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a b s t r a c t
The present study explores the feasibility of the accumulation of polyhydroxyalkanoates (PHAs) under the
presence of transient concentrations of added sodium chloride, by means of a mixed microbial culture
(MMC). This culture was enriched on a mixture of volatile fatty acids (VFAs) containing 0.8 g Na+ /L as
NaOH. This MMC presented a maximum PHA accumulation capacity of 53 wt% with 27 Cmol% HV.
Accumulation experiments performed with added NaCl at concentrations of 7, 13 and 20 g/L shown that
this salt provoked a decrease of the biomass PHA production rate, with an IC50 value close to 7 g NaCl/L.
The accumulated PHA was lower than the corresponding value of the assay without the addition of
salt. Furthermore, the composition of the biopolymer, in terms of HB:HV ratio, changed from 2.71 to
6.37 Cmol/Cmol, which means a HV decrease between 27 and 14 Cmol%. Summarizing, the PHA accumulation by a MMC non-adapted to saline conditions affected the polymer composition and lead to lower
production yields and rates than in absence of added NaCl.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
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Organic matter recovery from wastewater intends to comply with new regulations from the European Union (Directive
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2008/98/EC) which aim at considering wastes as resources to obtain
value added products, such as polyhydroxyalkanoates (PHAs).
PHAs are polymers of biological origin, well-known due to their
utility for several applications such as raw materials for the production of packaging, medical or building materials. Their advantages
rely on being easily biodegradable and the fact that they can be
produced from renewable sources [1] or even applied as biofuels
[2].
Up to date, most of the research works on PHA have been performed with pure cultures or genetically modiﬁed organisms and
using valuable industrial by-products as substrate. However, at the
moment, the interest is moving to the application of microbial
mixed cultures (MMCs), using waste streams as substrate characterized by their large organic matter content. In this latter case,
PHA can be produced by MMCs selected by the exploitation of the
ecological role of PHA as a microbial storage material [3], when
dynamic operational conditions are applied to the system. A selective pressure is imposed, favouring the selection and growth of
different microbial cultures able to have clusters of internal carbon
as reservoirs [4]. The enhanced capacity of the microbial communities to store PHA under these transitory conditions was conﬁrmed
by several authors using as carbon source synthetic substrates or
different types of wastewater [5–11].
When waste streams are used as substrate for PHA production,
certain aspects have to be taken into consideration like the presence
of salts, the possible existence of inhibitory compounds, seasonal
composition variability, etc. Wastewater streams produced in different food industries are suitable as organic matter source for
PHA production [12], although in some cases they may contain signiﬁcant amounts of NaCl or even transient concentrations of this
salt [13]. This is the case of the ﬁsh-canning wastewaters, which
are characterized by a suitable composition for PHA production in
terms of organic matter content. This type of wastewater does not
have variations just in terms of organic matter content but also
with respect to the NaCl concentration, due to the seasonality of
the product, the location of the plant, the type of seafood processed
and/or the processing procedure. For example, on a seaside factory,
the octopus boiling wastewater contains 1.33 g NaCl/g COD while
the mussel boiling wastewater has 2.24 g NaCl/g COD, and the ﬁsh
ﬂour line wastewater has 0.23 g NaCl/g COD [14]. All these products can be processed in the same plant at different moments of
the year.
The transitory presence of sodium chloride affects the activity
of many different microbial communities in biological wastewater treatment systems [15,16]. In this sense, the evaluation of the
effects of large concentrations of salts has already been the aim of
several research works performed using pure cultures. In the speciﬁc case of sodium chloride effects, contradictory results have been
reported. For example, a progressive reduction of the accumulated
PHB, from glycerol as carbon source, by Paracoccus denitriﬁcans and
Cupriavidus necator (strain JMP 134) was observed at concentrations above 5 g NaCl/L, reaching an inhibition percentage of 80% at
20 g NaCl/L [17]. On the other hand, Passanha et al. identiﬁed a positive effect of the addition of sodium chloride on the PHA storage of
C. necator when using acetic acid as substrate. They found that the
maximum PHA content was achieved at 9 g NaCl/L while biomass
was inhibited at above 15 g NaCl/L. This seems to indicate that the
sensitivity to NaCl depends on the type of microorganism involved
or on the carbon source used as substrate [18]. Regarding the effect
of sodium ion on PHA accumulating organisms, Mozumder et al.
observed a detrimental effect over the PHA production of C. necator.
PHB production was totally stopped at 10.5 g Na+ /L and no biomass
growth was observed at 8.9 g Na+ /L [19]. Available information
shows inconclusive results for the consequences of the presence of
NaCl on pure cultures while, to the best knowledge of the authors,
these effects have not yet been evaluated on mixed cultures.
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Table 1
Composition of the synthetic media used as feeding for the enrichment reactor. An
amount of 3.0 mL/L of traces solution was added to the feeding media comprising
Medium A and B (1:1 v/v).
Medium A
VFA
a

