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Polyhydroxyalkanoates (PHAs), such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) copolymers, are
biopolymers that can serve as substitutes for conventional plastics as they have similar properties. The objective
of this study was to develop a robust mixed microbial culture (MMC) enriched in microorganisms capable of
accumulating high intracellular PHBV content. The MMC was successfully enriched and operated stably over the
long term (521 days) in a sequencing batch reactor (SBR) in which the carbon and nitrogen feeding were
uncoupled. Its maximum PHBV accumulation capacity and biopolymer production yield were 62 wt% and 0.59
Cmolpypy/Cmolyra, respectively, and treated OLRs of up to 6 g COD/(L-d), which influenced the microbial
community composition. The maximal accumulation capacity of the MMC, evaluated in batch experiments, was
83 wt% PHBV and yields of 0.63 Cmolpypy/Cmolyra. Similar results were obtained with the two synthetic vol-
atile fatty acid (VFA) compositions tested. When the potential of this culture to use pre-acidified (VFA-rich)
wastewater from fish canning residues as a substrate was evaluated, the highest obtained values were 56 wt%
PHBV and 0.36 Cmolpygy/Cmolypa. The results demonstrate that PHBV composition can be adjusted by VFA feed
composition (either synthetic or residual), highlighting the process versatility.

1. Introduction

The growing demand for sustainable materials has intensified in-
terest in polyhydroxyalkanoates (PHAs), a family of biobased, biode-
gradable, and biocompatible biopolymers characterized by having
properties comparable to those of conventional petrochemical plastics
[1]. Microbial mixed cultures (MMCs) enriched in PHA-accumulating
organisms offer economic and environmental advantages over pure
cultures used at the industrial scale for PHA production. This is because
MMCs do not require sterile conditions and can utilize residues as
feedstocks [2]. MMC enrichment can be achieved by applying
feast-famine regimes combined with carbon and nitrogen uncoupled
feeding, in which nitrogen is supplied only in the famine phase, favoring
the selection of microorganisms capable of synthesizing PHA [3]. Thus,
to ensure the economic viability of MMC-based PHA production, it is
crucial to identify an inexpensive and abundant organic substrate.

In the region of Galicia (northwest Spain), the canned fish
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production industry generates substantial wastewater volumes (more
than 2.1 million m® in 2021), requiring effective management to ensure
the sector's sustainability and to protect surrounding ecosystems [4].
These liquid streams are characterized by variable compositions and
large organic content (1-90 g/L as chemical oxygen demand, COD) [5].
Previous research has shown that wastewater from the fish canning in-
dustry can be efficiently fermented under anaerobic conditions to pro-
duce volatile fatty acids (VFAs). For example, when using wastewater
from mussel cooking, effluents with COD concentrations up to 12.6 g
CODypa/L have been produced [4]. The produced VFAs, such as acetate,
propionate, butyrate, and valerate, are widely used as substrates for PHA
synthesis by MMCs [6,7]. However, when these highly concentrated
streams are used as substrate, during MMC enrichment, they often
require dilution to limit the applied organic loading rate (OLR) and
maintain stable reactor operation, highlighting a significant operational
barrier [6]. Attempts to operate MMC enrichment reactors at high OLRs
have either been limited to short-term experiments [8,9] or have
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reached over 200 days of operation but resulted in a low maximum PHA
accumulation capacity of 19wt% [10]. Therefore, the long-term
enrichment of robust, high-performing MMCs under elevated OLRs re-
mains an open challenge.

Beyond achieving high PHA accumulation yields, controlling poly-
mer composition is essential for tailoring its properties to specific ap-
plications [11]. While polyhydroxybutyrate (PHB) is the most common
PHA and recognized by its polypropylene (PP)-like properties, its
practical application is limited by its brittleness compared to PP [12].
The presence of 3-hydroxyvalerate (3HV) in addition to 3-hydroxybuty-
rate (3HB) monomers results in the copolymer poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and reduces crys-
tallinity and melting temperature, enhancing flexibility and process-
ability [12].

In general, the parameter most affecting the HB:HV ratio is the
composition of the VFA mixture in the substrate fed to the MMC, which
ultimately determines the biopolymer's properties [11]. By selecting
mixtures of VFAs as feedstock, it is possible to obtain PHBV copolymers
containing 12 wt% of 3HV, which exhibit physical properties similar to
those of PP, as well as PHBV copolymers containing 23 wt% of 3HV,
which show physical properties closer to those of low-density poly-
ethylene (LDPE) [1,12]. These results highlight the importance of con-
trolling the 3HB:3HV ratio to define the polymers properties. Although
Lorini et al. [8] suggested that the applied OLR may also influence PHA
composition, even when using the same VFA mixture, the mechanisms
linking operating conditions to the resulting polymer's composition
remain poorly understood. Therefore, further research is needed to
determine whether increasing OLR to high levels can enable stable
culture performance and maintain the desired polymer composition.

This study aims to develop and characterize a high-yield MMC for
PHA accumulation, capable of producing PHBV biopolymers with
defined compositions, exhibiting robust long-term operation, and
treating OLRs of up to 6 g COD/(L-d). Additionally, the potential of this
enriched MMC to use wastewater from the fish-canning industry, which
is pre-acidified and rich in VFAs, as substrate will be evaluated.

2. Materials and methods
2.1. Reaction systems description

A sequencing batch reactor (SBR) was used to select the MMC with
PHA-accumulating capacity, and accumulation experiments were per-
formed to determine the MMC’s maximum PHA-accumulation capacity.

