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Abstract: The fishing industry produces vast amounts of saline organic side streams that require
adequate treatment and disposal. The bioconversion of saline resources into value-added prod-
ucts, such as biodegradable polyhydroxyalkanoates (PHAs), has not yet been fully explored. This
study investigated PHA production by mixed microbial cultures under 30 gNaCl/L, the highest
NaCl concentration reported for the acclimatization of a PHA-accumulating mixed microbial cul-
ture (MMC). The operational conditions used during the culture-selection stage resulted in an
enriched PHA-accumulating culture dominated by the Rhodobacteraceae family (95.2%) and capable
of storing PHAs up to 84.1% wt. (volatile suspended solids (VSS) basis) for the highest organic
loading rate (OLR) applied (120 Cmmol/(L.d)). This culture presented a higher preference for the
consumption of valeric acid (0.23 ± 0.03 CmolHVal/(CmolX.h)), and the 3HV monomer polymer-
ization (0.33 ± 0.04 CmmolHV/(CmmolX.h) was higher as well. As result, a P(3HB-co-3HV)) with
high HV content (63% wt.) was produced in the accumulation tests conducted at higher OLRs and
with 30 gNaCl/L. A global volumetric PHA productivity of 0.77 gPHA/(L.h) and a specific PHA
productivity of 0.21 gPHA/(gX.h) were achieved. These results suggested the significant potential of
the bioconversion of saline resources into value-added products, such as PHAs.

Keywords: saline resources; halotolerant; PHA-accumulating MMC; PHAs accumulation; biopoly-
mer; P(3HB-co-3HV)

1. Introduction

The fish and seafood segment from the agro-food industry is growing globally with
a compound annual growth rate (CAGR) of 4.8% (2021–2026) towards a market value of
EUR 518 billion by 2021 [1]. Although the fishery industry has been associated with high
nutritional and commercial value, it has also generated a large amount of organic side
streams that require adequate treatment and disposal [2,3]. Worldwide, 96.4 million tonnes
of fish were generated in 2021, 90% of which came from marine environments, generating
saline organic side streams that contained NaCl in the range of 3.5–46 gNaCl/L, depending
on the final product [4]. Companies have therefore been required to conduct expensive
treatments of those saline streams before they can be safely disposed, as the conventional
biological treatments for organic compound removal are less efficient due to their strong
salt inhibition [5,6]. The ability to use these saline organic side streams as feedstock for
biologic processes would be economically favourable for these industries by reducing
treatment costs while also reducing the environmental burden caused by the commonly
used chemicals during treatment [7]. Moreover, the conversion of these resources into
value-added products, such as polyhydroxyalkanoates (PHAs), would also decrease the
costs of treatment and contribute towards a circular economy.
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PHAs are biodegradable polymers produced by certain microorganisms as intracellu-
lar carbon and energy reserves in nutrient-limited environments, and the production of
this polymer is of growing interest in today’s society as they are feasible substitutes of con-
ventional plastics, due to similar physicochemical properties and a wide range of potential
applications [8]. The uses of PHAs are therefore increasing, with a CAGR of 14.2%, and it is
estimated that this sector will reach a global market value of EUR 107 million by 2025 [9].
Nonetheless, the production costs of PHAs are still limiting wider commercialization and
industrialization [8] of this bioplastic as the production costs are estimated to be four times
higher (EUR 4–5/kg) than conventional plastics.

The use of mixed microbial cultures (MMCs) is a strategy to reduce costs of production
as: (i) aseptic conditions are not required, (ii) it allows the use of inexpensive/cheap raw
materials such as saline waste streams [10], and (iii) the MMCs are more amenable to deal
with complex matrices due to the diversity of microorganisms and pathways.

A typical PHA production process by MMCs comprises three stages [8]: (i) acidogenic
fermentation of the organic resources for the production of volatile fatty acids (VFAs),
which are precursors for PHA biosynthesis; (ii) culture selection, where the inoculum is
enriched in PHA-accumulating MMC by applying selective pressure (e.g., feast and famine
(F/f) regime); and (iii) PHA production, where the selected PHA-accumulating MMC from
the second stage are fed with VFA-rich streams produced in the first stage to promote PHA
accumulation of up to the culture’s maximum capacity.

The selection stage is considered the core of the process [11], as the obtained PHA-
accumulating MMC will determine the efficiency of the production process, namely in
terms of PHA storage capacity and PHA productivity [8]. This stage focuses not only in
obtaining an MMC enriched with PHA-accumulating organisms, capable of producing
high amounts of PHAs, but also in the ability to sustain a high growth of the enriched MMC
for the PHA production stage, in order to increase the volumetric productivity of the global
PHA production process [8]. However, a low volumetric productivity is normally obtained
due to low biomass concentrations reached in the selection reactor [10]. This is related to the
fundamentals of the generally adopted F/f selection strategy, where the culture is subjected
to periods of carbon substrate excess (feast phase) followed by periods of carbon starvation
(famine phase), so that the organisms that do not store PHAs are not able to grow during
the famine period and are eliminated from the reactor [10]. Nutrient supplementation is an
important factor for the success of the selection reactor, as some feedstocks, although rich in
carbon compounds, are frequently poor in nutrients or have reduced nutrient availability,
namely in nitrogen that is required to support culture growth. The uncoupled feedings of
carbon and nitrogen, where the latter is added after the exogenous carbon is exhausted,
have shown to lead to a better selection performance with lower F/f ratios, higher PHA
concentrations, and reduced culture instability [10,12].