HAc
HPra
HBua
n-HVaa
i-HVaa
NaOH

a
b

Medium B

Traces solution

(g/L)

Nutrients

(g/L)

Micronutrientsb

(g/L)

3.05
1.21
0.30
0.40
0.10
1.30

NH4 Cl
KH2 PO4
MgSO4 ·7H2 O
KCl
Allylthiourea

1.320
0.698
0.274
0.106
0.200

EDTA Titriplex III
ZnSO4 ·7H2 O
CaCl2 ·H2 O
MnCl2 ·4H2 O
FeSO4 ·7H2 O
CoCl2 ·6H2 O
CuSO4 ·5H2 O
(NH4 )6 Mo7 O24 ·4H2 O

63.69
22.00
7.34
5.06
4.99
1.61
1.57
1.10

HAc—acetic acid; HPr—propionic acid; HBu—butyric acid; HVa—valeric acid.
According to Vishniac and Santer [20].

For these reasons the main objective of the present study was
to research the inﬂuence of transient concentrations of sodium
chloride, up to 20 g NaCl/L, over the PHA accumulation capacity
of a mixed culture. This enriched MMC was previously fed with
a mixture of volatile fatty acids (VFAs) containing NaOH for their
neutralization, which means a basal concentration of sodium of
0.8 g Na+ /L. Estimated kinetic and stoichiometric parameters from
obtained PHA-accumulation experiments were used for the evaluation of the culture response.
2. Materials and methods
2.1. Experimental set-up and operational conditions
Two bench-scale reactors were used. The ﬁrst one was used for
the selection of the MMC (Enrichment reactor) and the second one
for the maximization of biopolymer inside the cells (Accumulation
Reactor).
2.1.1. Enrichment reactor
A sequencing batch reactor (SBR) was used to select a MMC
able to store large amounts of PHA inside the cells. The reactor
was inoculated with 1.8 L of activated sludge at a concentration of
1.2 g VSS/L.
This SBR had a volume occupied by the liquid media of 1.8 L
and was operated under non-sterile conditions. Dissolved oxygen
(DO) was supplied by air ﬂow injection through a diffuser system.
The temperature was controlled at 30 ◦ C by using a thermostatic
bath (Techne Inc., USA). The dissolved oxygen concentration ranged
between 0.4 (minimum at the feast phase) and 7.6 mg O2 /L. The
pH value was not controlled but measured on-line and it was of
8.6 ± 0.3 at the end of the famine phase.
The reactor was operated in cycles of 12 h at a hydraulic retention time (HRT) of 24 h. As aeration was never stopped, the HRT was
identical to the sludge retention time (SRT). Each cycle comprised
the addition of 0.9 L of feeding (15 min); the aerobic reaction phase
(675 min); ﬁnally, 0.9 L were removed from the reactor (15 min) followed by an idle phase (15 min). During the aerobic reaction phase,
an aerobic dynamic feeding (ADF) was imposed in order to establish
a feast-famine regime characterised by the presence and absence of
carbon source in the bulk liquid. The DO concentration was monitored so as to follow the feast-famine sequence and to avoid oxygen
limitation.
The feeding media was prepared as a mixture of three
synthetic solutions comprising a mixture of VFAs containing
53.7/26.0/7.2/10.5/2.6 Cmol% as HAc/HPr/HBu/n-HVa/i-HVa (0.5 L
of Medium A), nutrients (0.5 L of Medium B) and 1.5 mL/L of trace
solution [20] (Table 1). The VFA solution was supplemented with
NaOH (1.3 ± 0.1 g NaOH/L) to maintain the pH value of the feeding
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over 6.5. An amount of 0.2 g/L of commercial allylthiourea (ATU)