2.1.1. Microbial mixed culture enrichment procedure

A jacketed glass SBR with a 4-L working volume was inoculated with
activated sludge collected from an urban wastewater treatment plant.
The reactor was operated for 521 days, maintaining a hydraulic reten-
tion time (HRT) and solid retention time (SRT) of 24 h each. The oper-
ational cycles had a duration of 12 h, divided into 5 phases: feeding of
nutrients (without nitrogen) and VFAs mixture (5 min), aerobic reaction
(290 min), feeding of ammonium chloride solution as nitrogenous
source (1 min), aerobic reaction (419 min), and effluent withdrawal
(5min). The feast-famine regime was imposed, and carbon and nitrogen
were supplied uncoupled to enable rapid culture enrichment and effi-
cient selection of PHA-storing culture under high organic loading rates
[3]. The temperature inside the reactor was controlled at 30 °C using a
thermostatic bath (Tectron Bio-100, J.P. Selecta, Spain), and the pH was
not controlled. The reactor was continuously aerated by means of a
ceramic bubble diffuser connected to a pump (Laboport N 86 KTP, KNF
Neuberger, USA), which provided mixture and dissolved oxygen (DO)
for biological reactions. From day 275 onward, a mechanical stirrer (RW
20 digital, IKA, Germany) was also used to ensure the complete mixture.
DO concentration was monitored online every five minutes using a
luminescence electrode (LDO101, Hach Company, USA).

The fed carbon source was a synthetic mixture of VFAs with a fixed
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composition of 44% acetic acid, 44% butyric acid, 8% propionic acid,
and 4% valeric acid (% weight of the COD) (F1) (Table 1). The F1-
specific VFA composition was defined to achieve an expected
3HB:3HV ratio of 88:12 g/g, based on literature [13]. The effect of the
applied OLR (Table 1) was investigated by increasing it in six opera-
tional stages (ranging from 2.5g COD/(L-d) to 6.0 g COD/(L-d)). VFA
concentrations in this fed mixture were progressively increased
throughout the operational period, with rises of 25% of the initial load
(2.5 g COD/(L-d)) for the first five operational stages and of 40% in the
final stage. In each operational cycle, 1 L of VFA solution was fed along
with 1 L of nutrient solution. The VFA solution was partially neutralized
with NaOH to a pH of 5.5-6.0, resulting in a Na' concentration of
2.5 g/L. From day 286 (Stage V) onward, nutrient concentrations were
adjusted according to VFA concentration increases, varying in the
following ranges: MgSO4 from 16.75 to 30.25 mg/L, KHyPO4 from 87.25
to 157.00 mg/L, KCl from 13.25 to 23.75 mg/L, and trace elements [14]
from 0.38 to 0.68 mL/L. In all stages, 0.04 mL/L of allylthiourea (33 g/L)
were added to prevent nitrification.

2.1.2. Monitoring of PHA accumulation capacity

A fed-batch reactor with a working volume ranging from 0.2 to 3.2 1L,
depending on the experiment, was used to evaluate the PHA accumu-
lation capacity of the MMC. The biomass inoculated was collected from
the SBR at the end of an operational cycle. A solution containing a
mixture of VFAs was supplied in pulses, added once an increase in DO
concentration was observed, indicating VFA depletion. The temperature
inside the jacketed reactor was maintained at 30 °C with a thermostatic
bath (Tectron Bio-100, J.P. Selecta, Spain).

Accumulation experiments were performed using six media con-
taining VFAs (F1-F6). F1 and F2 were synthetic VFA mixtures (composed
of acetic acid, butyric acid, propionic acid, and valeric acid, as shown in
Table 1). F1 was defined to obtain an expected 3HB:3HV ratio of
88:12 g/g as in the enrichment, targeting properties like those of PP, and
F2 was formulated for a 77:23 g/g 3HB:3HV ratio to achieve properties
comparable to those of low-density polyethylene, based on literature
data [13]. Feeding media F3 to F6 were VFA mixtures collected from a
pilot plant of acidification of fish canning effluents with variable
composition containing acetic acid, butyric acid, propionic acid, valeric
acid, and caproic acid (Table 1). For the VFA recovery at pilot scale (F4,
F5, and F6), commercial polyelectrolytes (FLOPAM EM 640 and FLO-
QUAT FL4820, SNF Floerger Iberica SLU) were used in the solid-liquid
separation step.

2.2. Sampling and analytical methods

Liquor media samples were collected for analysis of the liquid and
solid fractions. Total and volatile suspended solids (TSS and VSS) were
measured in duplicate according to the Standard Methods for the Ex-
amination of Water and Wastewater [15] and the pH was measured with
a pH meter (GLP 22, CRISON, Spain).

The liquid fraction was obtained after the sample was filtered
through a cellulose-ester filter with a 0.45um pore size (Advantec,
Japan). It was subjected to analyses to determine the concentrations of
soluble COD [15], ammonium using the Bower and Holm-Hansen
methodology [16], and total organic carbon (TOC) and total nitrogen
(TN) (TOC-L analyzer with the TNM-module, TOC-5000 Shimadzu,
Japan). VFA concentrations were determined by gas chromatography
(GC) (Agilent Technologies 6850 Series II, Agilent, USA) with a DB-Wax
column (30 m x 0.25 mmx0.25 pm) using pre-acidified samples (10 pL
of H3PO4 (85%) per mL of sample), nitrogen gas as the carrier
(1.5mL/min), and a flame ionization detector (FID) (300 °C) with a
Hy/air mixture at 40:400 mL/min.

For solid-fraction analysis, media samples were collected to quantify
the PHA content within cells by propanolysis. Immediately after sam-
pling, 100 pL of a 37% v/v formaldehyde solution was added to 50 mL of
the broth sample to stop microbial activity [11,13]. Then, the samples
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at the end of the feast phase, from VFA feeding to depletion (including
PHBYV already stored within the biomass at the beginning of the cycle).
For the accumulation experiments, volumetric productivity was calcu-
lated using data at the end of the experiments. Specific accumulation
and consumption rates (Cmolpypy/(Cmolx-h) and Cmolygs/(Cmolx-h))
were obtained by dividing the slope of the linear regression of the PHBV
or VFA concentrations over time, respectively, by the active biomass
concentration. The specific consumption rates of each VFA were esti-
mated from the slope of the linear regression of VFA concentration
divided by the active biomass concentration and represented over time.
To convert PHBV to COD concentration, the following factors were used:
1.67 g COD/g PHB and 1.92 g COD/g PHV [20].

