Pesante et al Biotechnology for Biofuels
Biotechnology for Biofuels and Bioproducts (2026) 19:53

https://doi.org/10.1186/513068-026-02773-3 and Bioproducts

RESEARCH Open Access

. ®
Process optimisation ety

for polyhydroxyalkanoates production

with tailored hydroxyvalerate content

from agri-food residues using mixed microbial
cultures

Giovanna Pesante'”, Claudia Magonara', Alessia Zucca', Elvis Montagnese', Davide Bertasini', Gaia Salvatori?,
Lionel Nguemna Tayou?, Luca Di Leva?, Marianna Villano? and David Bolzonella'

Abstract

Background Polyhydroxyalkanoates (PHASs) are promising bio-based and biodegradable polymers that can contrib-
ute to the transition towards a circular bioeconomy, particularly when produced from renewable feedstocks. Never-
theless, the use of mixed microbial cultures (MMC) and real agri-food residues poses challenges related to substrate
variability, process stability and control of polymer composition. In this study, a three-stage process was investigated
to produce poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) from agri-food residues. The process consisted of: (i)
acidogenic fermentation of cattle slurry and corn residues to generate a carboxylic acid (CA)-rich stream; (i) microbial
selection under feast-famine conditions to enrich PHA-accumulating microorganisms; and (iii) PHA accumulation

in a fed-batch reactor. Two operational setups, differing in the pretreatment type, were compared to evaluate possible
effects on PHA production: setup 1 used centrifuged fermentate, whereas setup 2 included an additional 0.22-um
filtration step.

Results Acidogenic fermentation produced up to 18.6 gCOD/L of CAs, mainly acetic, butyric and propionic acids,
with production strongly influenced by substrate ratio, hydraulic retention time and pH. The CA-rich fermented liquid
was used to select MMC enriched with PHBV-accumulating microorganisms and to tune the PHBY composition
during the subsequent accumulation phase. In setup 1, storage yield (mean 0.33£0.23 gCODp,/gCOD,), PHA titre
(mean 0.81+0.33 g/L) and intracellular PHA contents (4.0-21.0% w/w of cell dry weight) remained relatively low, likely
due to the use of unfiltered fermentation effluent. In setup 2, the introduction of a filtration step and improved micro-
bial selection led to higher and more stable conversion of CAs into PHAs, reaching mean storage yields of 0.78 +0.27
gCODp4/gCOD,, mean PHA titre of 1.70+0.44 g/L and intracellular PHA values up to 57.0% w/w. The hydroxyvaler-
ate (HV) monomer content showed temporal variability, ranging from 14.0-32.0% w/w in setup 1 and from 13.0—-
35.0% w/w in setup 2, with values generally within or close to the target range required to improve polymer flexibility
and processability. Microbial community analysis revealed a marked reduction in genus richness following feedstock
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filtration and the progressive dominance of specialised PHA-storing genera, indicating effective selection pressure
under feast-famine operation and supporting the observed improvements in polymer accumulation.

Conclusions Overall, the results indicate that MMC-based PHBV production from agri-food residues can achieve
polymer contents comparable to those reported for similar systems using complex substrates, while highlighting
the importance of feedstock pretreatment and process control. The study provides insights into the integration

of acidogenic fermentation with MMC-based PHA production, and identifies operational aspects that require further
optimisation to enhance process robustness and product consistency.

Keywords Polyhydroxyalkanoates, Hydroxyvalerate, Carboxylic acids, Agricultural residues, Cow manure, Mixed

microbial cultures, Waste valorisation

Introduction

The agri-food sector generates a great quantity of resi-
dues each year from both primary production (agri-
cultural activities such as crop cultivation and livestock
farming, generating residues like straw or manure) and
food processing activities (industrial transformation of
raw materials into food products, generating residues
such as peels, pulp, or wastewater) [1]. These residues
include by-products (secondary outputs with poten-
tial further use, e.g., bran from milling), co-products
(multiple valuable outputs generated simultaneously,
e.g., oil and meal from oilseed processing), and wastes
(materials with no immediate economic value requiring
disposal, e.g., spoiled food or processing sludges). Col-
lectively referred to as agri-food residues, they are fre-
quently mismanaged, leading to high disposal costs and
posing risks to human health and the environment [2, 3].
Global estimates indicate that agricultural residues may
represent up to 50% of the fresh biomass harvested [4],
amounting to nearly 3700 million tonnes annually, while
the European Union alone produces more than 950 mil-
lion tonnes [5]. In addition, approximately one-third of
the food produced globally is lost or wasted along the
food chain, resulting in further co- and by-product gen-
eration [6, 7]. Within the framework of a circular bioec-
onomy, these residues should be regarded not as waste
but as a valuable source of renewable carbon that can
be transformed into high-added-value biomolecules and
materials [1, 8]. Their efficient utilisation may contribute
to mitigating greenhouse gas emissions from the agricul-
tural sector—currently estimated to represent about 11%
of the European Union’s total carbon footprint [9]—and
to reduce dependency on fossil-based raw materials and
energy-intensive production processes.

Among the wide range of bioproducts that can be
obtained from agri-food residues—such as proteins, pol-
ysaccharides, organic acids, antioxidants and biofertilis-
ers [10, 11]—biopolyesters like polyhydroxyalkanoates
(PHA) have attracted particular interest. PHA are intra-
cellular storage polymers synthesised by numerous
microorganisms as energy and carbon reserves under

unbalanced nutrient conditions [12, 13]. These polymers,
accumulated in the form of cytoplasmic granules known
as carbonosomes [14], display a wide spectrum of phys-
icochemical properties depending on their monomeric
composition, making them suitable alternatives to con-
ventional plastics [15]. Poly(3-hydroxybutyrate) (PHB),
composed solely of the 3-hydroxybutyrate monomer, is
typically brittle and thermally unstable [16]; therefore,
its applications are mainly restricted to rigid biomedical
devices, bioresorbable sutures, and controlled drug-deliv-
ery systems where dimensional stability and slow degra-
dation are required [17, 18]. On the contrary, copolymers
such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) possess greater flexibility and processability
due to the presence of hydroxyvalerate (HV) units [19],
making them more suitable for flexible packaging films,
disposable consumer products, agricultural mulching
films, and tissue-engineering scaffolds [18, 20]. Overall,
PHB is preferred for applications demanding rigidity and
mechanical stability, whereas PHBV is favoured when
compliance, toughness, flexibility and industrial process-
ability are critical [19, 21].