was added to Medium B to ﬁx a concentration inside the reactor of
0.1 g/L which was required to inhibit the nitriﬁcation activity and
the consequent ammonia oxidation.
2.1.2. Accumulation reactor
A fed-batch reactor of 1.8 L was used to maximize the PHA accumulation inside the bacterial cells. The temperature was controlled
at 30 ◦ C by using a thermostatic bath (Techne Inc., USA). DO was
supplied by air ﬂow injection through a diffuser system and its
concentration ranged between 0.3 and 7.6 mg O2 /L. The pH value
was not controlled but measured on-line and it varied in a range
from 9 to 6. This reactor was inoculated with the biomass collected
from the previous enrichment reactor.
Assays were performed using as feeding the same carbon source
composition (Medium A—Table 1) without the addition of NaOH
and at different concentrations of added sodium chloride, which
remained constant throughout each experiment. The tested concentrations were of 0, 7, 13 and 20 g NaCl/L. The experiment
performed without the addition of NaCL was considered the reference one because it corresponded to the enrichment conditions
of the biomass.
Feeding was added in pulses of 26.6 Cmmol every time the DO
concentration experienced a sharp increase. The reactor was operated under excess of organic matter in order to avoid limitations
for biopolymer storage inside the cells.
2.2. Respirometric assays
Respirometric batch assays were performed in a biological
oxygen monitoring device model BOM5300 (YSI Inc., USA). The
maximum organic matter oxidizing activities were determined for
the enriched MMC.
Experiments were performed at 30 ◦ C in hermetically closed
vials of 10 mL with concentrations about 1 g VSS/L. The liquid media
inside the vessels was bubbled with air for 15 min to achieve oxygen
saturation conditions (7.6 mg O2 /L at 30 ◦ C).
The experiment began when the aeration was removed and the
vials were tightly closed with the oxygen probes connected to a data
acquisition system. Initially, the decrease of the DO concentration
was registered for two minutes to observe the endogenous respiration of the biomass. After this period, the substrate was injected
(100 L) to the vials and the oxygen consumption due to complete
biomass activity was determined [21]. The effects of four different concentrations of sodium chloride (5, 9, 13 and 18 g NaCl/L)
over the organic matter oxidizing maximum speciﬁc activity (MSA)
of the MMC were evaluated. The percentages of inhibition were
calculated according to Eq. (1):
Inhibition (%) =



1−

SA
MSA



× 100

(1)

where SA is the speciﬁc heterotrophic oxidation activity for each
salt concentration tested and MSA is the maximum speciﬁc activity
corresponding to the experiment without the addition of sodium
chloride.
The IC50 value was estimated as the concentration of sodium
which provoked an inhibition of 50% of the MSA of the biomass.
2.3. Analytical methods
Volatile Suspended Solids (VSS) and Total Suspended Solids
(TSS) concentrations were analysed, in bulk liquid samples, according to the Standard Methods [22]. Both reactors were provided with
a pH-meter equipped with a glass electrode (Crison, Germany) to
measure the pH values. The DO concentration was measured with