3. Results and discussion
3.1. Enhanced PHBV-accumulating MMC enrichment

In the enrichment SBR, the feast-and-famine regime was established
almost after inoculation, and the length of the feast phase went below
20% of the total cycle length after just 7 days of operation (Figure S1),
indicating that the selective pressure for PHA-storing populations
development was already imposed in the system [21]. Notably, by day
17, MMC enrichment was confirmed, as the PHBV accumulated at the
end of the feast phase already reached 51 wt%. This rapid enrichment is
likely attributed to the carbon and nitrogen uncoupled feeding regime
applied. In this way, the imposed nitrogen limitation directly favored
the metabolism of PHBV-accumulating microorganisms over
non-storing heterotrophic bacteria from the first operational cycle on-
ward. In contrast, relying solely on the conventional feast-and-famine
regime requires multiple cycles for these specialized organisms to
establish a competitive advantage over non-accumulating heterotrophs
[3].

The robust stability of the enriched MMC was demonstrated by its
reproducible performance over 521 days of long-term operation. At all
stages, TN and COD were almost consumed, with concentrations at the
end of the cycle averaging 14 + 11 mg TN/L and 96 + 27 mg COD/L,
respectively (Figure S2). The DO concentration over time during the
feast phase was very similar across the different stages, consistently
exceeding 2.5 mg Oy/L (Figure S3), despite the progressive increase in
applied OLR (Table 1), indicating that oxygen limitation did not occur at
any stage. Finally, the MMC consistently exhibited a high PHBV accu-
mulation capacity of 59 + 5 wt% on average (Fig. 1), which is a value in
the highest range of percentages obtained in previous studies with MMC
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fed with VFAs (Table S1). Stable enrichment was verified by monitoring
single operational cycles at each stage; the one corresponding to day 64
of operation is described in the supplementary material (Figure S4) as an
illustrative example.

When feeding a VFA mixture, distinct phases in VFA consumption
driven by substrate preferences are often observed [22]. In the present
study, all VFAs were consumed simultaneously, and only one phase was
observed (Figure S5). However, the fastest uptake was observed for the
butyric acid (Table S2), independently of the stage of operation, as
previously reported in other studies [10,23]. Compared with acetic acid,
which in this study was fed at the same COD proportion, the preference
for butyric acid can be explained by the lower overall energy re-
quirements for its conversion to PHB. While the conversion of acetic acid
to PHB requires both ATP and NADH, the metabolism of butyric acid
consumes ATP but generates NADH, thereby providing the reducing
equivalents necessary for PHB synthesis [24].

This achieved PHBV accumulation percentage together with already
demonstrated effective extraction protocols, purity (89 + 2%), and re-
covery (78 & 3%), for PHA values above 32 wt% [25], proved the
feasibility of directly processing this end-of-feast biomass. This would
simplify the MMC PHA production process, as the direct biomass har-
vested at the end of the feast phase is appropriate for downstream
processing, eliminating the need for a separate subsequent accumulation
stage [26]. Furthermore, the composition of the accumulated PHBV, in
terms of the 3HB:3HV ratio, also remained stable at approximately
87:13 g/g (excluding Stage III), close to the target ratio of 88:12 g/g
(Fig. 1).

The uncoupled feeding applied in this study resulted in PHBV
accumulation values (Table 2) similar to those reported in studies that
used only a feast-famine regime (coupled). This is the case of Tamis et al.
[27], who used fermented paper mill wastewater, and Korkakaki et al.
[28], who used a mixture of synthetic VFAs and leachate from com-
posting the separated organic fraction of municipal solid waste
(OFMSW) (75:25% by volume), achieving in both cases slightly over
50 wt% accumulation (Table S1). Lower accumulation values were ob-
tained in studies using fermented cheese whey (17 wt%) [3] and fer-
mented molasses (25 wt%) [29], in reactors operated at SRTs of 4 and 10
days, respectively, longer than the 1-day SRT applied in the present
study. This is consistent with Matos et al. [2], who observed higher
accumulation percentages in the enrichment reactor operated at lower
SRT. The average PHBV yield of 0.56 Cmolpygy/Cmolyga obtained in the
present study falls within the range reported in other studies (0.39 [3]
and 0.7 Cmolpya/Cmolyra [29]). Burniol Figols et al. [22], operating at
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Fig. 1. Evolution over time of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) productivity (g PHBV/(L-d)), biomass concentration at the end of the famine
phase expressed as volatile suspended solids (VSS) (g VSS/L), wt% of accumulated PHBV, and within this PHBV the wt% of 3HB monomer and 3HV monomer. The
data represent the average results from each operational stage of the enrichment sequencing batch reactor, I corresponds to an applied organic loading rate of 2.50 g
COD/(L-d), II to 3.13 g COD/(L-d), III to 3.75 g COD/(L-d), IV to 4.38 g COD/(L-d), V to 5.00 g COD/(L-d) and VI to 6.00 g COD/(L-d).
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Table 2

Journal of Environmental Chemical Engineering 14 (2026) 122460

Active biomass (X) concentration, maximum intracellular accumulation percentage (ACCpay), chemical oxygen demand consumed (CODcopns), poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) production yield over volatile fatty acids (VFA) (Ypupv,vra), 3HB:3HV ratio, and specific accumulation rate
(qpupy) were determined in different cycles monitored in the enrichment sequencing batch reactor throughout the operational stages and in different accumulation
experiments testing six different feeding compositions: F1 and F2 (synthetic media) and F3, F4, F5, and F6 (pre-acidified fish canning wastewater).