PHAs can be produced using pure or mixed micro-
bial cultures, each approach offering specific advantages
and limitations. Industrial production is currently domi-
nated by pure-culture systems, which enable high poly-
mer yields and consistent product quality [21]. However,
mixed microbial cultures (MMC) present several impor-
tant benefits, including the ability to operate without
sterilisation, higher process resilience, and the potential
to utilise waste-derived feedstocks [15, 22]. These fea-
tures translate into environmental advantages, since the
use of organic waste streams avoids the upstream impacts
associated with the production of refined substrates,
while non-sterile operation reduces energy demand and
process inputs. Consequently, MMC-based systems can
reduce key life-cycle impact categories, such as global
warming potential and cumulative energy demand, com-
pared with conventional pure-culture processes [23-25]
This aspect is particularly relevant in the context of a sus-
tainable circular economy, as it enables the valorisation
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of complex, real-world waste streams, such as animal
manures or crop residues, that are otherwise costly to
manage [26]. At present, to the best of our knowledge,
one of the only commercially operating processes specifi-
cally producing PHBV via MMC from organic residual
streams is offered by Paques Biomaterials (https://www.
paquesbiomaterials.nl/). The Dutch company has devel-
oped a technology that uses non-genetically modified
MMC to accumulate PHA from wastewater and other
organic side streams (e.g., food industry, paper industry,
sewage sludge) as feedstock [27].

Despite their promise, using agri-food residues as car-
bon sources for PHA production remains technically
challenging. These substrates typically exhibit composi-
tional variability, nutrient imbalances and the presence of
inhibitory compounds that may hinder microbial activity
and polymer accumulation [21, 28]. Nonetheless, several
studies have shown that fermentation effluents derived
from manure or crop-processing residues can be rich in
carboxylic acids (CA) [29]—key precursors for PHA bio-
synthesis—thereby offering a viable route for their bio-
conversion into value-added polymers [19, 30, 31]. Cow
manure, for instance, has a high potential since it is very
abundant: there are around 1.57 billion cattle world-
wide [32], which have an estimated manure production
potential of at least 3 billion tons per year [33]. Utilising
these real feedstocks not only improves the environmen-
tal footprint of PHA production but also enhances its
techno-economic feasibility, aligning with current Euro-
pean strategies for waste valorisation and carbon neutral-
ity [34].

In this context, the present study investigates the val-
orisation of agri-food residues as substrates to produce
PHBV using mixed microbial cultures. Attention is
given to assessing how variations in feedstock composi-
tion affect the incorporation of the HV monomer, with
the objective of producing PHAs suitable for agricultural
applications. The experimental work presented here is
a continuation of a previous study [35], in which PHBV
production by MMC was demonstrated using model
CA-based synthetic media, with the HV content of the
polymer effectively controlled by adjusting the ratio of
propionate and valerate in the feed. That study reported
PHBV with HV content ranging from 7.1 to 53.1% w/w,
and maximum polymer accumulation of approximately
50.0-55.0% w/w under optimal conditions. These results
established baseline strategies for achieving targeted HV
content and high PHA storage yields in MMC systems
fed with defined substrates. In contrast, the present work
extends these findings to real agri-food residues, which
exhibit compositional variability, nutrient imbalances,
and potential inhibitors. We examine how such substrate
heterogeneity influences HV incorporation and assess
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process performance using real waste streams rather than
model media. While several studies have investigated
PHA production from waste-derived substrates using
mixed microbial cultures, most have focused on maxim-
ising polymer yield, with limited attention to controlling
monomer composition, particularly HV content, under
variable and complex feedstock conditions [36, 37]. This
shift from synthetic to real residues, including evalua-
tion of operational challenges and polymer quality under
more variable conditions, represents an important step
towards practical waste valorisation and broader appli-
cability of MMC-based PHBV production. Therefore, the
novelty of this work lies in demonstrating the simultane-
ous production of PHBV with controlled HV content and
high accumulation using real, compositionally variable
agri-food residues, while addressing the operational con-
straints associated with non-defined substrates.

Materials and methods

Experimental setup

PHA production (illustrated in Fig. 1) was performed
using three reactors: (1) a fed-batch anaerobic reac-
tor (FBR) to produce a fermentation fluid rich in CAs
from agri-food residues; (2) a sequencing batch reactor
(SBR1) for the selection of the PHA-producing bacte-
ria consortium starting from MMC; (3) a second SBR
(SBR2) to maximise the content of PHA in the bacterial
cells (accumulation phase). Details on these three bio-
reactors’ characteristics and on their respective work-
ing parameters are given in the following paragraphs.
A multiparameter controller (Lange SC1000, Hach Ita-
lia) operated the peristaltic pumps during each phase of
the reactors’ cycles according to a pre-set programme.
Dissolved oxygen (DO) levels were monitored using
DO probes (Hach LDO sc Probe, Model 2) in SBR1 and
SBR2, and the temperature was maintained at a con-
stant level with water heaters (Klima Evo IPX8, Amtra,
Italy). The reactors were aerated and mixed through air
pumps and diffusers, whereas the FBR was operated
under anaerobic conditions and mixed by mechani-
cal agitation. Samples from the three reactors were
analysed regularly to assess performance through the
following parameters of the bioreactors’ influents and
effluents: pH, mixed liquor suspended solids (MLSS),
mixed liquor volatile suspended solids (MLVSS), chem-
ical oxygen demand (COD), CA, and PHA content
(methodologies explained below). Due to the nature of
continuous reactor operation, no biological replicates
were performed; instead, data are reported as mean
values t standard deviation based on three measure-
ments (n=3) collected over stable operational periods.
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Fig. 1 Schematic representation of the experimental setup for PHA production. DO: dissolved oxygen; SBR: sequencing batch reactor; FBR:

fed-batch reactor

Feedstock and acidogenic fermentation phase (FBR)