an oxygen pocket meter provided with a membrane sensor (HachLange, USA).
Samples were taken from the bulk liquid of the reactors and
ﬁltered using a cellulose—ester ﬁlter (Advantec, Japan). The concentrations of ammonium (NH4 + ), sodium (Na+ ) and chloride (Cl− )
were analysed by ion chromatography (Metrohm, Switzerland).
VFA concentrations were determined by gas chromatography (GC)
(Hewlett Packard, USA).
Samples for PHA analysis were centrifuged, frozen and
freeze-dried. The PHA composition was analysed according to a
chromatographic method for the quantiﬁcation of the monomer
propylesters present in the lyophilized sample [23]. A commercial
PHA standard was used (Sigma, USA) containing 88% HB and 12%
HV. Samples were placed into borosilicate glass tubes together with
1.5 mL of dichloroethane, 1.5 mL of a solution of propanol (with
25% v/v commercial hydrochloric acid) and 50 L of a solution of
benzoic acid (1 mg of benzoic acid in 100 mL of propanol) as internal standard. The tubes were heated for 4 h at 100 ◦ C and then
cooled at room temperature. A volume of 3 mL of water was added
to each sample and shaken afterwards. Two phases were formed:
one aqueous and another organic. The organic phase contained the
propylesters that were analysed by means of GC (Agilent, USA).
2.4. Cycle measurements and maximum capacity
The performance of the enrichment reactor was monitored by
cycle assays. Liquid and biomass samples were taken at different
times to monitor the evolution of VFAs, VSS, ammonium and PHA
concentrations. The feast phase was considered ﬁnished when the
organic substrate was totally depleted.
The accumulation assays were done using the same substrate
as described in Table 1, which was added in pulses of 26.6 Cmmol
every time the dissolved oxygen concentration rose up signiﬁcantly, coinciding with the complete depletion of the substrate
in the previous pulse. Experiments at different added NaCl concentrations of 0, 7, 13 and 20 g NaCl/L were performed. These
concentrations were maintained constant throughout each experiment.
Data collected from all these experiments was used to calculate
the mass balances and kinetic parameters described below.
2.5. Mass balances and kinetic parameters estimation
The amount of PHA accumulated inside the cells was determined
in all collected samples, on mass basis, in dry weight as a percentage
(wt%) of the measured VSS (g VSS). It was calculated as indicated in
Eq. (2):
%PHA =

PHA
× 100
VSS

(2)

The VFA consumption rates were calculated from the maximum
slopes of the experimental curves obtained from each cycle measurement assay describing the intake of VFAs throughout time
[Cmol VFA/h]. These obtained values were divided by the average active biomass (X) concentration in the experiment in order
to obtain the speciﬁc consumption rates [Cmol VFA/(Cmol X h)]. A
similar procedure was applied, using the data of accumulated PHAs,
in order to calculate the HB and HV speciﬁc production rates [Cmol
PHA/(Cmol X h)].
Yields for HB and HV [Cmol PHA/Cmol VFA] were obtained by
dividing the polymer production rate [Cmol PHA/h] by the VFA
consumption rate [Cmol VFA/h] obtained from the corresponding
experimental data. The same procedure was employed to calculate
the produced CO2 [Cmol CO2 /Cmol VFA] and the biomass growth
[Cmol X/Cmol VFA].
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Table 2
Effect of the NaCl concentration over the organic matter oxidizing speciﬁc activity
(SA) of the PHA-producing community.

Fig. 1. Evolution of the feast phase length throughout the enrichment reactor operational period.

Fig. 2. Evolution of the parameters measured throughout the enrichment cycle of
day 66. VFA (Cmmol/L) (), NH4 + -N (Nmmol/L) (), DO (mg O2 /L) (−), VSS (g VSS/L)
(䊏) and percentage of the stored compounds (wt%) as HB (䊉) and HV ().