The ability to use saline resources for PHA production could also promote the eco-
nomic viability of PHA production. Moreover, the use of saline organic streams could
open the possibility of using seawater (≈3.5% NaCl w/v) as a washing and diluting agent
in the PHA production process. Previous works, using cheese whey as feedstock for the
production of biodegradable food packaging with PHAs, have shown that the production
of PHAs has been associated with excess freshwater usage [13]. This represents not only a
significant consumption of freshwater, as the rapid decrease in freshwater availability is
a major concern worldwide, but also brings surplus operation costs to the process. It has
also been suggested that PHA production at high salinity concentrations can facilitate the
recovery of produced PHAs from halotolerant microorganisms, as the cells can be lysed in
distilled water, reducing purification costs by avoiding the utilization of commonly used
organic solvents for PHA extraction [14]. Therefore, the proposed measures, besides being
eco-friendly, can be economically advantageous for industries located at costal sites.

Overall, the use of MMCs for the production of PHAs at high saline concentrations
has potential benefits; however, PHA production using MMCs in the presence of saline
conditions has not yet been fully established.
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Xiao et al. provided a comprehensive review of different strategies for the anaerobic
treatment of saline wastewaters [15]. Among these studies, the bacterial consortia collected
from saline environments (e.g., marine sediments) have been highlighted as promising
in anaerobic processes for the treatment of saline wastewaters. Moreover, the successful
conversion of saline substrates into VFAs at NaCl concentrations up to 70 g/L was recently
indicated. He et al. tested the acidogenic fermentation of a mixture of food waste that
was artificially salted in a NaCl concentration up to 70 g/L. The highest VFA production
was obtained at 10 gNaCl/L (0.54 gVFA/gFeedstock) but was still high at the highest salt
concentration applied (0.44 gVFA/gFeedstock) [16]. In another study, a mixture of food waste,
brine, and wastewater derived from a biodiesel production facility was used to produce
VFAs. The acidogenic fermentation of this salted feedstock (12–18 gNaCl/L) was feasible
with an acidification degree up to 46% [17]. Fra-Vasquez et al. evaluated the conversion of
wastewater from a cooked mussel processing factory (22 gNaCl/L and pH 4.6) into VFAs.
In this study, an extensive carbohydrate degradation of 96% and a maximum acidification
degree of 43% were obtained [18].

With respect to the selection of PHA-accumulating mixed cultures in saline conditions,
only a few studies can be found with salinities up to 20 gNaCl/L. Palmeiro-Sánchez et al.
tested a PHA-accumulating MMC enriched using fermented tuna-processing wastewater
in accumulation assays in the absence of NaCl and in the presence of 21.6 gNaCl/L. Not
only the PHA content decreased abruptly from 51.3% in the non-saline environment to 8.4%
in the presence of NaCl, but also the HB–HV ratio changed, from 62:38 to 72:28 (% wt.) [19].
Conversely, in the work by Wen et al., the positive influence of NaCl on PHA storage in
a culture-enriched reactor was reported [20]. Wen et al. studied the effects of NaCl at
0, 5.0, 10.0, and 15.0 gNaCl/L on the enrichment of PHA-accumulating MMC using food
waste. A maximum PHA content of 14.3% wt. was obtained under the condition at 15
gNaCl/L, indicating the positive influence of NaCl; however, the maximum specific PHA
production, biomass growth, and substrate consumption rates were found at 5 gNaCl/L. In
the PHA accumulation assays at the different NaCl concentrations with respective enriched
cultures, the maximum PHA content of 50.5% wt. was also obtained at 5 gNaCl/L and
accumulations with higher NaCl led to lower PHA contents, as a PHA content of 42.6%
wt. was obtained at 15.0 gNaCl/L. Overall, Wen Q. et al. suggested that osmotic stress may
trigger the synthesis of PHA; however, at higher NaCl contents, bacteria consume PHAs
in response to high osmotic stress, leading to a lower maximum PHA content [20]. Alba
Pedrouso A. et al. [21] were also able to obtain an MMC enriched in PHA-accumulating mi-
croorganisms at 5 gNaCl/L using real feedstock obtained from the acidogenic fermentation
of cooked mussel processing wastewater. This culture was able to reach a PHA content of
25% wt. using the same feedstock and with uncontrolled pH; however, when mimicking
the feedstock using a synthetic mixture, the culture was able to reach 40% wt. Using the
same feedstock, Argiz et al. [22] were able to select a more efficient PHA-accumulating
MMC by removing the undesired substances (proteins and carbohydrates) with the ad-
dition of a settling stage and subsequent supernatant discharge after the end of the feast
period of the cycle of an SBR. This culture was able to reach a higher PHA content of 60%
wt. using a synthetic mixture as feedstock. In another work with the same feedstock but
with high salinity levels, Roibás-Rozas et al. [23] were able to slowly adjust (throughout
100 days) the NaCl concentration in the selection reactor up to 20 gNaCl/L, starting from a
previously PHA-accumulating MMC selected at 5 gNaCl/L. This culture was then also used
for accumulation assays where the NaCl concentration was gradually increased throughout
the assays until it reached 28 gNaCl/L, reaching a PHA content of 41% wt.