Feed Stage Day X ACCphax COD¢ons Ypusv,vra 3HB:3HV qpHBV
(g/L) (wt% PHBV) (g COD/L) (Cmol/Cmol) g8/8 (Cmolpygy/
(Cmolx-h))
Enrichment F1 1 29 0.48 + 0.04 53 1.25 0.57 £ 0.03 87:13 0.48 + 0.06
F1 I 64 0.56 + 0.08 58 1.56 0.62 + 0.06 88:12 0.77 + 0.04
F1 1L 168 0.57 + 0.05 62 1.88 0.57 +£0.11 82:18 0.68 +0.11
F1 v 211 0.84 + 0.08 55 2.19 0.54 £0.11 87:13 0.45 + 0.08
F1 \% 308 0.81 + 0.05 52 2.50 0.51 £0.19 87:13 0.53 £ 0.07
Accumulation F1 I 66 1.12 £ 0.20 65 5.83 0.55 90:10 0.18
F1 11 134 1.25 +0.11 75 7.40 0.63 + 0.07 88:12 0.41 + 0.01
F1 111 168 0.99 +£0.14 83 7.90 0.63 + 0.02 81:19 0.48 +0.01
F1 v 211 2.01 +0.18 68 8.90 0.63 + 0.02 90:10 0.15 + 0.04
F1 \4 282 1.24 £ 0.09 75 7.20 0.54 + 0.21 85:15 0.28 + 0.10
F1 \% 296 1.22 + 0.04 75 7.00 0.49 + 0.04 89:11 0.29 + 0.02
F2 A 329 1.60 + 0.08 76 8.10 0.56 + 0.04 75:25 0.28 + 0.01
F2 VI 505 1.89 +£0.13 75 10.10 0.58 + 0.04 75:25 0.25 + 0.03
F3 A 367 1.60-2.61" 33 7.07 0.32 + 0.01 90:10 0.04 + 0.01
F4 \Y% 387 1.44-1.96" 40 8.52 0.33 £0.08 84:16 0.05 + 0.04
F5 A 407 1.57-0.53" 56 8.34 0.36 + 0.07 80:20 0.08 + 0.01
F6 VI 505 1.78-3.00" 16 6.01 0.16 + 0.03 94:06 0.01 £+ 0.01

@ There is an interval due to the biomass growth during the experiment.

b The active biomass concentration decreased due to dilution associated with the high volume of substrate added.

equal HRT and SRT of 1 day, using a synthetic VFA medium supple-
mented with crude glycerol, achieved a yield of 0.78 Cmol-
paA/Cmolgypstrate. However, they reported an accumulation percentage
(39 wt%) lower than in the present study. Regarding studies with
uncoupled nitrogen and carbon feeding, Giovanella et al. [23] achieved
an accumulation percentage of 22 wt% and a yield of 0.65 Cmol/Cmol
feeding a salted synthetic VFA mixture, and Cruz et al. [30] reported an
accumulation of 19-33 wt% and a yield of 0.44-0.59 Cmol/Cmol
feeding a synthetic mixture of acetic and propionic acids. Although the
yields are similar, the PHA accumulation percentages are much lower
than those reported in the present study, probably due to their larger
SRTs. These relatively low PHA accumulation percentages might be a
drawback for downstream processing. Therefore, the combination of the
high yield and percentage of PHA accumulated achieved in the present
study, according to the authors’ knowledge, is among the highest re-
ported with MMCs (Table S1). The trade-off between the two parameters
is crucial for achieving high productivity and favoring broader
application.

3.2. Impact of applied organic loading rate on enrichment performance

The applied OLR significantly influenced overall reactor productiv-
ity. As OLR increased, biomass concentration rose proportionally,
reaching 1.81 g VSS/L at the end of the famine phase in stage VI. Thus,
the substrate-to-biomass ratio remained nearly constant, and no sub-
strate inhibition was observed. Moreover, it was found in previous
studies that when applying the uncoupled feeding strategy, the lower the
SRT, the lower the sensitivity of cultures to high loads [2]. In the present
study, the applied SRT of 1 day appears beneficial. Given that the
pre-acidified wastewater tested contained no salt, the most likely
limiting effect would be ammonia concentration or the potential
inhibitory effects of metals (as discussed further below).

Reactor productivity more than doubled, from 1.03 g PHBV/(L-d) in
Stage I to 2.53 g PHBV/(L-d) in Stage VI (Fig. 1). In that last stage, the
load applied (6 g COD/(L-d)) may be considered high for PHBV-
accumulating MMC enrichment processes [31]. The applied uncoupled
feeding regime enabled sustained high OLRs without compromising
MMC selection efficiency or process stability [3]. These high-treated
OLRs highlight the potential of the selected operational strategy to
effectively valorize waste streams with relatively high organic content as

VFAs, without the need for dilution with clean process water to prevent
oxygen limitation at high COD concentrations [6]. This high-load
approach offers a clear path toward reducing bioreactor footprints and
improving the volumetric productivity of PHA at an industrial scale.

While biomass concentration and productivity increased with OLR,
the PHBV production yield remained within the range of 0.53-0.62
Cmolpypy/Cmolygp across the different operational stages. Under these
conditions, the larger VFA fraction was converted to PHA. Farghaly et al.
[32] observed a decrease from 0.50 + 0.39 Cmolpya/Cmolg to 0.39
+ 0.22 Cmolpys/Cmols when the applied OLR increased from 1.5 to
2.0 g COD/(L-d) in an SBR fed with acetate and operated at an SRT of 10
days. In their case, enrichments subjected to OLRs above 2.0g
COD/(L-d) exhibited no clear feast and famine profiles, probably caused
by DO limitation. In contrast, the present study consistently maintained
feast and famine phases, even at the high applied OLRs of 6 g COD/(L-d)
in stage VI (Figure S3), indicating a stable selection regime.
Morgan-Sagastume et al. [33] found that lower OLR promoted higher
PHA accumulation capacity at HRTs of 4 and 8 h, using residual VFAs as
substrates. Their PHA-accumulation yield increased from 0.14-0.26
Cmolpya/Cmolyra at 12 g COD/(L-d) to 0.22-0.43 Cmolpya/Cmolypa at
6 g COD/(L-d) because of the lowered feast-to-cycle-length ratio.