The experimental work was divided into two consecu-
tive operational periods (referred to as setup 1 and 2),
between which the selection reactor was reseeded to ini-
tiate the next operational period. During both periods,
the feedstock used to run both SBR1 and SBR2 originated
from the acidogenic conversion of agri-food residues.
Agricultural digestate from a local anaerobic digestion
plant was used as inoculum, and was added only at the
beginning of operations and when the reactor was re-
inoculated after the first period. The substrate (whose
characterisation is shown in Table 1) consisted of cattle
slurry and corn residues (maize silage obtained by anaer-
obic fermentation of chopped corn biomass, compacted
and stored under oxygen-free conditions) at the ratio of
20:80, 50:50 or 40:60 (on a VS basis) depending on the
experimental period. The mixture ensured a proper C/N
balance and helped prevent ammonia-induced inhibition

[38, 39]. The fermentate was produced in a semi-contin-
uous plexiglass reactor (total volume 35 L, working vol-
ume 30 L) equipped with mechanical agitation, whose
operational parameters are listed in Table 2. The reactor
was maintained at the upper mesophilic range of 38 °C
to enhance acidogenic activity and carboxylic acid pro-
duction from complex substrates [40], and the pH was
checked daily to confirm that the conditions fell within
the optimal range for dark fermentation (5.5-6.5) (Tagne
et al. 2024). The unit was operated with daily withdrawal
and fresh feeding, with a hydraulic retention time (HRT)
between 2.86 and 5.00 days, chosen to promote acido-
genesis while suppressing methanogen activity due to
their high abundance in cattle slurry [41]. The organic
loading rate (OLR) varied from 9.2 to 12.4 g COD/Ld.
Total solids were kept below 5% to prevent mixing limi-
tations throughout the process. The produced fermen-
tate was adjusted, when necessary, with synthetic CAs to

Table 1 Characterisation of the bacterial inoculum (digestate) and the agri-food residues utilised as feedstock of the fermentation

reactor
TS (% SD) TVS (% +SD) TVS/TS (% +SD) COD (gCOD/KgTS +SD)
Digestate (inoculum) 6.3+0.1 3.7+0.2 589+0.2 265+0.3
Corn residues 335+03 31940.2 953+03 7721+59
Cattle slurry 54+0.1 41401 57.3+0.1 883442394

TS: total solids; TVS: total volatile solids; COD: chemical oxygen demand
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Table 2 Operational parameters for the fermentation reactor

14/10/24 to 17/12/24 13/01/25 to 10/02/25 11/02/25 to 20/03/25 21/03/25

1':I(;/06/25

Setup 1 2 2 2
Parameters Value
Volume (L) 30 28 28 20
HRT (d) 3.00 4.00 4.00 2.86
OLR (gCOD/Ld) 1246 9.53 9.23 9.23
TS (%) 5 5 5 5
Feed volume (L/d) 10 7 7 7
Feed (V) (gVS/d) 377.27 277.14 277.14 277.14
Cow slurry (%) 20 (days 1-17), then 50 50 40 40
Corn residues (%) 80 (days 1-17), then 50 50 60 60
Cow slurry VS (gV9) 188.64 138.57 110.86 110.86
Corn residues VS (gVS) 188.64 138.57 166.29 166.29
Water (g/d) 3655.25 4051.90 446797 446797
match a total CA concentration of 10.0 g COD/L and a  Table 3 Operational parameters for the selection SBR
CA distribution that emulated the composition typically Parameters Value
obtained from the fermentation of agro-residual bio-
mass (75% acetic, 13% propionic, and 12% butyric acid) Ideal feast/famine ratio (F/F) 0.2
[42]. This CA distribution was also preferred because it  Cyclelength (h) 6
enabled obtaining a PHA with the targeted HV content,  Feast phase length (h) 1
as previously demonstrated with the same experimental  Famine phase length (h) 5
setup [35]. In practice, the adjustment primarily involved  N°cycles/d 4
the addition of acetic acid, which was frequently below  Hydraulic retention time (d) 3.00
the target concentration in the fermentate compared to  Reactor volume (L) 28
the desired level of 7.32 g COD/L, whereas propionic  Feed volume (L/cycle) 233
and butyric acids generally required limited or no sup-  Feed volume (L/d) 932
plementation. Prior to using it in the SBR1, the produced  Feedstock concentration (g COD/L) 9.7
fermentate was centrifuged (3900 rpm, 8 min, Eppendorf  COD, (g/cycle) 226
centrifuge 5810R) and, for setup 1, the clarified superna-  COD,, (g/day) 904
tant was supplied to both SBRs without further filtration.  Organic loading rate (kg COD/m?>d) 3.28
During setup 2, filtration at a nominal size of 0.22 um was  Temperature (°C) 250
performed using a rotating ceramic membrane system  pH 8.0-9.0

(model MMSL LAB from Ju.cla.s Srl, Italy); this step was
necessary to eliminate suspended solids, bacteria and the
non-biodegradable particulated carbon fraction found in
the fermentation fluid.

Selection phase (SBR1)

The enrichment of PHA-accumulating mixed micro-
bial cultures was carried out in a 28-L sequencing batch
reactor, following the same two-setup operational proce-
dure as for the FBR. Operational conditions are reported
in Table 3. SBR1 was maintained at mesophilic condi-
tions of 25 °C using a water-heating system (Klima Evo
IPX8, Amtra, Italy) to promote stable microbial selection
[40]. Its HRT was 3.28 days, and the solid retention time
equalled the HRT, since no settling period was applied.