The main aim of the present study was to assess the feasibility of selecting an efficient
PHA-accumulating MMC under conditions of high salinity (30 gNaCl/L). To date, this
was the highest salinity value reported in the literature for the acclimatization of a PHA-
accumulating MMC. This work was conducted at lab-scale, in a three-stage process for
PHA production by MMC, where two reactors were operated for culture selection and
PHA accumulation.
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2. Materials and Methods
2.1. Culture Selection

A sequence batch reactor (SBR) with a working volume of 2 L was used for culture
selection. The SBR was inoculated with sediments collected from a saline area of Rio Tejo
(Samouco, Portugal) that were passed through a filtration sieve (350 µm).

The SBR was operated under aerobic conditions with a hydraulic retention time (HRT)
of 16 h, a solids retention time (SRT) of 3 days and 8 h cycles. Each cycle period consisted of
5 steps: (i) influent feeding/filling (5 min); (ii) aerated phase (434 min); (iii) purge (5 min);
(iv) settling (30 min); and (v) supernatant withdrawal (6 min).

The reactor was operated in a temperature-controlled room (19–21 ◦C). Mixing was
kept at 100 rpm using a one-blade impeller with a six-blade Rushton turbine, and pH was
controlled at pH 8.4 ± 0.5 through automatic dosing of 0.5 M HCl. Air was supplied through
fine bubble diffusers and the aeration rates (L/L) were adjusted throughout the operation
so that the dissolved oxygen (DO) was not limited in the reactor. DO concentration and pH
were monitored online.

A salted (30 gNaCL/L) synthetic VFA mixture composed of acetic (HAc), propionic
(HPro), butyric (HBut), and valeric (HVal) acids (25%Cmol each) was used as carbon
source. Together with the synthetic mixture, a salted (30 gNaCl/L) mineral solution was
fed to the SBR in order to have the following concentrations of the following components
(mg/L): ATU (10); EDTA-2Na (50); MgSO4 (50); CaCl2 (50); FeCl3·6H2O (1.5); H3BO4 (0.15);
CuSO4·5H2O (0.03); KI (0.03); MnCl2·4H2O (0.12); Na2MoO4·2H2O (0.06); ZnSO4·7H2O
(0.12); and CoCl2·6H2O (0.15). The feeding was composed of 100 mL carbon solution plus
900 mL dilution mineral solution.

The SBR followed an aerobic dynamic feeding, namely F/f regime with uncoupling
of the carbon and nitrogen availabilities in order to obtain selection pressure for PHA-
accumulating organisms. A C/N/P (Cmol basis) ratio of 100:7.5:1 was initially applied;
later, this ratio was changed to 100:10:1 and then to an optimal ratio value of 100:5:1. An
ammonia solution was fed to the reactor 1 h after carbon feeding. Phosphorous was given
through addition to the mineral solution. The OLR was initially 60 Cmmol/(L.d) and was
increased to 120 Cmmol/(L.d) as a stable culture enriched in PHA-accumulating organisms
was obtained. The study had a total duration of 145 days.

2.2. PHAs Accumulation

MMC PHA-accumulation performance of the selected culture at two different OLRs
(ACC-60 and ACC-120 for 60 and 120 Cmmol/(L.d), respectively), was assessed in a fed-
batch reactor. A total of 1 L of biomass was collected from the corresponding SBR at the end
of famine phase and used as inoculum. The accumulation reactor had a working volume of
1 L, and the accumulation procedure consisted in a pulse-wise feeding strategy of salted
synthetic mixture (30 gNaCl/L) under nitrogen-limiting conditions and using a food to
microorganism (F/M) ratio of 1.5 times the one found in the SBR. Whenever the maximum
PHA capacity of the selected culture was attained, biological activity was stopped by
quenching to pH 2–3 using sulfuric acid. Assays were carried out with the same controlled
conditions of pH, temperature, aeration, and stirring that were used for culture selection.

2.3. Analytical Procedures

Total solids (TS), volatile solids (VS), total suspended solids (TSS), and volatile sus-
pended solids (VSS) were determined according to standard methods [24].

VFAs were quantified in filtered samples (0.20 µm) using a high-performance liquid
chromatography (HPLC) in a VWR Hitachi Chromaster chromatographer equipped with
a Pump 5160, an auto sampler 5260, a Column Oven 5310, a Diode Array Detector 5430,
a RI Detector 5450, a Biorad 125-0129 30 × 4.6 mm pre-column, and an Aminex HPX-
87H 300 × 7.8 mm column. The following conditions were used: column temperature
60 ◦C, 0.01 M H2SO4 eluent, flow rate 0.6 mL/min, and injection volume 99 µL. The
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VFA concentrations were calculated from standard calibration curves (4–1000 mg/L of
each compound).

Ammonia concentrations were determined in filtered samples (0.20 µm) using a seg-
mented continuous flow analyser (Skalar SNA++). PHAs were extracted and hydrolyzed.
The monomers of PHAs were esterified into 3-hydroxyacyl methyl esters to be quantified
by gas chromatography (GC-FID, Brucker) using a method described in Oliveira et al. [11].