However, other studies have shown that higher OLRs can be toler-
ated in short-term experiments with systems in which carbon and ni-
trogen feeding are uncoupled, yielding accumulation percentages
similar to those of the present study (Table S1). Lorini et al. [8] obtained
a PHA content of 0.53 g PHA/g VSS at an OLR of 12.7 g COD/(L-d), and
Crognale et al. [9] achieved 0.62 g PHA/g VSS even at an OLR as high as
12.75 g COD/(L-d). This suggests that once adequate enrichment is
established, high OLRs can be treated while maintaining a high per-
centage of PHA accumulated. Lorini et al. [8] also obtained a PHA
productivity of 1.64 g PHA/(L-d) at an OLR of 8.5 g COD/(L-d). It is
noteworthy that the present study achieved a higher productivity of
2.53 g PHBV/(L-d) at a lower applied OLR of 6 g COD/(L-d). Similarly,
the active biomass concentration of 1.64 g X/L achieved at an applied
OLR of 6 g COD/(L-d) is comparable to the 1.68 g X/L achieved by
Crognale et al. [9] working with an OLR of 8.5 g COD/(L-d).

Matos et al. [10] also achieved a PHA-accumulating culture and
increased the OLR applied, reaching a value of 8.7 g COD/(L-d) at a SRT
of 4 days (HRT of 1 day), but the PHA accumulated during the feast
phase accounted for 19 wt%. In that case, the gradual increases in the



Y. Lopez-Garabato et al.

fed OLR led to higher yields and greater accumulation percentages. In
another study conducted by Matos et al. [2], who worked with OLR
values between 2.7 and 14.5 g COD/(L-d) at a SRT of 2 days (HRT of
1 day), they also found that the yields increased as the OLR fed was
increased, ranging from 0.41 to 0.77 Cmol/Cmol (Table S1). In that case,
the PHA accumulation percentages showed no clear trend and averaged
26 + 4 wt%. According to the literature, the OLR applied could continue
to increase, potentially enhancing system performance or at least not
impairing it. In the present study, it was possible to operate at a high

a)

Fig. 2. Transmission electron microscopy (TEM) images from biomass samples
collected at the end of the feast phase during an enrichment cycle (a), at the end
of an enrichment cycle (b), and at the end of an accumulation experiment (c).
Size bar of 500 nm.
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OLR and maintain long-term enrichment, being able to apply an OLR of
6 g COD/(L-d) for 191 days, achieving an average accumulation per-
centage of 60 + 4 wt%. The novelty of this research work lies in
combining long-term enrichment with high accumulation values.

3.3. Enriched MMC characterization: microbial structure and
accumulation performance

3.3.1. Microstructural characterization of PHBV accumulation and
microbial heterogeneity

Intracellular PHBV accumulation of the MMC was indicated by the
presence of spherical inclusions (PHBV granules) inside the bacterial
cells (Fig. 2). These granules varied in size and number, indicating a
certain degree of heterogeneity across the culture. At the end of the feast
phase (Fig. 2a), most cells contained one or more PHBV granules, sup-
porting the high PHBV content (57 wt%). However, not all cells
exhibited visible PHBV granules, indicating differences in the capacity
to accumulate within the microbial community. After the famine phase
(Fig. 2b), the intracellular PHBV content decreased to support cell
growth and maintenance, resulting in a PHBV accumulation of 10 wt%.
PHBV granules became smaller, fewer in number, or, in some cases,
nearly absent.

To evaluate the coexistence of microbial species with varying PHBV
accumulation capacities, microbiological analyses were performed on
samples collected at each operational stage (excluding stage I). In stage
V, three samples were collected, one from the bottom and one from the
top of the SBR on day 273, and from the discharge after the imple-
mentation of a mechanical stirrer on day 328.

The bacterial community comprised 21 different phyla (Fig. 3a).
Pseudomonadota (average relative abundance (RA) 33.65%) and Acti-
nomycetota (average RA 8.32%) were the main dominant bacterial
phyla. The ability of several members of the phylum Pseudomonadota to
produce PHAs has been amply described, a fact attributed to their highly
flexible metabolic capabilities, allowing the members of this phylum to
utilize various waste substrates for that purpose [34-37]. While the RA
of Pseudomonadota was broadly stable across the distinct operational
periods, that of Actinomycetota was highly variable, being non-dominant
on days 230 (stage III) and 273 (stage IV). In these samples, Actino-
mycetota, was replaced by Bacteroidota and Verrucomicrobiota, respec-
tively. On the other hand, while the phylum Actinomyceota and
Verrucomicrobiota harbor different taxa able to accumulate PHA [35,38],
genera within the phylum Bacteroidota with this capability have not yet
been described. Despite fluctuations in the relative abundance of the
main phyla, PHA accumulation remained stable over time. This re-
inforces functional redundancy as a key advantage of working with
MMCs since the biomass is composed of a consortium of genera from
different bacterial phyla, which can adjust their structure by themselves
to cope with operational changes without major impacts on PHA accu-
mulation performance.

