (30 mg L−1 of total VFAs)
[47]. However, such bacteria were unable to produce the copolymer poly(hydroxybutyrate-co-hydroxyvalerate) (Poly(HB-co-HV))
without the addition of valeric acid as an exogenous carbon source.
The proﬁle of VFAs consumption was comparable to that
reported elsewhere [32], when VFAs were used for cell growth and
PHAs production: butyric acid was ﬁrstly consumed, followed by
propionic acid and acetic acid, respectively.
Finally, the comparison between the measured and theoretical
COD removals related to both accumulation conditions in the presence of OMWAcid (25 and 50% conditions) demonstrated that PHAs
were mainly produced from VFAs, since the differences between
such parameters are lower than the standard deviation errors.

5. Conclusions
A dual-phase PHA production process was set up and carried
out with a pure culture of C. necator as the biocatalyst. Grown cells
were fed with an acid efﬂuent, which was obtained by anaerobically
digesting a pre-treated olive mill wastewater under acidogenic conditions (OMWAcid ). An accumulation of PHAs, which corresponded
to 46% (w/w) of the overall cell dry weight, was obtained when
OMWAcid represented ¼ of the accumulation phase medium. Even
55% PHAs content (with an 11% of HV) was achieved when two
sequential batch processes were applied. Polyphenols contributed
to inhibit the PHA accumulation process, while a good strain tolerance toward VFA concentration was demonstrated. Furthermore,
the production of the copolymer poly(3-hydroxybutyrate-co-3-
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hydroxyvalerate) with a signiﬁcant relative amount of HV (11–14%)
was observed without adding any extra carbon source.
All this considered, the obtained results are promising in the
perspective of extending to the bench-top bioreactor scale the
development of a PHAs production process based on the mentioned
pure strain and feedstock.
To the very best of our knowledge, the present investigation
represents the ﬁrst attempt to employ OMWs as the carbon source
for the production of PHAs by using a pure culture of C. necator.
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