Lyophilized biomass was weighted and incubated with 1 mL chloroform and 1 mL
acidic methanol (20% H2SO4) (for methanolysis) through digestion at 100 ◦C for 3.5 h. After
the digestion step, the organic phase (methylated monomers dissolved in chloroform) was
extracted and injected (2 µL) into a gas chromatograph equipped with a flame ionization
detector (Bruker 430-GC) and a BR-SWax column (60 m, 0.53 mm internal diameter, 1 mm
film thickness, Bruker, USA), using helium as carrier gas at 1.0 mL/min. The temperature
regime started at 40 ◦C and increased stepwise to 100 ◦C at a rate of 20 ◦C/min, to 175 ◦C at
a rate of 3 ◦C/min, and to 220 ◦C at a rate of 20 ◦C/min (cleaning step of the column after
each injection). Injector and detector temperatures were 280 ◦C and 230 ◦C, respectively.
Determination of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) concentrations
was made through the use of two calibration curves, one for 3HB and other for 3HV,
using standards (0.1–10 g/L) of a commercial P(3HB-co-3HV) (88%: 12%, Sigma) and
corrected using heptadecane as internal standard (concentration of ≈1 g/L). Intracellular
PHA granules were identified using Nile blue staining as described in Oliveira et al. [11]
and observed with epifluorescence microscope Olympus BX51 equipped with an Olympus
XM10 camera (Cell-F software). Microbial community assessment samples were collected
for microbial community analysis at the beginning of the study (inoculum), from cycles
throughout operation of the reactors and from the accumulation assays.

Biomass samples from sediments collected from a saline area of Rio Tejo (Samouco, Portugal)
(inoculum) and from the culture selected at OLR of 60 and 120 Cmmol/(L.d) were collected
and were phylogenetically characterized on high-throughput sequencing of the 16S V1-3
rRNA gene. DNA extraction, gene sequencing and bioinformatics processing was carried
out by DNASense (Aalborg, Denmark) as described in [25].

2.4. Calculations

The F/f ratio was calculated as the ratio between the period lengths of feast and famine
phases of the SBR cycle. The PHA content in VS (gPHA/gVS) was calculated by multiplying
the PHA content in TS (gPHA/gTS, given by GC analysis) by the VS/TS ratio obtained
for the lyophilized pellets used for GC analysis. The PHA content in VSS (gPHA/gVSS)
was calculated by multiplying the PHA content in VS by the VSS/VS ratio obtained in
the reactor (VSS/VS ≈ 1). The PHA content in the biomass was determined in terms of
percentage of VSS on mass basis (% wt., gPHA/gVSS). VSS were considered to be constituted
of active biomass (X) and PHA. For determining cell growth, the generic chemical formula
for MMC (CH1.8O0.5N0.2S0.02P0.02) [26], with a molecular weight (MW) of 25.30 g/Cmol,
was used. The ∆PHAs was determined as the maximum PHA content (PHAmax,% wt.)
minus the PHA content at the beginning (PHA0,% wt.) of the experiment. Stoichiometric
and kinetic performance parameters were determined for the SBR and PHA accumulation
assays in pseudo-steady-state conditions with the reactors operated at both OLRs.

The specific substrate consumption rates (-qVFA, CmolVFA/(CmolX.h)); specific PHA
storage (qPHA, CmolPHA/(CmolX.h)) and consumption (-qPHA, CmolPHA/(CmolX.h))
rates; and specific growth rates (qX, CmolX/(CmolX.h)) were determined from the linear
regression of the experimental data of the substrates, PHA, and X-specific concentrations
(i.e., instant concentration divided by the biomass concentration), respectively, and plotted
over time. Specific storage yield (YPHA/S, CmolPHA/CmolVFA) was calculated as the ratio
between qPHAs and the -qVFAs.

Growth yields on stored PHAs (YX/PHA, Cmolx/CmolPHA) were calculated as the
ratios between the specific growth rate during the famine phases (qXfamine) and -qPHA.
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In the accumulation assays, the specific rates and yields were calculated, as described
before, for each pulse. In the accumulation tests, the first three pulses’ average values of each
parameter were considered. Volumetric PHA productivity (gPHA/(L.h)) was calculated as
the ratio of cumulative produced PHAs (∆PHA) in 1 L of working volume per unit of time
(hour). Specific PHA productivity (gPHA/(gX.h)) was calculated as the ratio of cumulative
produced PHAs per X at the beginning of the assay (X0) per unit of time (hour).

Standard errors associated with the determined parameters were estimated using
standard errors propagation formulae.

3. Results and Discussion
3.1. Culture Selection: PHA-Accumulating MMC

The culture selection stage for a PHA-accumulating mixed culture under conditions of
high salinity (30 gNaCl/L) could indicate the potential value of saline resources as well as the
benefit of using seawater as a washing and diluting agent in the PHA production process.

In order to select a halotolerant PHA-accumulating MMC, sediments collected from a
saline area (Samouco, Portugal) were used to inoculate the SBR with halotolerant organisms
and then submitted to an SRT for three days and to an aerobic dynamic feeding, namely the
conventional F/f regime and the decoupled carbon and nitrogen feeding, throughout the
operation. An artificially salted (30 gNacL/L) equimolar (Cmol basis) synthetic mixture was
used as saline-fermented feedstock. The F/f ratio was continuously monitored (Figure 1)
since it is a useful performance indicator of the culture selection process as an F/f below
0.2 h/h has been thought to boost the selection of an efficient PHA-accumulating culture [8].