The dominant bacterial OTUs (average RA > 1%) were OtuB0001
(Amaricoccus, average RA 12.80%), OtuB0002 (Pseudofulvimonas,
11.64%), OtuB0003 (Luteimonas, 10.02%), OtuB0004 (Steno-
trophobacter, 4.81%), OtuB0005 (Luteolibacter, 4.29%), OtuB0006
(Paenimyroide, 4.18%), OtuB0007 (Aromatoleum, 3.92%), OtuB0008
(Gordonia, 3.83%), OtuB0009 (Paracoccus, 3.05%), OtuB0010 (Millisia,
3.04%), OtuB0011 (Streptomyces, 2.89%), OtuB0012 (Brevundimonas,
2.69%), OtuB0013 (Roseibacillus, 2.53%), OtuB0014 (Pseudox-
anthomonas, 1.33%), OtuB0015 (Mesorhizobium, 1.29%), OtuB0016
(Terrimicrobium, 1.10%), OtuB0017 (Bosea, 1.05%), OtuB0018 (Para-
rhodobacter, 1.04%) and OtuB0019 (Arenimonas, 1.02%). Also, 24.49%
of the OTUs had an overall RA < 1% and were classified as miscella-
neous minority bacterial OTUs. It should be noted that Amaricoccus, the
most abundant bacterial OTU, showed a high accumulation capacity of
PHB using acetate [34], organic acid mixtures [36], or agroindustrial
by-products [35] as carbon sources.

According to Crognale et al. [39], the main gene involved in PHA
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Fig. 3. (a) Relative abundance of the bacterial phyla in the bioreactor. (b) Dominant bacterial OTUs (relative abundance > 1%) in the bioreactor. Days of sample
collection are indicated by a D followed by the corresponding number. On day 273, one from the top and one from the bottom of the reactor were taken.

accumulation is phaC, which encodes the poly(R)-hydroxyalkanoic acid
synthase, the last enzyme in the PHA biosynthesis pathway. In this re-
gard, to the best of the authors knowledge, the PhaC enzyme of Amar-
icoccus has not been isolated and characterized; nevertheless, a protein
containing 607 amino acids has been predicted as a class I poly
(R)-hydroxyalkanoic acid synthase (NCBI Reference Sequence:
WP_233713022.1), linking the observed dominance of this genus to the
biological capacity of the accumulated PHA. Similarly, Pseudofulvimonas
[371, Luteolibacter [36], Gordonia [38], Paracoccus [37], Streptomyces
[40], Brevundimonas [41], Mesorhizobium [42], Bosea [39], and Para-
rhodobacter  [43] have all been previously described in
PHA-accumulating enriched MMCs. In addition, different proteins have
been annotated in the UniProt database (https://www.uniprot.org/) as
PhaC enzymes for Pseudofulvimonas (A0A4V3UU), Mesorhizobium
(AOABY5QR50), Bosea (AOABWOP7U9), and Pararhodobacter
(AOABT3GY56). On the other hand, the biosynthetic pathways for PHA
accumulation have been well described for Gordonia [44], Paracoccus
[45], Streptomyces [46], and Brevundimonas [47]. Conversely, genetic
evidence of PHA accumulation biosynthetic capacity in Luteolibacter has
not yet been described. Considering the broad diversity of bacteria
potentially harboring phaC-like genes, the redundancy of
PHA-accumulating bacteria within the MMC likely contributed to the
consistently high PHA accumulation observed; however, strong succes-
sional patterns among the genera were observed across the different
sampling times analyzed. It should be noted that the metabolic capac-
ities of Amaricoccus [48] are more ample than those of Pseudofulvimonas
[49], as the latter can only grow using a few compounds as sole carbon

sources (i-arabinose, cellobiose, b-fructose, p-galactose, and
dl-3-hydroxybutyrate). Hence, the replacement of the genus Amar-
icoccus by Pseudofulvimonas at the end of phase V suggests that it could
be linked to the increase in the carbon availability mediated by an
increased OLR, promoting the growth of this bacterium, as previously
observed with different carbon substrate concentrations [37].

Therefore, the high variance in community structure across opera-
tional stages suggests that the increasing OLR is a driving force in the
selection of the main bacterial OTUs, acting as a selective pressure for
the settlement of putative PHA-accumulating bacteria within the MMC
[9].

3.3.2. Dynamics of PHBV accumulation with synthetic VFA mixtures

Accumulation batch experiments were conducted to determine the
maximum PHBV accumulation capacity of the enriched MMC
(Figure S6) using two different VFA mixtures (F1 and F2) (Table 1) and
as inoculum biomass from the enrichment SBR collected in the different
operational periods.

For both tested synthetic VFA mixtures (F1 and F2), the PHBV
accumulation percentage ranged from 65 to 83 wt% with an average
value of 74 wt% (Table 2). The slight differences in PHBV accumulation
did not follow a defined trend, indicating a stable capacity for PHBV
accumulation, with maximum values of 83 and 76 wt% with F1 and F2,
respectively. From the results obtained (Figure S6), it can be inferred
that the biomass would accumulate more PHBV if the experiment had
been prolonged. However, it must be considered that accumulation is
always limited by the physical constraints of the existing cell wall
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Figure 4. Results for each batch experiment of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) accumulation using different feedings and biomass from
different stages of the reactor: productivity (g PHBV/(L-d)), wt% of accumulated PHBV and within this PHBV the wt% of 3HB and 3HV monomers. Stage I corre-
sponds to an applied organic loading rate of 2.50 g COD/(L-d) in the enrichment sequencing batch reactor, II to 3.13 g COD/(L-d), III to 3.75 g COD/(L-d), IV to

4.38 g COD/(L-d), V to 5.00 g COD/(L-d) and VI to 6.00 g COD/(L-d).

material, as observed in pure cultures, which reached a maximum of
90% [50]. In this sense, TEM images (Fig. 2¢) confirmed that at a high
PHBV content (87 wt%), PHBV granules occupied most of the cell vol-
ume and cells became more spherical.

PHBV productivity varied significantly across experiments (5.27 —
10.36 g PHBV/(L-d)) (Figure 4), showing no clear dependence on the
organic load fed. The PHBV accumulation and VFA consumption rates
were also estimated in experiments with F1 and F2, respectively, using
as inoculum biomass collected from the SBR at stage V: days 296 and
329 (Figure S6). They resulted in values of 0.31 Cmolpypy/(Cmolx-h)
and 0.63 Cmolypa/(Cmolx-h) using F1 and 0.26 Cmolpypy/(Cmolx-h)
and 0.46 Cmolygs/(Cmolx-h) using F2.