The pH was monitored but when left uncontrolled, it
generally fluctuates between 8 and 9.

The inoculum consisted of activated sludge collected
from a municipal wastewater treatment plant located
in Verona (Italy), added to the reactor to obtain a start-
ing concentration of 3 gT'S/L. Enrichment of PHA-stor-
ing microorganisms was achieved by imposing cyclic
feast—famine (F/F) conditions [43]. Four 6-h cycles were
run each day, consisting of a 1-h feast phase [36], where
the total substrate was supplied as a single, rapid feed
(approximately 2 min), followed by a consumption phase
during which the microbial community depleted the
available substrate, and a subsequent 5-h famine period,
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corresponding to an F/F ratio of 0.2. This value has been
described as optimal for selecting microorganisms that
preferentially channel carbon towards PHA storage,
whereas F/F ratios above 0.55 are known to favour bio-
mass growth [15].

The fermentation fluid supplied to SBR1 was supple-
mented, when required, with ammonium bicarbonate to
adjust the COD:N:P ratio to 100:10:1.

Accumulation phase (SBR2)

A 5-L fed-batch system was used to maximise the PHA
content within the biomass generated during the selec-
tion step. The reactor operated at room temperature
(approximately 22 °C) and was equipped with both aera-
tion and a dissolved oxygen (DO) probe (Hach LDO sc
Probe, Model 2). The increase in DO was used as an indi-
cator of CA depletion due to declining microbial oxygen
uptake.

Each accumulation run was initiated with biomass
taken from the selection reactor at the end of the famine
phase. The carbon feed supplied during this stage had the
same CA composition as the selection feed but was not
adjusted with ammonium bicarbonate, thereby favour-
ing storage over growth. A multi-pulse feeding regime
was adopted, with spikes of fermentate consisting of 1.0 g
COD¢,/L. Individual accumulation experiments lasted
5-6 h, and additional substrate pulses were introduced
each time a rise in DO signalled carbon exhaustion. On
average, 5 or 6 spikes were added for each accumulation
test.

At the end of each accumulation run, the broth was
acidified to pH 1-2 with concentrated sulfuric acid (98%,
w/v) to halt microbial activity and prevent intracellular
PHA degradation. Biomass was harvested by centrifuga-
tion at 3900 rpm for 20 min and washed four times with
distilled water. The resulting pellet was freeze-dried (Lio
5P, CinquePascal Srl, Italy), manually ground, and stored
at— 80 °C for subsequent analyses.

Analytical methods

PHA quantification and polymer characterisation

PHA content and monomer composition (3HB and
3HV) were determined following the method of Braun-
egg et al. [44]. Dried biomass (2-5 mg) was subjected
to acid-catalysed methanolysis to convert polymeric
3-hydroxyacyl units into their corresponding methyl
esters, which were then analysed by gas chromatogra-
phy. One microliter of the organic phase was injected
into an Agilent 8860 GC equipped with an HP-5 column
(30 mx 320 um x0.25 um). Nitrogen was used as the car-
rier gas at a flow rate of 10 mL/min. The oven temper-
ature program consisted of an initial hold at 100 °C for
1 min, followed by heating to 130 °C at 12 °C/min and
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then to 250 °C at 25 °C/min. The flame ionisation detec-
tor operated at 320 °C. Quantification of 3HB and 3HV
was performed using a PHBV standard containing 12%
(w/w) 3HV (Sigma-Aldrich), with benzoic acid as the
internal standard.

The molecular weight distribution (weight-average
molecular weight, Mw, and number-average molecular
weight, Mn and the polydispersity index, PDI=Mw/Mn)
was determined for the polymer extracted from the dried
biomass using chloroform and methanol, following the
method described by Braunegg et al. [44]. After extrac-
tion at 70 °C for 4 h, the solution was filtered, and PHAs
were precipitated by adding methanol (5 mL per mL of
chloroform). The precipitate was isolated by filtration,
transferred onto glass Petri dishes, and left to evaporate
overnight. The purified polymer was analysed by gel per-
meation chromatography (GPC) equipped with a JASCO
PU-4180 pump, a guard column, two TSKgel® columns
(G6000-HHR and GMHHR-H), a JASCO CO-4060 col-
umn oven, and a JASCO RI-4030 detector. Chloroform
was used as the eluent at a flow rate of 1 mL/min. Col-
umn and detector temperatures were set to 40 °C and
35 °C, respectively. Calibration was performed using pol-
ystyrene standards (0.013-3.05 X 10° g/mol).

Solids, chemical oxygen demand and CA measurements
MLSS, MLVSS and COD were measured according to
standard methods [45]. Prior to soluble-phase analyses,
samples were filtered through 0.45-um membranes. CAs
were analysed by ion chromatography (Dionex ICS-
1100, Thermo Fisher Scientific) equipped with an Ion-
Pac ICE-AS1 column, following procedures described
by Raposo et al. [46]. Individual CAs (acetic, propionic,
butyric, isobutyric, pentanoic, isopentanoic and hexanoic
acids) were quantified, and total CA values were obtained
as their sum.

Standard errors for all stoichiometric and kinetic
parameters were calculated via conventional error propa-
gation formulas.

Microbial community analysis

Changes in the bacterial community within the selec-
tion reactor were monitored throughout the experi-
mental period. A total of 11 samples were collected. The
first sample consisted of centrifuged fermentation fluid
obtained from the FBR, whereas the remaining sam-
ples were collected from SBR2 at approximately 2- to
3-week intervals. Samples 2 to 4 correspond to opera-
tions with fermentation fluid subjected only to simple
centrifugation. Samples 5-11 represent the experimen-
tal phase in which an additional 0.22-um filtration step
was introduced prior to feeding, to prevent the introduc-
tion of external bacteria into SBR2 that could disrupt the
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microbial balance established through the speciation
process.