The culture selection was started with an OLR of 60 Cmmol/(L.d) and a C/N/P ratio
of 100 Cmol:7.5 Nmol:1 Pmol. An F/f ratio below 0.2 h/h was obtained after 14 days
of operation, suggesting that the selective pressure was correctly being applied. How-
ever, the selected culture was unable of complete nitrogen consumption at the initial
(100 Cmol: 7.5 Nmol) or higher (100 Cmol: 10 Nmol) C/N applied. The C/N ratio was
then optimized to 100 Cmol: 5 Nmol (Figure 1), and a stable PHA-accumulating MMC was
attained (F/f < 0.2 h/h). With regards to suspended solids (VSS and TSS), a strong increase
in the TSS over VSS was observed for the first period of acclimatization (Figure 1), resulting
in a VSS/TSS ratio of 29 ± 5% wt. for the culture selected at an OLR of 60 Cmmol/(L.d),
which suggested the intracellular accumulation of inorganic compounds. Several halophile
microorganisms have been reported to accumulate a variety of small molecules, both in-
organic (e.g., Na+, K+, Cl−) and organic (e.g., ectoine, glycine betaine, 3-hydroxybutyric
acid), in the cytoplasm to counteract the external osmotic pressure [27].

The selected culture enriched at OLR 60 Cmmol/(L.d) showed a cycle with a typical
profile for the aerobic dynamic feeding strategy (F/f regime and uncoupled carbon and
nitrogen availabilities) (Figure 2A). As carbon, in the form of VFAs, was added to the
reactor, cells began consuming the VFAs and storing carbon in the form of PHAs. As the
VFAs were completely consumed (end of the feast), PHA production halted, and a small
decrease in PHA concentration in the reactor occurred due to cell metabolic activity. After
1 h of feeding, nitrogen, in the form of ammonia, was added to the reactor, allowing the cell
growth of PHAs. This caused a decrease in PHA content as it was consumed for growth
and other metabolic activity. As nitrogen in the media was depleted, the PHA consumption
rates decreased throughout the remaining cycle. The VSS concentration increased with the
increase in PHA content during the feast period, but as the VFAs were depleted and the
PHAs were consumed for cell maintenance and growth, the VSS concentration decreased.

In order to further increase volumetric PHA productivity, the OLR was doubled to
120 Cmmol/(L.d) whilst maintaining selective pressure for PHA-accumulating organisms
(Figure 1). Subsequently, the concentration of active biomass (X) increased ≈1.7 times
from 1.92 ± 0.04 to 3.26 ± 0.34 g/L (Figure 1) while also increasing the PHA storage
capacity from 35 ± 2% wt. to 49 ± 3% wt., indicating a good culture adaptation to higher
organic load and even leading to better culture performance. The obtained PHA contents
at the end of the feast period were already quite high and comparable with other reported
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accumulation assays [23], which suggested the possibility of skipping the third stage of
the traditional MMC PHA-accumulating process in order to lower operating costs. This
culture showed a cycle profile very similar to that obtained in an OLR of 60 Cmmol/(L.d)
(Figure 2B), whereas the VSS/TSS ratio shifted to 52 ± 0% wt.
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Figure 2. Representative SBR cycle conducted at organic loading rate (OLR) 60 Cmmol/(L.d) (A) and
120 Cmmol/(L.d) (B). The vertical solid line limit feast (I) and famine (II) periods. TSS (�); VSS (�);
NH4

+(∆); PHAs (•); X (o); and VFAs (X).

The culture was then subjected to another OLR increase to 180 Cmmol/(L.d); however,
the system became unstable as the biomass settling characteristics suffered a change,
increasing the sludge volume index up to a point that the used reactor could not support,
and the operation was stopped.

With regards to PHA polymer, a composition of an average HB/HV ratio of 48%:52% wt.
(46%:54%Cmol) was obtained for an OLR of 60 Cmmol/(L.d), whereas a polymer with
higher 3HV content, 35%:65% wt. (33%:67%Cmol), was produced at a higher OLR. Consid-
ering that HV monomers can be produced by a single molecule of valeric acid or by a combi-
nation of acetic and propionic acids in a ratio of 1:1 molecules [28], approximately 46% ± 2%
(≈6.1 CmolHV/13.3 CmolHVprecursors) and 82% ± 2% (≈21.9 CmolHV/26.7 CmolHVprecursors)
of the HV precursors were used towards HV synthesis for OLR 60 and 120 Cmmol/(L.d),
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respectively. The recruitment of 3HB as a compatible solute to counteract the high external
osmotic pressure and to be a potent compatible solute with chaperoning activity [27,29]
could be the explanation/promoter for the higher HV polymerization and the obtained
HB:HV ratio.