The maximum PHBV accumulation achieved in the accumulation
experiments (83 wt%, Table 2) falls within the highest range reported by
other authors working with PHA production systems using MMC, 78 wt
% [28] with synthetic mixtures and 59 wt% [32] and 54 wt% [51] with
VFA mixtures from fermentation. Pedrouso et al. [52] obtained lower
PHA accumulated (41 wt%) but a comparable PHA production yield of
0.48 Cmmolpya/Cmmolyra using a synthetic VFA mixture.

3.3.3. Accumulation potential with pre-acidified fish canning residues

The PHBV production capacity of the MMC was evaluated in accu-
mulation experiments performed using VFA mixtures obtained from the
acidification of fish canning wastes (F3-F6, Table 1 and Figure S7) that
already contained significant nitrogen concentrations. The highest
PHBYV accumulation (56 wt%, Table 2) was achieved in the experiment
conducted with F5. However, process scalability was limited by low VFA
concentrations in F5, requiring large feeding volumes, thereby diluting
the biomass and reducing overall process productivity. The observed
variability in 3HB:3HV ratios of the produced PHBV across these ex-
periments corresponded to differences in VFA composition among F3 -
F6 feeding. The presence of nitrogen in the feeding increased active
biomass concentration during the experiments (Figure S7). It is well
established that nitrogen availability hinders PHA accumulation, as
biomass preferentially utilizes substrates for growth rather than accu-
mulation [53]. The change from synthetic media in the enrichment to
pre-acidified wastewater in the accumulation does not necessarily cause
the lowered accumulation value. In the study conducted by
Burniol-Figols et al. [22], in which the culture was enriched with syn-
thetic media and then the clarified effluent from crude glycerol
fermentation was fed during the accumulation batch tests with ammonia
present at negligible concentrations, they obtained an average PHA

content of 76 wt%. Other studies using complex nitrogen-deficient
feedstocks yielded PHA contents of 69 wt% and 81 wt% using pH-stat
mode, where the acidified stream was continuously supplied as an
acid solution to control the reactor-setpoint pH [2,10]. The lower PHA
accumulation using acidified wastewater compared to synthetic waste-
water (Table 2) was previously reported by Pedrouso et al. [52], who
achieved 25 wt% with acidified wastewater and 41 wt% with synthetic
media. This was related to the presence of ammonium nitrogen and to
salinity from the acidified mussel cooker wastewater. However, Mulders
et al. [54], working with wastewater with a high total ammonia nitrogen
content, achieved a PHA accumulation of 0.77 g PHA/g VSS, demon-
strating that higher accumulation percentages can be achieved in
well-enriched MMCs even when ammonium is present. These results
suggest that, in addition to nitrogen, the wastewater streams used in the
present study may contain specific compounds that hinder PHBV
accumulation.

The accumulation experiment with F6 was deemed invalid due to
poor PHBV accumulation performance (16 wt%). Even though this
feeding was supplemented with synthetic VFAs, the culture failed to use
them to accumulate PHBV. This strongly suggested the presence of
inhibitory substances, such as metals, originating from the coagulants
and/or flocculants used during the solid-liquid separation process
following the acidification of the fish canning waste. Specifically, F6 had
been treated with commercial high-molecular-weight polyacrylamide-
based coagulants and flocculants, and anionic polymers present in these
chemical products can affect enzyme activity involved in PHA synthesis
by binding essential cations. Moreover, certain inhibitory compounds
may persist in some agro-industrial by-products after acidification,
affecting the selection stage and, consequently, reducing the final PHA
yield [55].

Hence, analyses of various chemical elements were performed on the
different VFA batches (Table S3). For instance, F6 showed the highest
concentrations of metals such as Al, Ti, Cr, Ni, As, Se, and Hg. Addi-
tionally, sodium concentration, one of the most widely studied in-
hibitors of biological processes, was the highest in F6. However,
considering the feed dilution, the sodium concentration in the accu-
mulation experiment carried out feeding F4 (where 40 wt% PHBV was
achieved) was equivalent to that in the experiment carried out feeding
F6, suggesting that sodium itself was not inhibitory. Moreover, since the
MMC was enriched with a VFA mixture neutralized with NaOH, a basal
sodium concentration was already present.

Minimal differences in the composition of the medium regarding
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trace metals can significantly affect microbial competition and, thereby,
influence PHA production capacity [56]. For example, Stouten et al.
[56] showed that increasing iron bioavailability can shift bacterial
populations and increase PHA accumulation from 30 wt% to 52 wt% by
the end of the accumulation phase. In the present study, iron was always
present in excess compared to the synthetic media composition. Thus, a
significant role of iron in the poor performance of F6 is not anticipated.
Besides iron, other metals, such as calcium, were also found to be
beneficial for PHA accumulation in waste activated sludge [57], and in
F6, the concentration of this ion was the lowest. Other metals (K, Mn,
Cu, Zn), often needed in trace amounts for enzyme function or antiox-
idant defense, were found at lower concentrations in all pre-acidified
wastewater batches (F3-F6) than in the mineral nutrient medium
(Table S3), suggesting that they could be limiting factors for PHA ac-
tivity. However, their concentrations in F6 were comparable to, or even
higher than, those in the higher-performing F4. Therefore, while these
differences in trace element profiles may explain the performance gap
between synthetic and pre-acidified wastewater experiments, they are
unlikely to account for the specific decline observed in F6.

Overall, the failed performance in the F6 experiment highlights a
critical consideration for full-scale applications: the compatibility of
upstream wastewater treatment chemicals with downstream biological
processes to avoid cross-process interference and ensure system
robustness.