3. Results and discussion
3.1. Enrichment of the microbial mixed community
The SBR for the enrichment of the mixed culture was operated
during 171 days. Steady state conditions were obtained in the reactor after 18 days from starting up. The average value of the length of
the feast phase was of 111.09 ± 27.9 min, corresponding to around
15.4% of the total cycle length (Fig. 1). Previous studies showed that
feast/famine ratios shorter than 20% of the cycle length are required
for the selection of a MMC with high PHA-accumulating capacity
[24,25].
Ammonia was consumed during enrichment only for biomass
growth, as ATU was added to the feeding in order to avoid nitriﬁcation. Once stationary operational conditions were reached,
the quantity of biomass produced per cycle corresponded to the
amount of solids removed with the efﬂuent. This quantity was
about 36 Cmmol of biomass per cycle. A rough calculation conﬁrmed that the consumed nitrogen (130 mg NH4 + -N per cycle)
ﬁtted approximately the amount of solids produced (assuming that
the biomass composition ﬁts the stoichiometry of C5 H7 NO2 ), estimated as 46.4 Cmmol biomass per cycle. Differences of both data
can be attributed to the biomass which attached to the reactor
walls and was not measured in the collected efﬂuent samples.
This biomass ﬁlm appeared although the reactor was cleaned frequently.
The monitoring of an enrichment cycle was performed (Fig. 2)
and the experimental stoichiometric and kinetic values were calculated. The obtained yields for the CO2 and the biomass production

NaCl (g/L)

Inhibition (%)

SA (g O2 /g VSS d)

0
5
9
13
18

0
50.5
58.7
85.5
78.5

12.48
6.17
5.14
1.81
2.68

were of 0.377 Cmol CO2 /Cmol VFA and 0.288 Cmol X/Cmol VFA
while the yields for the PHA production were of 0.172 Cmol
HB/Cmol VFA and 0.142 Cmol HV/Cmol VFA. The carbon balance showed a recovery of 97.9%. The obtained values for the
measured parameters are within the range of those attained by
other authors working with systems fed with synthetic and/or
fermented substrates containing mixtures of VFAs [10]. Albuquerque et al. obtained PHA production rates of 0.05–0.11 Cmol
PHA/(Cmol X h) for fermented molasses (60.5/10.5/25.0/4.0 Cmol%
of HAc/HPr/HBu/HVa) when substrate concentrations were added
in pulses between 30 and 60 Cmmol VFA/L. Duque et al. (2014) estimated values for PHA production rates of 0.15, 0.25 and 0.27 Cmol
PHA/(Cmol X h) using a synthetic mixture of VFAs (56/5/36/2 Cmol%
of HAc/HPr/HBu/HVa), fermented molasses (39/33/12/15 Cmol% of
HAc/HPr/HBu/HVa with 2 Cmol% of ethanol) or fermented cheese
whey (63/6/20/4 Cmol% of HAc/HPr/HBu/HVa with 1 Cmol% of
lactic acid and 7 Cmol% of ethanol) as carbon source, respectively. In the present work, the obtained consumption rate was
of 0.904 Cmol VFA/(Cmol X h) and the production rate was of 0.16
and 0.13 Cmol/(Cmol X h) for HB and HV, respectively. The global
PHA production rate of 0.29 Cmol/(Cmol X h) was higher than the
value obtained by Duque et al. (2014) of 0.15 Cmol PHA/(Cmol X h)
using a synthetic mixture of VFAs and similar to those of 0.25 and
0.27 Cmol PHA/(Cmol X h) corresponding to fermented molasses or
fermented cheese whey, respectively.
All these values are quite variable because they depend on different factors. For example, pH inﬂuences the consumption rate of
organic matter, which was found to be 20% lower at pH 9.5 than
at pH 7.5 [26]. Also the C/N ratio was found to be determining
and values between 6 and 13 Cmol/Nmol lead to high substrate
uptake rates [9]. The substrate concentration also affects the stoichiometric and kinetic parameters of the enrichment as stated by
Albuquerque et al. [10]. These authors found that the consumption
of carbon source was of 0.11 Cmol PHA/(Cmol X h) at a substrate
concentration of 45 Cmmol/L and this value doubled the substrate
uptake rate at a concentration of 30 Cmmol/L.
3.2. NaCl inﬂuence over PHA-accumulating mixed microbial
community
A set of experiments were carried out to study the effects of
the presence of added sodium chloride over the biomass activity,
the PHA-accumulation and the composition of the stored biopolymer. Two types of assays were performed so as to evaluate the
effect of NaCl concentration: (1) respirometric batch experiments
in order to determine the effect over the oxidizing activity and (2)
accumulation cycle measurements to study the inﬂuence over the
PHA-composition and the storage capacity of the MMC.
3.2.1. NaCl effects over the oxidizing maximum speciﬁc activity
The maximum speciﬁc oxidizing activity (MSA) of the biomass
was estimated from the respirometric batch experiments using a
control media without the addition of sodium chloride (0 g NaCl/L).
The maximum obtained value was of 12.5 g O2 /(g VSS d) (Table 2).