Overall, the general behaviour of the different OLRs was similar; however, the specific
consumption and production rates found for the tested conditions had noticeable differ-
ences (Table 1). The consumption rates of acetic and propionic acids were similar, 0.08 ± 0.00
vs. 0.10 ± 0.01 CmolHAc/(CmolX.h) and 0.10 ± 0.02 vs. 0.11 ± 0.03 CmolHPro/(CmolX.h),
whereas consumption rates of butyric and valeric acids were higher under conditions with
higher OLR, increasing to 78% from 0.09 ± 0.01 to 0.16 ± 0.03 CmolHBut/(CmolX.h) and
to 77% from 0.13 ± 0.02 to 0.23 ± 0.03 CmolHVal/(CmolX.h) (OLR 60 vs. OLR 120). The
higher consumption-specific rates of these VFAs led to a slight difference in the overall VFA
consumption rates, which increased from 0.40 ± 0.03 CmolVFA/(CmolX.h) at an OLR of
60 Cmmol/(L.d) to 0.60 ± 0.04 CmolVFA/CmolX at an OLR of 120 Cmmol/(L.d). With re-
gards to PHA production, there was a considerable difference in the specific production rate
of the 3HV monomer, being three times higher (0.11± 0.01 and 0.33 ± 0.04 CmolHV/(CmolX.h)),
whereas the 3HB production was slightly higher, 0.09 ± 0.00 and 0.15± 0.02 CmolHB/(CmolX.h),
which could explain the sizeable differences in the composition of the copolymer produced
by the culture. The determined PHA production yield was also considerably higher for the
higher OLR (0.60 ± 0.01 vs. 0.75 ± 0.04 CmolPHA/CmolVFA).

Table 1. Operating conditions applied and performance parameters determined for the culture
selection stage considering the average of two monitored batches carried out at organic loading rate
(OLR) 60 and 120 Cmmol/(L.d).

Parameter (Unit) Average ± Standard Deviation

OLR (CmmolVFA/(L.d)) 60 120

FP profile (HAc/HPro/HBut/HVal,% Cmol basis) 25:25:25:25 25:25:25:25
Feast/famine (h/h) 14.0 ± 0.00 0.13 ± 0.01

X @cycle start (gX/L/CmolX/L) 1.92 ± 0.04/75.8 ± 1.70 3.26 ± 0.34/129 ± 13.6
PHAmax (% wt., VSS basis) 35.1 ± 1.56 49.2 ± 3.13
∆PHAs ((% wt., VSS basis) 5.70 ± 0.93 9.6 ± 1.76

HB/HV ratio (% wt. basis/Cmol basis) 48:52/46:54 35:65/33:67
-qVFA (CmmolVFA/(C-mmolX.h)) 0.40 ± 0.03 0.60 ± 0.04
-qHAc (CmmolHAc/(CmmolX.h)) 0.08 ± 0.00 0.10 ± 0.01

-qHPro (CmmolHPro/(CmmolX.h)) 0.10 ± 0.02 0.11 ± 0.03
-qHBut (CmmolHBut/(CmmolX.h)) 0.09 ± 0.01 0.16 ± 0.03
-qHVal (CmmolHVal/(CmmolX.h)) 0.13 ± 0.02 0.23 ± 0.03
qPHAs (CmmolPHA/(CmmolX.h)) 0.20 ± 0.01 0.46 ± 0.01

qHB (CmmolHB/(CmmolX.h)) 0.09 ± 0.00 0.12 ± 0.01
qHV (CmmolHV/(CmmolX.h)) 0.11 ± 0.01 0.33 ± 0.04

qXfamine (CmmolX/(CmmolX.h)) 0.06 ± 0.00 0.15 ± 0.02
-qPHAs (CmmolPHA/(CmmolX.h)) 0.10 ± 0.03 0.36 ± 0.01

-qHB (CmmolHB/(CmmolX.h)) 0.08 ± 0.02 0.13 ± 0.02
-qHV (CmmolHV/(CmmolX.h)) 0.09 ± 0.03 0.23 ± 0.03

YPHA/VFA (CmmolPHA/CmmolVFA) 0.60 ± 0.01 0.75 ± 0.04
YX/PHAs (CmmolX/CmmolPHA) 0.70 ± 0.18 0.44 ± 0.03

During the famine phase, the specific consumption of PHAs (-qPHA) and the biomass
growth (qFamine) were higher in the higher OLR, being 0.36 ± 0.01 CmmolPHA/(CmmolX.h)
and 0.15 ± 0.02 CmmolX/(CmmolX.h) vs. 0.10 ± 0.03 CmmoPHA/(CmmolX.h) and
0.06 ± 0.00 CmmolX/(CmmolX.h), respectively, for the culture with an OLR of 60 Cmmol/(L.d).
However, the obtained yields for the biomass growth were 0.70 ± 0.18 CmolX/CmolPHAs
and 0.44 ± 0.03 CmolX/CmolPHAs for the higher OLR condition. In this respect, the recruit-
ment of 3HB, as a player in the osmotic balance, could also explain the differences found in
growth yields.
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Comparing the obtained results with the ones obtained by Oliveira et al., using real
non-saline feedstock and an uncoupled feast and famine strategy, the culture in the present
study had higher qPHAs (0.33 ± 0.04 vs. 0.24 ± 0.0 CmolX/CmolPHA) even though it was in
presence of 30 gNaCl/L [10]. However, the real feedstock used also had in the composition
a small amount of ammonia and proteins that may have contributed to the slightly lower
qPHAs values. The obtained values in the present study were also higher, as compared
to a study by Alba Pedrouso et al., where the culture that had acclimatized at 5 gNaCl/L
reached a qPHA of 0.24 CmmolPHA/(CmmolX.h) [21]. It was also considerably higher, as
compared to the slowly adapted culture to 20 gNaCl/L in the work of Roibás-Rozas et al.,
where the qPHA was only 0.05 CmmolPHA/(CmmolX.h) [23]. The use of an inoculum
obtained from a saline environment, a strategy that other studies have not followed, may
have played a major role in the swiftness and favourable outcome of the enrichment reactor
as the microorganisms were already adapted to their natural saline environments and were,
therefore, able to outperform cultures that had not been naturally adapted.