Two millilitres of each sample were centrifuged at max-
imum speed for 2 min, and the pellet was sent to BMR
Genomics (Padua, Italy) for 16S rRNA gene amplicon
sequencing (www.bmr-genomics.it). DNA extraction was
performed using the DNeasy® 96 PowerSoil® Pro QIA-
cube® HT Kit (Qiagen), followed by purification with the
QIAcube HT system. The V4 region of the 16S rRNA
gene was amplified using universal primers suitable for
bacteria and archaea [47]. Amplicons were purified using
Thermolabile Exonuclease I (NEB). Library preparation
was performed using the Nextera XT DNA Library Prep-
aration Kit (Illumina). Afterwards, the samples were nor-
malised, pooled, and sequenced on an Illumina MiSeq
platform. Sequence quality was assessed using PASTQC,
and taxonomic assignment was performed through the
QIIME2 pipeline against the Greengenes 13_8, Silva
132, and RDP reference databases. Community analyses
focused on genus-level dynamics; unknown or uncul-
tured taxa were excluded, and for each sample only the
ten most abundant genera were considered.

Calculations
The feast-to-famine ratio (F/F) was calculated as:

1.

F (min))  Feast phase length
F\min/  Faminephaselength’

The food-to-microorganism ratio (F/M) was com-
puted as the daily CA load (LCA, expressed as
g COD) divided by the average mass of MLVSS
(MMLVSS):

F L

£ (g . d) __Lea

M\g MmLvss
COD removal per cycle was determined using influ-
ent and effluent CA-COD concentrations:

CODin,ca — CODour, ca .

CODyemoval (%) = CODinca

100.

The daily biomass growth yield (Yyqyysss was
obtained as:
4.

MLVSS
Yvsss (gMLVSS/gCOD) - CODy, ca — CODour, ca
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PHBV purity was calculated from the sum of 3HB
and 3HV masses relative to the input dried biomass

(mg,,):

PHBV (W W) _ (m3HB+m3HV)
(] w - mdw .

3HV content within the polymer was derived as:

SHV(%K):: msHV.
w) = (m3HB + m3HV)

The storage yield (Ypyo,ca) Was obtained as:
7.

(ACODpya)
Yprajca (§CODPHA/gCODCA) = (ATDP:;)’

Stoichiometric conversion factors were:
COD/g for 3HB and 1.92 g COD/g for 3HV.

167 g

Results and discussion

Carboxylic acid production by acidogenic fermentation
The FBR was operated for 109 days during setup 1 and
151 days in setup 2, with reinoculation between the two
operational periods. The obtained results are therefore
robust, as system performance was maintained over sev-
eral consecutive solids retention times (SRTs), a com-
monly used indicator of process stability in MMC systems
[48]. Figure 2 shows the pH values and CA production
for the first (top figure) and second (bottom figure) set-
ups. During the first 13 days of setup 1, the fermenter was
fed exclusively with water and corn residues. Throughout
this initial acclimation phase, only the pH was monitored,
which decreased from 7.5 to 6.5. On day 14, cattle slurry
was introduced into the substrate at a 20:80 ratio (on a
VS basis) relative to corn residues. After day 17, the pro-
portion of cattle slurry was increased to 50:50 and main-
tained until the end of setup 1, with the aim of valorising
cattle slurry within a circular-economy approach. Dur-
ing setup 2, after a 6-day acclimation phase, the substrate
ratio was maintained at 50:50. However, on day 29, the
ratio was adjusted to 40:60 in response to a decrease in
acetic acid production. The decline persisted, with acetic
acid concentrations dropping to 0.45 g COD/L, likely due
to fermentative pathways preferentially degrading the
corn residues before they were added to the fermenter.
To enhance acetic acid production, the hydraulic reten-
tion time (HRT) was therefore reduced on day 67 from
4.00 to 2.90 days by decreasing the working volume of the
fermenter from 28 to 20 L. This operational adjustment
successfully restored acetic acid production, which rap-
idly increased to the highest values of both setups.
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In setup 1, total CA production remained relatively sta-  reported for acidogenic fermentation of manure- and
ble throughout the operational period, reaching a maxi-  agro-residues-based systems, where CA concentrations
mum of 15.56 gCOD/L, with an average concentration of  typically range from 8 to 18 gCOD/L under mesophilic
11.63+1.79 gCOD/L. These values are within the range  conditions, depending on HRT and pH control [49].
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Although the acetic-to-butyric acid ratio varied over
time, an increase in pH was generally associated with a
shift towards higher butyric acid proportions relative
to acetic acid, in agreement with observations reported
by Kim et al. [50, 51]. In setup 2, total CA production
could be divided into two distinct phases, likely asso-
ciated with the HRT reduction implemented on day
67. During the first phase (HRT=4.00 days), total CA
concentrations reached up to 15.91 gCOD/L, with an
average of 10.28+1.97 gCOD/L. In the second phase
(HRT=2.86 days), CA production increased further,
reaching a maximum of 18.57 gCOD/L and an aver-
age concentration of 13.83+1.66 gCOD/L. Comparable
increases in CA yields following HRT optimisation have
been reported in semi-continuous fermenters treating
manure-based substrates, where shorter HRTs enhanced
hydrolysis and acidogenic activity [49]. In the first phase
of setup 2, the acetic-to-butyric acid ratio was generally
in favour of butyric acid, likely due to pH values above
5.5, which promote butyrate-type fermentation pathways
[50]. In contrast, during the second phase, the acetic-to-
butyric acid ratio was more variable, likely reflecting the
concurrent fluctuations in pH observed after the HRT
adjustment.