336

T. Palmeiro-Sánchez et al. / Journal of Hazardous Materials 306 (2016) 332–339

Fig. 3. Evolution of measured compounds in the accumulation assays performed at different sodium concentrations: 0, 7, 13 and 20 g NaCl/L. NH4 + -N (Nmmol/L) (); VSS
(g/L) (䊏) and percentage of the stored compounds (wt%) as HB (䊉) and HV ().

The inhibitory percentages estimated from experiments performed at concentrations of 5, 9, 13 and 18 g NaCl/L revealed a
great inﬂuence of the presence of NaCl over the MSA of the biomass
(Table 2). Even small concentrations of sodium chloride provoked
a negative effect over the non-adapted biomass. The IC50 value corresponded to a concentration of approximately 5 g NaCl/L. Higher
sodium chloride concentrations caused a more severe effect over
the respiration activity which continued diminishing with the
increase of the NaCl concentration. A value of 78.5% was obtained
for the highest tested concentration of 18 g NaCl/L and 85.5% at
13 g NaCl/L. These results indicated that the activity was almost
negligible at values higher than 13 g NaCl/L. The slight difference
between the two highest inhibition values can be attributed to
errors in the measurements. These results are in accordance with
those obtained by other authors who performed experiments evaluating the oxygen uptake rate (OUR) of activated sludge under the
presence of NaCl. They detected the inhibition of the respiration
activity by the presence of sodium chloride in the liquid media and
determined aIC50 value of about 22 g NaCl/L [27]. In the present
case this value is much lower presumably due to the fact that the
biomass is not used to perform the respiration activity as the main
process but the PHA accumulation one and this makes it more sensitive to this salt. For this reason to evaluate the effect of this salt
on the PHA accumulation process is required.
3.2.2. NaCl effects over PHA accumulation
The effects of sodium chloride over the accumulation capacity
and obtained biopolymer composition of the MMC non adapted to
salts presence were evaluated by cycle measurements performed
with different amounts of added sodium chloride of 7, 13 and
20 g NaCl/L.
The accumulation experiments were run for 24 h (Fig. 3). In the
four experiments, HB production presented an upward trend with
different slopes corresponding to different production rates (Fig. 3).
The same observation is applicable for HV content which had an