The differences found between the PHA storage capacity, the specific rates of the two
applied OLRs, as well as the shift of the HB/HV ratio of the produced polymer suggested
a slight culture change in the OLR of 120 Cmmol/(L.d). In this respect, culture samples
were taken for the identification of the selected microorganisms just before the change
of the OLR and at the end of the operation. The 16S rRNA gene sequencing revealed
the presence of a diverse, mixed microbial community in the sediments collected from
the saline area of Rio Tejo and that the applied selective pressure for PHA-accumulating
organisms had led to a shift in the mixed microbial profile (Supplementary Material, Figure
S1). The culture selected at an OLR of 60 Cmmol/(L.d) was enriched on a microorganism
from the Alphaproteobacteria phylum, dominated by a species from Rhodobacteraceae
(74.5%) as well as a few species from the Phyllobacteriaceae (13.3%) family, whereas at the
highest OLR operation (120 Cmmol/(L.d)), the Rhodobacteraceae family dominated even
more, representing 95.2% of the selected culture. Rhodobacteraceae are aquatic bacteria
that have a vast global distribution [30] and frequently thrive in marine environments,
which was in accordance with the origin of the used inoculum and the saline applied
conditions. Rhodobacteraceae family members are known to have PhaC class I PHAs
synthase, producing short-chain length PHAs based on VFA precursors availability [31,32].
It has also been reported that the synthesis of both P3HB and P(3HB-co-3HV) polymers
were from unrelated carbon sources [33].

Overall, an efficient and stable halotolerant PHA-accumulating culture was success-
fully selected under high salinity conditions (30 gNaCl/L), and to the best of our knowledge,
this may be the first report of culture selection for PHA-accumulating MMCs at such a high
salt concentration.

3.2. PHAs Accumulation Assays

After the cycles were characterized, half of the biomass of the selection reactor at the
end of the famine phase was harvested for an accumulation assay in a fed-batch reactor
using a pulse-wise feeding strategy (Figure 3). Pulses of the VFA mixture without ammonia
and with a food to microorganism ratio (Cmol/gVSS) of 1.5 times the one found in the
selection reactor were given to the culture as the DO concentration started to increase,
so that the culture was consistently consuming VFAs and accumulating PHAs. For both
accumulation assays, the biomass concentrations were considered constant as no nitrogen
was fed to the system, and the specific rates of the three initial pulses were aligned with the
presented averages. The obtained results are presented in Table 2.

The accumulation reactor that operated at an OLR of 60 Cmmol/(L.d) (ACC-60,
Figure 3A) was fed with 4 pulses, reaching a maximum PHA content of 55.3% wt. with a
polymer composition of 49%: 51% (% wt./wt., HB/HV) was similar to the one found in the
preceding monitored cycles.
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Figure 3. Profile of fed-batch accumulations conducted with the cultures selected at OLRs of
60 Cmmol/(L.d) (A) and 120 Cmmol/(L.d) (B). Pulses limited by the vertical solid lines and num-
bered between I and IV for ACC-60 and I and VI for ACC-120. TSS (�); VSS (�); PHAs (•); X (o);
and VFAs (∆).

The accumulation with the culture selected at an OLR 120 Cmmol/(L.d) (ACC-120) had
a slightly different behavior and provided carbon pulses closer to the main PHA precursors
depletion (valeric and butyric acids) and, therefore, completed a 6-pulse accumulation
assay in less time than the 4 pulses of ACC-60. The higher consumption rates of valeric and
butyric acids obtained for the culture selected at an OLR 120 Cmmol/(L.d) (Table 1) allowed
us to identify their real-time depletion based on the DO profile (Supplementary Material,
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Figure S2). However, due to the feeding strategy applied, acetic and propionic acids
were accumulated throughout the assay at approximately 95% of the total remnant VFA
concentration (53 Cmmol/L) in the effluent when the assay was stopped. The accumulation
at an OLR of 120 Cmmol/(L.d) (ACC-60, Figure 3B) was able to reach a PHA content of
84.1% wt.

Table 2. Operating conditions applied and performance parameters determined for the PHA-
accumulation stage considering one monitored batch carried out with the culture selected at OLRs
of 60 and 120 Cmmol/(L.d). Only the first four pulses were considered for the average values, as
during the fifth pulse, the exogenous carbon was mainly channelled for growth.