Overall, across both setups, acetic, propionic and
butyric acids were the predominant CAs produced
(although their relative proportions varied over time),
whereas caproic, valeric, isovaleric and isobutyric acids
contributed only minor fractions to the total CA com-
position. This distribution is consistent with the findings
of Cavinato et al. [52], who reported a similar CA profile
when treating a comparable feedstock under analogous
operational conditions, particularly temperature and
HRT.

From a process-design perspective, stable CA produc-
tion in MMC-linked systems requires: (i) controlled sub-
strate ratios; (ii) careful optimisation of HRT to balance
hydrolysis and acidogenesis; (iii) appropriate feed condi-
tioning steps such as removal of suspended solids from
the fermentation effluent prior to its use in the down-
stream SBR reactors (e.g., filtration or centrifugation) to
avoid biomass and inhibitor carryover; and (iv) gradual
rather than abrupt operational changes, since sudden
shifts can destabilise microbial pathways and CA profiles
[40].

Selection phase
The SBR1 operated for a total of 216 days, comprising
70 days under setup 1 and 146 days under setup 2 (Fig. 3).
The prolonged experimental period allowed for obtaining
robust results.

During setup 1, the HRT was maintained at 3.65 days,
whereas in setup 2 it was generally kept at 3.03 days,
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with minor deviations between days 86 and 104 due to
the reactor’s pump clean-up activities (Fig. 3, top panel).
The OLR remained relatively stable during setup 1, rang-
ing from 3.10 to 3.70 kgCOD m~ d'. In contrast, larger
OLR fluctuations were observed during the second setup
(3.32-6.08 kgCOD m d'), likely attributable to varia-
tions in the CA composition of the fermentation effluent
used as feed for SBR1, despite corrective measures such
as dilution or supplementation with synthetic CA being
taken when necessary. OLR ranges of this magnitude
are consistent with MMC selection systems reported in
the literature (2-8 kgCOD m2 d!), where stable PHA
enrichment has been achieved under similar feast—fam-
ine regimes [53, 54]. The F/F ratio remained stable within
the range 0.1-0.3, indicating favourable conditions for
the selection of PHA-producing microorganisms [43, 55].
Occasional increases in the F/F ratio, caused by aeration
issues that extended the feast phase, were addressed by
cleaning or replacing the air diffuser. MLVSS, an indica-
tor of active bacterial biomass in the bioreactor, increased
rapidly following the addition of centrifuged fermen-
tate, reaching a maximum concentration of 10.3 g/L.
These values are comparable to those reported during
the previously published experimental phase, in which
SBR1 was fed with real substrate [35]. The observed bio-
mass increase is likely attributable to the introduction of
additional microbial biomass and suspended solids with
the fermentation fluid, as previously reported in simi-
lar systems [56]. Similar biomass increases in selection
reactors fed with waste-derived substrates have been
reported by Valentino et al. [37], who observed rapid bio-
mass build-up due to both microbial growth and solids
carryover from complex feeds. However, after approxi-
mately 30 days of operation, MLVSS concentrations
declined progressively despite no other relevant opera-
tional parameter changes during this period, reaching
approximately 4.3 g/L. These findings may be associated
with the progressive acclimation and selection of the
microbial community for the complex and heterogene-
ous substrates present in the solid fraction of the fermen-
tate. In particular, the presence of particulate and slowly
biodegradable compounds may have limited substrate
availability for rapid growth, while favouring mainte-
nance metabolism over biomass accumulation [57]. In
addition, the continuous input of unfiltered fermentate,
containing suspended solids and exogenous microorgan-
isms from the acidogenic phase, may have contributed to
a partial destabilisation of the MMC in SBR1, by inter-
fering with the selection pressure imposed by the feast—
famine regime. Such disturbances have been reported
to affect microbial community structure and reduce the
enrichment efficiency of PHA-storing populations [36,
58]. In setup 2, the filtration step markedly reduced the
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introduction of exogenous biomass and particulate mat-
ter into the reactor. As a result, MLVSS concentrations
remained relatively stable throughout the experimental
period, averaging 2.8 g/L, suggesting improved control
over microbial selection and process stability.

Carboxylic acid concentrations in the SBR1 efflu-
ent remained close to zero for most of the operational

period (Fig. 3, middle panel), indicating efficient uptake
and utilisation by the microbial community. In con-
trast, during the latter phase of setup 1, CA concentra-
tions increased slightly, concomitantly with the observed
decrease in biomass concentration. The soluble chemi-
cal oxygen demand (sCOD) concentration was also low
in setup 2, further confirming the effective assimilation
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of the supplied organic substrates by the microbial bio-
mass. Conversely, sCOD was consistently higher in setup
1, likely due to the presence of a non-biodegradable
or slowly biodegradable fraction (soluble or colloidal
organic compounds) introduced with the fermentation
fluid, such as recalcitrant intermediates or soluble micro-
bial products, which may not be readily assimilated and
can accumulate in the liquid phase [59, 60].

As expected, COD removal values were generally
inversely related to sCOD concentrations (Fig. 3, bot-
tom panel), as higher COD removal corresponds to lower
sCOD levels, due to its consumption for bacterial metab-
olism. Biomass growth yield increased in setup 1 fol-
lowing the use of the real substrate after centrifugation,
concomitantly with a decrease in the F/M ratio (Fig. 3,
bottom panel). Despite some variability observed over
time, this trend can likely be attributed to the increase in
MLVSS, resulting from the additional microbial biomass
contributed by the fermentation fluid [56]. Similar trends
were observed by Magonara et al. when switching from
a synthetic to a real, non-filtered substrate [35]. Con-
versely, the filtration step implemented in setup 2 led to
a reduction in biomass growth yield and a concomitant
increase in the F/M ratio.