uprising trend, except for the experiment performed at 20 g NaCl/L,
where the percentage remained almost constant meaning that
no signiﬁcant HV was synthesised. From these obtained results,
inhibitory effects over the PHA production rate of 50% were estimated to correspond to a concentration about 7 g NaCl/L. This value
is similar to the IC50 value for the VFA oxidation activity (5 g NaCl/L),
previously determined from respirometric assays.
The cycle performed at 13 g NaCl/L showed degradation of the
produced polymer after reaching the maximum value of accumulated PHA. The same behaviour was observed for the assay at
20 g NaCl/L and, for this reason, the corresponding assay in Fig. 3
is represented till the maximum accumulated PHA amount was
reached at 500 min from the beginning of the batch assay. Degradation of the stored biopolymer under the presence of NaCl has
been previously observed in studies using pure cultures of C. necator, where it occurred at all the tested concentrations (3.5 to
15 g NaCl/L) and was faster for the accumulation assay at 9 g NaCl/L
[18]. Furthermore, PHA degradation was explained as a reaction
to overcome the stress produced by the presence of NaCl but
no explanation for this was provided [18]. In the present case,
it was observed that the pH decreased to values lower than 6.3
when the VFA uptake capacity was exceeded and, for this reason,
only the accumulated PHA could be used as organic substrate. The
maximum PHA accumulated also depended directly on the NaCl
concentration. PHA in the biomass in dry weight was of 53.0% for
the experiment without the addition of sodium chloride while values of 34.6%, 17.4% and 8.9% were obtained for the experiments
performed at7, 13 and 20 g NaCl/L respectively (Fig. 4A).
The monitoring of the evolution of the monomer synthesis
throughout the experiments indicated that the PHA formation rate
diminished with the increase of the tested NaCl concentrations
(Fig. 4C). The HB production rate for the experiment without NaCl
addition was of 0.271 Cmol HB/(Cmol X h) and this value was of
0.130, 0.120 and 0.101 Cmol HB/(Cmol X h) when sodium chloride was added and its concentration reached values of 7, 13 and
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Fig. 4. Comparison of the measured kinetic and stoichiometric parametersfor the accumulation assays performed under different sodium concentrations: 0, 7, 13 and 20 g
NaCl/L. (A) Maximum PHA content (%wt) (䊐) and HB:HV ratio (Cmol/Cmol) (). (B) HV yield (䊐) and HB yield () (Cmol/Cmol). (C) VFA speciﬁc consumption rate (Cmol/Cmol
X h) () HB speciﬁc production rate (Cmol/Cmol X h) (䊐) and HV speciﬁc production rate (Cmol/Cmol X h) (♦). (D) Biomass speciﬁc production rate (Cmol/Cmol X h) (䊐), CO2
speciﬁc production rate (Cmol/Cmol X h) (♦), Biomass yield (Cmol/Cmol) () and CO2 yield (Cmol/Cmol) (䊏).

20 g NaCl/L, respectively (Fig. 4C). HV production rates were signiﬁcantly lower than HB ones with values of 0.098 for the control assay
while values of 0.046, 0.029 and 0.011 Cmol HV/(Cmol X h) were
reached for concentrations of 7, 13 and 20 g NaCl/L, respectively.
The measured yields showed two different behaviours: HB
yields were not affected by the presence of sodium while HV yields
were strongly affected by the effect of the inhibitor (Fig. 4B). On
one hand, HB yield had a control value of 0.529 Cmol HB/Cmol VFA
and this was nearly the same as the values obtained for the concentrations of 7, 13 and 20 g NaCl/L which were of 0.462, 0.523 and
0.556 Cmol HB/Cmol VFA, respectively. On the other hand, HV yield
was noticeably inﬂuenced by the presence of sodium chloride. It
was of 0.191 Cmol HV/Cmol VFA when no inhibitor was added and
values of 0.164, 0.128 and 0.063Cmol HV/Cmol VFA were obtained
at concentrations of 7, 13 and 20 g NaCl/L, respectively.
Not only the amount of PHA inside the cells and the production
rates were affected by NaCl concentrations but also the composition
of the biopolymer was inﬂuenced. The HB:HV ratios corresponding to the samples of maximal PHA accumulation were of 2.71,
3.13, 4.67 and 6.37 (Cmol/Cmol) for the experiments at 0, 7, 13 and
20 g NaCl/L respectively (Fig. 4A). These values corresponded to a
content of 27, 24, 18 and 14 Cmol% HV, respectively. This increasing evolution of the ratio was related to the decrease of HV in the
biopolymer at higher sodium concentrations. Under inhibitory conditions, propionic acid (precursor for HV synthesis) seemed to be
more likely used for cell maintenance rather than for biopolymer
production in comparison to the other acids.