Parameter (Unit) Average ± Standard Deviation

OLR (CmmolVFA/(L.d)) 60 120

FP profile (HAc/HPro/HBut/HVal,% Cmol basis) 25:25:25:25 25:25:25:25
X @inoculum (gX/L/CmolX/L) 2.73/108 3.72/147

PHAs @inoculum (% wt., VSS basis) 22.3 35.4
PHAmax (% wt., VSS basis) 55.3 84.1

HB/HV ratio (% wt. basis/Cmol basis) 49:51/47:53 37:63/35:65
-qVFAb (CmmolVFA/(C-mmolX.h)) 0.41 ± 0.02 0.45 ± 0.04
qPHAb (CmmolPHA/(CmmolX.h)) 0.24 ± 0.01 0.30 ± 0.01

YPHA/VFA (CmmolPHA/CmmolVFA) 0.60 ± 0.05 0.67 ± 0.05
Volumetric PHA productivity (gPHA/(L.h)) 0.30 a (0.32 b) 0.77 a (0.84 b)

Specific PHA productivity(gPHA/(gX.h)) 0.11 a (0.12 b) 0.21 a (0.28 b)
a considering 4 pulses for ACC-60 and 6 pulses for ACC-B. b considering the first 3 pulses of the accumulation test.

The HB/HV polymer composition of ACC-120 was also similar to the one found in the cycle
monitorizations that preceded the accumulation at 37%:63% (% wt./wt., HB/HV) and 35%:65%
(Cmmol basis; HB/HV). As seen in the comparison of the monitorizations at the different OLRs,
the qPHA was higher in the ACC-120 with a value of 0.22 ± 0.03 CmolHV/(CmolX.h) than the
0.16 ± 0.01 CmolHV/(CmolX.h) obtained for ACC-60. The PHAs storage yield was also higher in
ACC-120 with a value of 0.67 ± 0.05 CmolPHA/CmolVFA while 0.60 ± 0.05 CmolPHA/CmolVFA
was the yield found for ACC-60. Overall, a higher volumetric (0.77 gPHA/(L.h)) and spe-
cific productivity (0.21 gPHA/(gX·h)) were obtained in ACC-120, as compared to ACC-60
(0.3 gPHA/(L.h)) and 0.11 mgPHA/(gX.h), respectively). The obtained values, namely in
ACC-120, were considerably higher than the presented results of Roibas-Rozas et al., where
an adapted MMC to a lower NaCl concentration (close to 20 gNaCl/L) was able to reach
a PHA concentration of 41.5% wt. with a specific productivity of 68.1 mgPHA/(gX.h) [23].
These results were, however, obtained by using a real feed, rich in nitrogen, and the salt
concentration was increased throughout the assay, starting from 5 gNaCl/L, and the VFA
mixture used was 43:7:42:8 (Cmol basis) acetic/propionic/butyric/valeric acids [23]. The
obtained values in the present study were also significantly higher, as compared to those
obtained by Oliveira et al. of 33% wt. using the acclimatized culture with an uncoupled
F/f strategy and real feedstock (as previously described). Nevertheless the qPHAs and
specific productivity were slightly higher than those obtained in the present study with
0.41 CmolPHA/(CmolX.h) and 0.25 gPHA/(gX.h), respectively [10].

The high HV content in the copolymer (Table 2) obtained at the highest OLR was
unusually high and surpassed the lowest melting temperature range obtained for P(3HB-
co-3HV) accordingly to the work by Chan et al. [34]. In that study the melting temperature
decreased to 60–70 ◦C for copolymers with an HV content up to 35–44% Cmol and increased
to a range of 80–100 ◦C for higher HV contents. The morphological and physical properties
of the obtained polymer enriched in HV will be determined in future studies, which will
give insights about potential applications of the polymer.
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4. Conclusions

The bioconversion of VFAs into PHAs by MMC under high salinity was shown to be
feasible in our study. An efficient halotolerant PHA-accumulating MMC dominated by
Rhodobacteraceae (93%) was selected at a salinity of 30 gNaCl/L by submitting the culture
to an aerobic dynamic feeding, namely an F/f regime with uncoupled carbon and nitrogen
availabilities throughout the operation. This culture showed good adaptation to high
salinity, likely due to the activation of the metabolic pathways to counteract the osmotic
pressure, namely through the assimilation of inorganic compounds and the recruitment of
3HB as osmolytes.

The culture demonstrated a high PHA storage capacity, reaching 84.1% wt. of P(3HB-
co-3HV) with an HV content of 63% wt. The produced sort-chain-length copolymer
was unusual due to its high HV content. This efficient culture also presented a notable
volumetric productivity of 0.77 gPHA/(L.h) and specific productivity of 0.21 gPHA/(gX.h).

To best of our knowledge, this is the first study of a successful acclimatization of an
efficient PHA-accumulating MMC with near-sea-water salinity. It suggested the potential
for using saline side streams as feedstock for PHA production as well as for using sea water
in the process, which could lower production costs and the environmental burden as well
as promote the integration of this biopolymer in the market.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14031346/s1, Figure S1: Heatmap of the most abundant bac-
terial microbial communities present in the inoculum and the selected cultures for OLR of 60 and
120 Cmmol/(L.d).; FigureS2: Representative oxygen profile consumption for a cycle at OLR of
60 Cmmol/(L.d) (dash line) and at OLR of 120 Cmmol/(L.d) (full line).
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