Accumulation batches, PHA composition and its
characteristics

A total of 38 accumulation batches were performed
during the study period, yielding 255.5 g of lyophilised
PHA-rich biomass. As illustrated in Fig. 4, the storage
yield, representing the efficiency of conversion of CAs
into PHAs, was lower in the first period compared to the
second one, with a mean value of 0.33+0.23 gCODypy,/
gCOD¢, in setup 1 and of 0.78+0.27 gCODpya/
gCODc, in setup 2. This improvement is attributable to
more favourable conditions for PHA production in the

Set-up 1 i Set-up 2
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accumulation reactor during this period, including effi-
cient speciation towards PHA producers, as discussed in
paragraph 3.4. Overall, the storage yields in setup 1 were
in line with those obtained with the same experimen-
tal arrangement in the previously published manuscript
[35] and also with similar work performed using MMC
and other low-cost substrates such as molasses [61] and
fermented paper mill wastewaters [62], both character-
ised by the presence of complex carbon substrates. The
values of setup 2 are similar to the yields reported for
more complex feedstocks, such as fermented food waste
[63], sludge hydrolysate [55] and candy factory effluent or
municipal sludge [64]. In addition to storage yield, PHA
titre was evaluated to provide a quantitative measure of
polymer production. PHA concentrations followed a
similar trend to intracellular accumulation, with higher
values achieved in setup 2 (1.70+0.44 g/L) compared to
setup 1 (0.81+0.33 g/L, Fig. 4), reflecting improved sub-
strate conversion and biomass storage capacity under fil-
tered feedstock conditions. The obtained PHA titers are
consistent with values reported for MMC systems fed
with waste-derived substrates. For example, batch studies
using mixed cultures and CA mixtures report relatively
low PHA concentrations, typically in the range of 0.1-
0.3 g/L [65]. In more complex systems using real waste
streams, such as organic fraction of municipal solid waste
or pulp industry effluents, PHA titers generally range
between 0.5 and 2.0 g/L, depending on substrate con-
centration and process configuration [22, 66]. Similarly,
studies using fermented manure or wastewater-derived
substrates report PHA concentrations typically below
1.5 g/L, despite achieving relatively high intracellular
contents [67]. These values remain significantly lower
than those obtained in pure-culture systems, where titers
often exceed 10-50 g/L under optimised conditions [23].
In this context, the PHA titers obtained in the present
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Fig. 4 PHA storage yield, PHA titre, intracellular PHA and HV content of the biomass obtained from the accumulation bioreactor. Accumulation
batch numbers 3, 5 and 9 have no value for HV content due to problems during data acquisition
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study fall within the expected range for MMC-based
processes treating dilute and variable waste streams,
reflecting the well-known trade-off between the use of
non-refined substrates and volumetric productivity.

As a consequence of the variation in storage yield,
intracellular PHA content was low during setup 1 (mean
10.7 £5.0% w/w), likely due to the use of unfiltered fer-
mentate [58]. In contrast, PHA accumulation increased
markedly during setup 2, reaching values close to 60.0%
(mean 39.8 £9.4% w/w). These values are at the high end
or exceed typical values reported for MMC-fed complex
or waste-derived substrates. Numerous studies using
MMCs with real feedstocks such as agricultural residues,
CAs from waste fermentation, or wastewater, generally
report PHA contents of ~ 30.0-50.0% (w/w) under stand-
ard enrichment and accumulation conditions [68, 69].
Higher values, similar to or exceeding those in setup 2,
have been reported only under highly optimised or non-
standard conditions such as high salinity or specifically
enriched cultures [70, 71]. These comparisons indicate
that the accumulation levels in setup 2 compare favoura-
bly with the literature and are notable for processes using
real complex substrates.

The hydroxyvalerate (HV) monomer fraction also
exhibited temporal variability throughout the study, with
more pronounced fluctuations observed during setup 1
(mean 20.3£5.6% w/w). During setup 2, higher HV con-
tents were recorded in the initial phase (mean 24.0 +4.9%
w/w), followed by lower but more stable levels in the
second phase (mean 15.1+1.7% w/w). Overall, the HV
content largely fell within the target range established
by the Agril.oop project (25.0-35.0% w/w), which con-
fers thermochemical properties suitable for downstream
applications, such as the production of agricultural
mulching films. Indeed, the incorporation of five-carbon
or longer-chain monomers into the poly(3-hydroxybu-
tyrate) backbone is known to significantly reduce poly-
mer melting temperature and crystallinity [72], thereby
improving mechanical properties, including flexibility
and toughness, of the resulting bioplastic. Achieving
elevated HV fractions was primarily accomplished in this
study through the control of the carbon source composi-
tion: the use of carboxylic acids with odd carbon num-
bers, such as propionic and valeric acids, in preference
to even-carbon CAs (e.g., acetic and butyric acids), pro-
motes the synthesis of PHAs with higher HV content [30,
62, 73]. More broadly, the HV content is directly linked to
the composition of CAs supplied to the culture, and sev-
eral studies have demonstrated that adjusting the ratio of
odd- to even-carbon CAs enables targeted manipulation
of PHBV composition [36, 37]. In the present work, the
use of real agri-food residues resulted in variable CA pro-
files that did not always match the desired composition,
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and therefore supplementation with selected CAs was
applied to achieve the targeted HV range. This variabil-
ity is consistent with previous studies showing that CA
production during acidogenic fermentation is strongly
influenced by substrate type and operating conditions
such as pH, hydraulic retention time, and organic loading
rate [37, 40]. Nevertheless, this approach highlights the
potential for process integration, as optimisation of the
upstream acidogenic fermentation could allow tailoring
of CA composition directly from waste streams, thereby
enabling controlled HV incorporation without the need
for external adjustment. Further research is required to
better understand and control these interactions under
realistic operating conditions.