To explain this hypothesis, it must be indicated that butyrate
and valerate acids are not expected to be signiﬁcantly used for
cell maintenance as Pardelha et al. stated. Acetate and propionate
are known to be the most probably eligible VFAs for maintenance
because these are activated directly to acetyl-CoA and propionylCoA, respectively. This is not the case of butyrate and valerate,
which require the consumption of one more ATP mol to be converted to acetyl-CoA and propionyl-CoA through the ␤-oxidation
pathway [28].
With respect to the observed preferable use of propionate over
acetate for maintenance the energy (as ATP) consumption and production due to the metabolic process must be considered. The
stoichiometric consumed energy per amount of acid consumed is of
1:1 mol ATP/mol acetate and 0.67:1 mol ATP/mol propionate [29],
with the consequent lower energy required for propionate than
for acetate consumption. Simultaneously, 1:1 mol acetyl-CoA/mol
acetate and 1:1 mol of propionyl-CoA/mol propionate are produced
[29].
The amount of generated energy from the CoA molecules corresponding to the conversion of 1.5 mol of propionyl-CoA to 1 mol
of acetyl-CoA that liberates 1.5 moles of NADH2 [28,30]. that produces ATP through the oxidative phosphorylation cycle. From these
data, it is inferred that the transformation of propionyl-CoA, coming from propionate consumption, has higher potential for energy
production.
This implies a general energy balance favouring the production of more ATP when using propionate instead of acetate for cell
maintenance and leading to lower production of HV when inhibi-
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tion becomes stronger. This hypothesis can be strengthen with the
results shown for the production rates and the yields (Fig. 4B) as
there were almost no different results for HB yields but remarkable differences were observed for HV yields as propionic acid is
preferable consumed for maintenance. It was also observed that
HV production rates were more affected than HB ones under the
presence of sodium chloride. HB speciﬁc production rates were
not signiﬁcantly different for the values obtained at 7, 13 and
20 g NaCl/L although the HV speciﬁc production rate for the same
concentrations was nearly half the value without salt addition. This
observation supports the idea given before that HV synthesis is
lower than in the case without NaCl addition because of the use of
propionic acid for maintenance. At 20 g NaCl/L the inhibition was
very strong and the HV speciﬁc production rate was almost negligible (Fig. 4C), being the HV concentration more or less constant
during most of the time of the experiment (Fig. 3).
Results from this research study indicate that the presence of
sodium chloride changed the amount of biopolymer inside the cells
and the HB:HV ratio which is an indicator of the properties of the
polymer. This modiﬁcation of the properties affects the possible
further use of these materials.
It is important to remark that this MMC was enriched with a
medium containing 0.8 ± 0.07 g Na+ /L. Higher resistance to NaCl
sensitivity could be expected if this mixed community was enriched
at high sodium chloride concentrations. However, the possible
inﬂuence of the salinity on the HB:HV ratio and changes in the
favoured metabolic pathways should be further researched.

4. Conclusions
The main conclusion obtained from this study is that the presence of added sodium chloride in the feeding media affects the
PHA accumulation performance of a MMC non-adapted to saline
conditions. These effects are summarized as:
• The amount of stored biopolymer inside the cells decreased when
the NaCl concentration increased.
• The HB:HV ratio increased as the concentration of inhibitor also
increased. This parameter is a rough indicator of the properties of the produced biopolymer, demonstrating that they can be
changed by varying the concentration of an inhibitor like NaCl.
• The stoichiometric and kinetic parameters depended on the salt
concentration in such a way that the biopolymer production was
lowered severely at higher sodium chloride concentrations. Also
the measured HV yields diminished because of the use of the
substrate presumably for maintenance and not for accumulation
purposes.
All these parameters where studied to evaluate the inﬂuence
of NaCl transient shocks over the PHA-accumulating biomass. If it
is expected to operate with saline conditions, the characteristics of
the enriched MMC are expected to be the key factor so as to improve
the kinetic parameters.
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