The proposed PHBV-producing system operates by uncoupling car-
bon and nitrogen feeding in the enrichment unit, while maintaining a
low nitrogen concentration in the feeding to the accumulation unit. To
implement this system at full scale, using pre-acidified fish-canning
wastewater, some operational adjustments will be necessary. To pro-
duce PHBV from complex or inhibitory wastewater, such as the one
tested in the present study, coming from the fish canning industry, a
strategy to cope with these characteristics consists of enriching the
PHBV-accumulating biomass using a substrate stream without nitrogen
and mainly composed of VFAs (fermented molasses, for example), sup-
plemented with a small amount of the complex wastewater. Once
enriched, biomass can be directly exposed to the complex substrate
during accumulation experiments since the PHA producers maintain
their advantage even when switching to a more complex VFA source
[28]. Additionally, given the feedstocks C/N ratio, the acidification step
should provide a stream with a higher percentage of VFAs than those
produced in the previous acidifying reactor, which is outside the scope
of this paper. Increasing this pretreatment efficiency will improve the
feasibility of the proposed system. Regarding the metal content, the high
accumulation percentage observed with F5 demonstrates that effective
upstream treatment without inhibitory metal concentrations is possible.
To use these streams of pre-acidified wastewater, a strategy that tests the
specific MMC with the VFA-rich stream obtained after adding different
amounts of coagulants and flocculants is proposed. When a stream ex-
ceeds the inhibition limit, various strategies can be used, such as dilution
or purification using membrane or ion-exchange resins. If the amount of
coagulant or flocculant added is always inhibitory, it would be best to
use natural substances that do not interfere with biological processes.

3.3.4. Predictive relationship between VFA composition and PHBV
monomers

With respect to the biopolymer composition, previous studies have
shown that even when the same VFA substrate composition is used,
different MMCs can yield markedly different 3HB:3HV ratios depending
on their specific characteristics [58,59]. In this study, increasing the
OLR from 2.5 to 6 g COD/(L-d), the 3HB:3HV ratio achieved during
enrichment remained constant (except for stage III) despite fluctuations
in the community across stages (Fig. 1). This stability is notable
considering that Lorini et al. [8] reported that increases in OLR could
also shift the HB:HV ratio, even under constant feed composition, pre-
senting a HV content of 0.24 g HV/g PHA treating 8.5 g COD/(L-d) and
0.14 g HV/g PHA treating 12.73 g COD/(L-d). This suggests that the
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selected MMC in the present study has a robust, functionally stable
metabolic response, enabling consistent PHBV monomer distribution
and aligning with the predicted value based on the VFA composition.

In the accumulation experiments, different results were obtained
with F1 and F2. The 3HB:3HV ratio remained close to the target values
(88:12 g/g for F1 and 75:25 g/g for F2), reflecting the distinct VFA
mixture compositions of the two feeds. This is consistent with well-
established metabolic pathways in which odd-carbon VFAs (e.g., pro-
pionate and valerate) serve as precursors for HV incorporation, thereby
promoting PHBV polymerization [7]. In contrast, even-carbon VFAs
result solely in HB [7]. According to known metabolic pathways,
following VFAs transport into the cell, VFAs are activated into their
respective acyl-CoA molecules [60]. While acetic acid and propionic
acid can be converted directly to acetyl-CoA and propionyl-CoA, lon-
ger-chain VFAs undergo p-oxidation [60]. In this pathway, butyric and
caproic acids are cleaved into acetyl-CoA, whereas valeric acid is con-
verted to acetyl-CoA molecules and a terminal propionyl-CoA molecule
that remains after the last turn of the B-oxidation cycle [61]. In addition,
a fraction of the propionyl-CoA produced may be converted to
acetyl-CoA [60]. Acetyl-CoA and propionyl-CoA are then reduced and
condensed to form the biopolymer. The combination of two acetyl-CoA
ultimately leads to the formation of 3HB, and the combination of one
acetyl-CoA with one propionyl-CoA forms 3HV [62]. Taking this into
account and considering literature correlations linking individual VFAs
to resulting HB:HV ratios [13], a direct relationship between the VFA
feed composition and the resulting 3HB:3HV ratio was proposed and
assessed with the VFA mixtures (F1-F6) used (Table S4). In all valid
experiments (excluding F6), the proportion of valeric and propionic
acids in the feed directly influenced 3HV content, confirming their role
as precursors. This ability to predict polymer composition from feed
characteristics (synthetic or residual) highlights the technological po-
tential. Accumulation yields were of 0.43 Cmolsyp/Cmolyra and 0.06
Cmolsyy/Cmolyps feeding F1 and 0.40 Cmolsyp/Cmolyra and 0.16
Cmolsyy/Cmolypa feeding F2. This capacity to tailor biopolymers for
high-yield production is made possible by the MMCs selection from a
feed comprising several VFAs [13].

The stable and predictable biopolymer composition achieved un-
derscores the robustness of the enrichment process. This versatility
would greatly simplify the potential implementation of this biotechno-
logical process, enabling the production of tailored biopolymer com-
positions without the need for separate enrichment strategies.

4. Conclusions

The enriched MMC exhibited a high capacity for PHBV accumulation
(average of 59 wt% at the end of the feast phase in the enrichment
reactor) and remained stable for 521 days without decay, despite broad
differences in bacterial community structure. Under these conditions,
PHBV production could be achieved in the same enrichment reactor,
removing the effluent at the end of the feast phase.

Increasing the fed OLRs from 2.5 to 6.0 g COD/(L-d) did not signif-
icantly affect the biopolymer accumulation, while the reactor produc-
tivity doubled, reaching up to 2.53 g PHBV/(L-d).

Maximum accumulation of PHBV of 83 wt%, comparable to those of
pure cultures, was achieved with conversion yields as high as 0.63
CmolpHBv/Cmolva.

A maximum percentage of PHBV accumulated of 56 wt% was
reached with pre-acidified fish-canning effluents; however, this sub-
strate complexity requires careful consideration. It was observed that
the monomer composition was predictable and depended on the VFA
mixture. The 3HB:3HV ratio becomes predictable, whether treating
synthetic or residual streams, demonstrating the versatility of the MMC.
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