The molecular weight distribution of the extracted
PHBV (determined for each setup by mixing the poly-
mers produced from single batches) showed high
weight-average molecular weights in both experimental
setups (Mw=772.9 kDa and 720.5 kDa for setups 1 and
2, respectively), which fall within the range (340.0-800.0
kDa) typically reported for PHBV produced by MMC
fed with waste-derived substrates [19, 30, 64, 74]. Such
high Mw values are generally associated with adequate
mechanical strength and suitability for thermoplastic
processing, including film formation and melt process-
ing [18, 21, 75]. In contrast, the number-average molecu-
lar weight decreased from 368.7 kDa in setup 1 to 234.4
kDa in setup 2, resulting in an increase in polydispersity
index from 2.0 to 3.1. PDI values around 2 are commonly
reported for relatively homogeneous MMC-derived
PHAs, whereas higher PDI values indicate broader chain-
length distributions, often linked to increased heteroge-
neity in microbial populations, substrate composition,
or polymer extraction conditions [19, 58, 64, 76]. The
broader molecular weight distribution observed in setup
2 may therefore reflect the greater variability in polymer
chain lengths under the optimised accumulation condi-
tions, while still remaining within the range reported for
PHBYV obtained from complex and real feedstocks [30,
62]. Broader molecular weight distributions can influence
thermal transitions and mechanical behaviour in polymer
films, affecting crystallisation, melt viscosity, and drawa-
bility during processing [77].

Bacterial community analysis
Analysis of the bacterial communities in the fermentation
fluid and SBR1 identified the ten most abundant bacte-
rial genera across 11 sampling events spanning the study
period (Fig. 5). These data highlight changes in bacterial
composition during the selection process and in response
to variations in feeding characteristics.

Sample 1 represents the centrifuged fermentation
fluid produced from the FBR. Most genera detected
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in this sample were eubacteria (99.3%), differing from
those found in the other samples, with the exception of
the genus Corynebacterium (4.7% of the top 10 genera),
which is known to include PHA-producing species [78].
This microbial community distribution is typical for
wastewater treatment plant sludge, which was used as
inoculum for the FBR [79, 80].

Sample 2 was collected from SBR1, after it had been
fed for 42 days with centrifuged fermentation fluid (days
1-17 correspond to the experimental period reported in
the previous publication by Magonara et al. (2025); days
18 onward are included in the present work). This sample
suggests that speciation towards PHA-producing genera
has already taken place, with Neomegalonema and Lam-
propedia being the most abundant among the top ten
genera (36.7% and 24.1%, respectively); both genera are
known to comprise PHA producer species [53].

Across samples 2 to 4, during which SBR1 was still fed
with centrifuged fermentation fluid (setup 1), no clear
stability in the bacterial community was observed. Both
the identity and the relative abundance of the genera
varied considerably across sampling events. Among the
most abundant genera were both those known to include
PHA-producers (e.g., Dokdonella, Haliangium, Neomeg-
alonema, Lampropedia) and genera not known to con-
tain species able to synthesise PHAs (e.g., Nitrospira,
Romboutsia, Nomurabacteria). Genus richness remained

high (115-358 genera), likely due to the continuous
influx of bacterial species from the fermentation fluid.

A marked shift in the microbial population is observed
in sample 5 (setup 2), taken from SBR2 3 weeks after the
introduction of a 0.22 pm filtration step for the fermen-
tation fluid, to prevent the influx of external bacteria
into the selection reactor. Genus richness dropped to 81
in sample 5 and remained low (46-56) up to sample 11.
Meanwhile, the proportion represented by the ten most
abundant genera increased substantially (90.4-97.9%).
This shift suggests that the feast-and-famine regime
exerted strong selective pressure on the bacterial com-
munity, promoting the dominance of a few specialised
species capable of surviving due to their ability to pro-
duce PHAs [58, 81]. This is reflected in the higher amount
of intracellular PHA incorporated by the bacteria after
the introduction of the filtration step and corresponds to
these samples, as already discussed in paragraph 3.3.

Similarly to what was reported by Magonara et al. [35],
the genera Neomegalonema and Lampropedia appeared
consistently at high abundances after the establishment
of speciation towards PHA production, representing,
respectively, 9.1-75.0% and 45.2-73.7% of the 10 most
abundant genera in samples 7—11. In those same samples,
many PHA-producers reported in other publications
could be detected at the species level, such as Paracoc-
cus alcaliphilus [82], Neomegalonema perideroedes [53],
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Alcaligenes faecalis [83], Corynebacterium glutamicum
[78] and Lampropedia hyalina [35].

Conclusions and future research directions

This study demonstrates the feasibility of producing
PHA-rich bacterial biomass with high intracellular accu-
mulation and tailored HV content using mixed micro-
bial cultures fed with carboxylic acids derived from the
acidogenic fermentation of agri-food residues. Setup 2,
in particular, enabled a significant improvement in PHA
storage, achieving up to 57.0% w/w of cell dry weight,
values that compare favourably with those reported for
MMC systems using real and complex substrates. At the
same time, HV fractions were largely aligned with the
target range required to obtain PHBV with suitable ther-
mochemical and mechanical properties for downstream
applications, such as biodegradable agricultural films.

The results highlight the critical role of substrate qual-
ity and composition, particularly the presence of odd-
carbon CAs, in steering both polymer accumulation and
monomer distribution. These findings further indicate
that HV content is intrinsically linked to the CA profile
generated during acidogenic fermentation, suggesting
that improved control of upstream fermentation pro-
cesses could enable targeted PHBV production directly
from waste-derived substrates, thereby reducing or
eliminating the need for external carbon supplementa-
tion. From a broader perspective, this work strengthens
the case for MMC-based PHA production as a robust
and scalable strategy for valorising agricultural residues
within a circular bioeconomy, consistent with the aims of
sustainable bioproduct development.

Future research should focus on further stabilising
HV content over long-term operation, optimising feed-
ing strategies under variable waste-derived CA compo-
sitions, and validating process performance at pilot and
industrial scale. In addition, downstream processing,
polymer characterisation, and techno-economic and
life-cycle assessments will be essential to fully assess the
industrial viability and environmental benefits of the pro-
posed bioprocess.
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